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Summary

Mo dern comm unications requiremen ts driv e the ev olution of b oth terrestrial mobile

comm unications systems and satellite comm unication systems. These requiremen ts

ha v e dev elop ed through the acceptance of adv anced Information T ec hnology (IT)

solutions for business applications and leisure activities. This trend will con tin ue to

increase as the n um b er of IT literate p ersons em bracing these tec hnologies m ultiplies.

Already b eing evidenced in the mobile P ersonal Comm unications Systems (PCS) en-

vironmen t are pressures for increased e�ciency (in terms of cost and bandwidth),

and a greater range of services to and from a wide range of terminal equipmen t.

This has in
uenced a mo v e a w a y from traditional circuit switc hed services to w ard

more bandwidth e�cien t and 
exible pac k et switc hed comm unications tec hnologies.

The migration of the second generation terrestrial mobile systems suc h as the Eu-

rop ean Global System for Mobile Comm unications (GSM) and the North American

led In terim Standard (IS95) to w ard the third generation In ternational Mobile T ele-

phon y 2000 (IMT2000) system and b ey ond will pro vide higher capacities and b etter

p erformance capabilities to mobile, on-the-mo v e users. These systems will greatly

enhance the connectivit y and range of services o v er the curren tly deplo y ed net w orks

with a signi�can t shift a w a y from the circuit switc hed telephon y paradigms.

Mobile satellite net w orks ha v e b een mark eted as a suitable option to augmen t

these PCS systems b y pro viding connectivit y where terrestrial mobile net w orks ha v e

di�cult y or are unable to guaran tee co v erage. Despite some setbac ks for the mobile

satellite net w ork industry (suc h as the problems faced b y Odyssey and Iridium) that

ha v e b een mainly attributed to the high cost of the net w orks and di�cult y in main-

taining cost e�ectiv eness, there is still signi�can t p oten tial for these net w orks to pla y

a role in the pro vision of global connectivit y and in terop erabilit y for subscrib ers to

these systems. If in tegration of the satellite and PCS net w orks can b e ac hiev ed e�ec-

tiv ely , it will assist in pro viding w orldwide services within a homogeneous net w ork

arc hitecture.

In the Defence en vironmen t these requiremen ts are also b eginning to come to the

forefron t with traditional v oice circuits for command and con trol (C2) pro cesses b e-

ing supplemen ted b y information in man y di�eren t formats suc h as messaging, data,

high-resolution imagery and video. The ev olution of Command, Con trol, Comm uni-

cations, Computers, In telligence, Surv eillance and Reconnaissance (C4ISR) require-

men ts con tin ues amidst c hanges of supp orting comm unications infrastructures and

dev elopmen t of more tec hnologically literate enlisted p ersonnel. These will not only

c hange the w a y the military conducts business, but will ha v e lasting impacts on the
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requiremen ts placed on the comm unications systems. Hence, the dev elopmen t of

net w ork arc hitectures in a Defence en vironmen t needs to b e particularly cognisan t

of requiremen ts for suitable Grade of Service (GoS) and Qualit y of Service (QoS)

to users. This is essen tial as only limited bandwidth will b e a v ailable. T radition-

ally , to satisfy the military asp ects of the comm unications systems requiremen ts,

an additional fo cus is placed on the a v ailabilit y , surviv abilit y and securit y of the

in tegrated, in terop erable net w orks. Ho w ev er, in the case of on-the-mo v e p ersonal

comm unications in the Defence en vironmen t, additional factors need to b e consid-

ered to ensure service meets the hierarc hical precedence (prioritisation) requiremen ts

whilst main taining adequate service qualit y to a v ariet y of tra�c classes. T o ac hiev e

this, kno wledge of op erational requiremen ts, the net w ork arc hitectures, tra�c man-

agemen t/categorisation and resource allo cation is required.

This thesis in v estigates sev eral imp ortan t issues in v olv ed in the in tegration of

satellite systems, in particular Lo w Earth Orbit (LEO) satellite net w orks with the

terrestrial mobile systems and ho w the pro visions for an impro v ed suite of services

to the Defence en vironmen t can b e ac hiev ed. By fo cussing on the a v ailable c hannel

bandwidths, the comm unications arc hitecture and the op erational requiremen ts, a

n um b er of metho dologies for in tro ducing priorit y-based system access and resource

allo cation sc hemes are considered. Man y researc hers ha v e b een in v estigating the use

of pac k et-based access sc hemes and resource allo cation mec hanisms to pro vide com-

mercial grade services to subscrib ers. Ho w ev er, to the author's kno wledge none ha v e

considered the Defence requiremen ts, ho w to meet them and p ossible implications

for their use. This thesis pro vides a synopsis of the t yp es of requiremen ts that need

to b e addressed and prop oses suitable arc hitectures, signalling and access options to

pro vide the appropriate GoS and QoS. In addition, this thesis surv eys some of the

researc h and dev elopmen t in the area of m ultiple access sc hemes to tie together the

prop osed class structures and resource allo cation sc hemes. The w a ys these ma y b e

used in conjunction with the de�ned arc hitecture, signalling pro cesses and resource

allo cation to satisfy these requiremen ts are predicted and discussed.
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Chapter 1

In tro duction

Ov er sev eral y ears no w, mobile comm unication has b een attracting increased us-

age w orldwide particularly for p ersonal and business applications [2, pages 1{4].

The requiremen t for these t yp es of services has arisen due a v ariet y of factors suc h

as: the enormous gro wth of In ternet usage and services, business dep endence on

mobile telephon y , clev er mark eting of services and increased demand for adv anced

IT services on the mo v e. Early terrestrial mobile services pro vided predominan tly

circuit switc hed v oice services with minimal data or message capabilities [3 , pages

3{5]. Second generation systems suc h as the Europ ean-originated Global System for

Mobile Comm unications (GSM) and US-driv en In terim Standard (IS) 136 Time Di-

vision Multiple Access (TDMA) and IS95 Co de Division Multiple Access (CDMA)

standards ha v e ev olv ed [4][5], pro viding increased sp ectrum e�ciency o v er early

analogue mobile phone systems resulting in more services for subscrib ers and more

pro�table systems for service pro viders. The In ternet and w eb-based services are

con tin uing to b e leading driv ers for �xed net w orks in business and home use and as

these b ecome ev en more in tegral to business pro cesses, the demand for these services

to b e a v ailable to mobile users will follo w [6]. The increasing proliferation and range

of p ersonal data assistan t (PD A) devices and wireless Lo cal Area Net w orks (LAN)

pro ducts is further evidence of these trends.

In lo cations where connectivit y to a �xed net w ork cannot b e assured alterna-

tiv e wireless comm unications b earers can pro vide a suitable in terface for a seamless

access. T o add to the problem, increasing bandwidth requiremen ts from the new

IT services will also need to b e catered for using the wireless net w orks [7 ]. T o pro-

vide these services for the increasingly bandwidth in tensiv e IT systems, information

rates for mobile users in these supp orting net w orks require a suitable arc hitecture

to supp ort them. In an indo or (pico cell) en vironmen t equiv alen t services ma y b e

pro vided b y wireless LAN t yp e net w orks with high data rates and generally limited
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supp ort for mobilit y . In the outdo or (urban, semi-rural and rural) en vironmen ts

sev eral options exist. These include the use of either a terrestrial mobile net w ork,

trunk ed radio net w ork, an Unmanned Aerial V ehicle (UA V) or a satellite net w ork

whic h can consist of Lo w Earth Orbit (LEO), Medium Earth Orbit (MEO) or Geo

Sync hronous Earth Orbit (GEO) satellites or a com bination of these. Useful sum-

maries of these mobile satellite systems can b e found in [8] and [9 ]. Eac h of the

system options ha v e their adv an tages and disadv an tages. Some of the systems in-

tended for mobile satellite services are discussed b y Johannsen in [10 ]. Ho w ev er,

the b est system will b e based on ho w w ell it can meet end-user requiremen ts (i.e.

the QoS) and of course, cost [11 ]. F or global co v erage and in terconnectivit y to core

bac kb one net w orks via a single net w ork service pro vider, the LEO Satellite (LEOS)

and MEO satellite (MEOS) systems p oten tially o�er the most suitable tec hnical

solution. Also, some GEO satellite systems, using a n um b er of satellites can also

cater for these requiremen ts [9 ]. F or regional use it is di�cult to discoun t an y of the

t yp es of systems men tioned as they can eac h pro vide a v ariet y of suitable services.

Where reducing the cost of ground-based infrastructure is a k ey issue, ho w ev er, the

c hoice of net w ork again lends itself to the mobile satellite, or p ossibly trunk ed radio

t yp e of systems. A UA V can also b e considered for regional use where large amoun ts

of bandwidth ma y b e required for sp ecial ev en ts (suc h as the Olympics), but their

use for comm unications will predominan tly b e limited to larger scale Defence appli-

cations.

In the commercial domain, k ey factors for iden tifying the suitabilit y of a net w ork

are its abilit y to seamlessly connect with the �xed infrastructure. The parameters to

ev aluate the suitabilit y are traditionally measured in terms of the co v erage, service

dela ys, p ercen tage a v ailabilit y and reliabilit y [12 ]. These factors are lik ely to b ecome

ev en more imp ortan t in the future as dep endence on satellite services increases.

This is eviden t in the planning of traditional allied nations satellite arc hitecture

studies [13 ] comm unication arc hitectures Ev olving applications are lik ely to require

mo derate to high data rates compared to curren t rates, as demand for near real-

time or in teractiv e data services increases. Commercial pro viders are driv en b y the

b ottom line ... pro�ts! In this t yp e of net w ork, users subscrib e to a particular regime

of service qualit y whereb y the net w ork pro vider is obliged to pro vide these services.

The service requiremen ts, ho w ev er, di�er signi�can tly in the Defence en vironmen t.
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1.1 Meeting Defence Op erational Requiremen ts

Pro�t is not a driv er in the Defence en vironmen t where the Military Qualit y of Ser-

vice (MQoS) factors are more relev an t. The need for Qualit y of Service (QoS) is

w ell kno wn in �xed net w orks [14 ]. And in telephon y net w orks the Grade of Service

(GoS) is a k ey p erformance measure. The MQoS factors demand that the righ t users

ha v e access to the righ t information at the righ t time i.e. for command and con trol

[15 ]. Commercial QoS p olicies [16 ] will pro vide a basis for Defence net w orks but

the requiremen ts will di�er due to the ev olving roles of data services in op erations.

Defence comm unications systems facilitate the transfer information throughout a

battlespace (region of op erations) for a n um b er of functions suc h as Command and

Con trol (C2), op erational picture compilation, dissemination of orders, rep orting

up dates and logistics, to name a few. Recen t y ears ha v e seen the gro wth of Informa-

tion W arfare (IW) in W estern military forces in comparison to other more traditional

factors suc h as �rep o w er and mobilit y . Recen tly quan ti�cation of the impacts of IW

ha v e b een undertak en [17 ]. Emplo ymen t of IW pro cesses can tak e a defensiv e or an

aggressiv e p osture but generally consists of an abilit y to exploit kno wledge of y our

\o wn" force and the enem y . T o p erform these t yp es of op erations, the existing com-

m unications systems underpin the e�ectiv eness of the capabilit y . Australian Defence

Organisation (ADO) comm unications systems curren tly in service pro vide b oth line

of sigh t (LOS) and b ey ond line of sigh t (BLOS) comm unications. The LOS links

are used for mainly tactical v oice circuits and ha v e limited messaging (e.g. telet yp e)

capabilities. The BLOS links predominan tly co v er the littoral regions of Australia

using leased commercial services or mo di�ed Commercial O� The Shelf (COTS)

systems suc h as the system describ ed in [18]. Imp ortan t factors a�ecting their op er-

ational use include a v ailable satellite co v erage areas, a v ailabilit y of bandwidth and

the transp ortabilit y of transmit and receiv e equipmen t. F or C4ISR missions outside

littoral regions or when bandwidth is una v ailable, where co v erage or a v ailabilit y of

existing comm unications is lo w, the lac k of adequate comm unications capabilities

migh t b e signi�can tly detrimen tal to op erational e�ectiv eness.

The op erational requiremen ts will b e driv en b y the mission at hand, and this

can ha v e man y unique comp onen ts. There are some general factors, ho w ev er, that

can b e used as guides to determine the t yp es of op erations and the lev els of com-

m unications supp ort that will b e necessary to supp ort the IW t yp es of op erations.

The degree of mobilit y and the n um b er of terminals will b e k ey issues as will the

op erational precinct, i.e. a rural, urban or jungle en vironmen t. The exp ected du-

ration of an op eration has signi�can t implications, particularly when infrastructure
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and main tenance are required. The ease and rate of deplo ymen t are other factors.

These will alw a ys ha v e to b e considered in conjunction with the traditional military

criteria: securit y , surviv abilit y and robustness. Other p erhaps increasingly relev an t

issues are the requiremen ts for op erating with allied or coalition partners[19 ] and

under conditions that prev en t the use of normal LOS or trunk ed radio net w orks. In

addition, increasing amoun ts of rep ository (in telligence, surv eillance and logistics)

information b eing pushed to the w ar�gh ter to pro vide the \Kno wledge Edge" [20 ,

pages 56{60] whic h will translate to increased requiremen ts for seamless connectivit y

with compartmen ts of the �xed, strategic infrastructure.

Mobile satellite systems are expanding signi�can tly as can b e evidenced in [8].

The deplo ymen t of large constellations of LEOS and MEOS net w orks will o v ercome

man y of the problems asso ciated with limited co v erage of the existing comm unica-

tion systems and pro vide capabilities for v oice and data services to a com bination

of �xed, transp ortable, and handheld terminals . These terminals are generally in

the form of a mobile phone handset accompanied b y a PD A, laptop or small com-

puter terminal. Dep ending on the aforemen tioned factors, this t yp e of option can

b e suitable. F or op erational e�ciency and cost managemen t there are signi�can t

adv an tages that can b e gained b y the military op erators using suc h a net w ork to

pro vide seamless comm unications in terop erabilit y with existing strategic net w ork

infrastructure. Bene�ts can b e signi�can t in terms of pro viding information to and

from the battlespace without the need for direct supp ort from sp ecialist comm unica-

tions op erators. This new t yp e of capabilit y has the p oten tial to c hange traditional

do ctrinal pro cedures of particular w ar�gh ting functions. These pro cedures ha v e

b een dev elop ed to organise and manage the information 
o ws during op erations

and man y pro cesses will b e sup er
uous.

The military precedence structure w as dev elop ed under the restrictions of lim-

ited bandwidth of the comm unications cen tres, namely ho w fast and e�cien tly the

op erator could signal for instance b y t yping Morse or 
ashing ligh ts. T o ensure the

most imp ortan t messages b ypassed length y queues the precedence sc heme w as dev el-

op ed. An in teresting argumen t has arisen with the adv en t of more comm unications

c hannels and \bigger" pip es, that there is no longer a need to pro vide a mec hanism

for the inclusion of this hierarc h y or a revision of it [21]. P art of this argumen t

is w ell founded. Classi�cation of service classes suc h as those dev elop ed in man y

standards b o dies including the In ternational T elecomm unications Union (ITU) and

Async hronous T ransfer Mo de (A TM) forum in tend to pro vide the \suitable" p er-
o w

QoS, based solely on the t yp e of information. Ho w ev er in the Defence en vironmen t

there is a requiremen t to ensure as far as p ossible that particular information, as
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classi�ed b y the user, is giv en precedence. This will most certainly need to b e main-

tained in the future, when congestion and dela ys are inevitably exp erienced. This

ma y not b e necessary in the �xed or core net w ork domains where optical �bre and

high rate Lo cal Area Net w orks (LANs) ha v e signi�can tly more bandwidth a v ailable,

but giv en the limitations of the wireless net w orks and the enhanced demand for

the �xed net w ork related services o v er these net w orks, it is the author's b elief that

bandwidth limitations in the wireless domain will exist in to the foreseeable future.

T o comp ound the issues raised here, the dev elopmen ts of new services and further

increases in the tra�c 
o ws from the adv anced IT services will most certainly con-

tin ue to op erate according to the adage \y ou will use as m uc h of the bandwidth as

y ou ha v e a v ailable".

The commercial net w orks ha v e b een dev elop ed to pro vide core services with

commercial grade QoS. Ho w ev er Defence systems ha v e di�eren t standards that do

not necessarily o v erlap with these p erformance measures. This is eviden t in the

requiremen ts for the Defence Mobile Comm unication Net w ork (DMCN) functional

and p erformance sp eci�cation [22]. Prioritisation of services and connections is an

imp ortan t factor for the military system that commercial connection admission con-

trol and bandwidth allo cation sc hemes do not and cannot b e exp ected to pro vide.

This requires some signi�can t adaptation of the commercial system and its asso ci-

ated net w ork managemen t to satisfy the requiremen ts of Defence applications. An

example of this can b e found in [18 ]. P articular areas of military in terest include the

managemen t of connections (initial signalling connections and precedence structure)

and the use of e�cien t resource utilisation sc hemes to satisfy the more stringen t and

quite di�eren t MQoS requiremen ts.

Op erationally the selection of a suitable in tegrated arc hitecture is primarily

driv en b y the nature of a military mission. A detailed study of the uses of mo-

bile satellite systems has b een p erformed in [23]. P oten tial applications for these

t yp es of systems to replace or augmen t the existing comm unications capabilities

w ere iden ti�ed as [23 ]:

� Observ ers, e.g. UN military observ ers, con trol of �re supp ort, w eap ons de-

commissioning

� Humanitarian Deplo ymen ts

� In terdepartmen tal In terop erabilit y , e.g. la w enforcemen t, V ery Imp ortan t P er-

son (VIP) teams

� Logistics, e.g. medical supplies, transp ort con trol, con v o y trac king, w elfare
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telephones

� Sp ecial Op erations, e.g. adv anced forces, in telligence op erations, coun ter ter-

rorism op erations

� Comm unications Engineering and Managemen t, e.g. fallbac k engineering, re-

mote switc hing

� Small Platforms, e.g. maritime and airb orne platforms

� P eace Supp ort Op erations and Op erations other than w ar, e.g. training tasks,

p eacek eeping supp ort

� Out of Area Op erations, e.g. op erations b ey ond indigenous comm unications

capabilities

F or op erations in regions where leased satellite services are limited to ma jor

trunks and pro vide no PCS-t yp e services, alternativ e comm unications b earers are

necessary . F or short term op erations, the deplo ymen t of UA V comm unications no des

can pro vide a suitable option for in tegration with the mobile PCS infrastructure.

Ho w ev er, if longer term sustained op eration is required, it can b e di�cult to main-

tain e�ectiv e co v erage using UA Vs. Also, when deplo y ed in a coalition op eration, a

UA V solution is more lik ely to in v olv e sp ecially compartmen talised access and re-

stricted access to terminals for allied partners. Deplo ymen t of cellular infrastructure

is ob viously exp ensiv e and will pro vide only relativ ely limited co v erage compared to

satellite systems. This problem also exists for the use of trunk ed radio net w orks,

that ha v e limited supp ort for PCS-t yp e applications.

F ully o wned Defence net w orks are costly . Some mo v es are underw a y to guaran tee

leased services using Priv ate Finance Initiativ es (PFI) [24 ]. This is a tradeo� b e-

t w een the cost of the dev elopmen t of a Defence capabilit y and the cost of leasing the

same capabilit y if it will b e a v ailable. Where full utilisation of the satellite net w ork

is not required the PFI approac h enables the net w ork pro vider to use the negotiated

bandwidth. This approac h ma y b e extended to some of the non-geosync hronous

satellites in the future but to the author's kno wledge this has not b een discussed in

the literature.

The in tegrated PCS-LEOS t yp e of system is most lik ely to b e suited to a longer

term land or amphibious op eration with a n um b er of allied partners spread o v er

a relativ ely wide area. This is due to the co v erage a v ailable, the p ortabilit y of

terminals and the range of services. The close relationship b et w een the LEOS and
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PCS (and in particular GSM) net w orks is another imp ortan t factor in fa v our of this

t yp e of system.

1.2 In tegration Arc hitectures and

Net w orking Options

In terop erabilit y and in tegration of satellite and PCS net w orks has b een considered

for some time as a means of supplemen ting and extending the capabilities pro vided

b y terrestrial based net w orks [25 ][26 ]. Arc hitecture issues ha v e generally b een the

fo cus of atten tion, as these determine the ph ysical limitations of the system. Some

of the net w orking and signalling issues whic h will b e faced in the establishmen t of

these net w orks are often only considered as an afterthough t. This is true for b oth

the commercial and Defence en vironmen ts.

Signalling is a critical asp ect of an y mobile satellite comm unication net w ork and

is particularly imp ortan t in pro viding seamless in terop erabilit y b et w een the satellite

and terrestrial systems suc h as GSM [27 ]. GSM signalling is imp ortan t not only

b ecause it represen ts a tec hnologically mature and successful system, but also b e-

cause LEOS net w orks are exp ected to pro vide for in terop erabilit y , and in some cases

in tegration, with cellular GSM net w orks. F or example, commercial systems lik e Irid-

ium and Globalstar aim to in terop erate GSM net w orks . Hence GSM net w orks and

their deriv ativ es pro vide an imp ortan t framew ork that m ust b e seriously consid-

ered for future ev olution and in tegration planning. Del Re and Iann ucci [28 ] and

Cullen, T afazolli and Ev ans [26 ] ha v e in v estigated the pro vision of GSM signalling

pro cedures in an in tegrated cellular-satellite net w ork. Zhao, T afazolli and Ev ans

[25 ] ha v e also prop osed a system arc hitecture for GSM-satellite in tegration. Sev eral

lev els of in tegration are iden ti�ed ranging from in terop erabilit y at a net w ork lev el

only , to maximal in tegration at the base station lev el where the satellite subsystems

adopt the pro cedures of the terrestrial subsystems and only the Radio F requency

(RF) parts of the mobile terminal need to b e re-engineered. This author has also

in v estigated the signi�cance of in tegrating satellite and GSM net w orks [29 ][30 ]. F or

successful in tegration in b oth the commercial and military con texts, service qualit y

will determine the v alue to the user.

Service qualit y has man y imp ortan t factors [31 ][16]. Three of the most imp ortan t

factors for in tegrated satellite and terrestrial mobile net w orks pro viding b oth v oice

and data t yp es of services ha v e b een iden ti�ed as channel ac c ess times , voic e c al l

quality and aver age data thr oughput .
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Long dela ys in c hannel access and call set-up are unacceptable to all users. In

civilian net w orks this equates to p o orer GoS and translates to dissatis�ed subscrib ers

and losses in rev en ue. In military systems timeliness has added signi�cance as

scenarios require v aried user priorit y access, call set-up and transmission rates for

di�eren t users and classes of tra�c based on (in decreasing order of priorit y) FLASH,

IMMEDIA TE, PRIORITY and R OUTINE precedence lev els.

V oice qualit y can b e measured b y man y factors but inevitably v oice in telligibil-

it y and the abilit y to b oth recognise and understand the other user or users are

the dominan t considerations [32]. Signi�can t researc h e�ort has b een exp ended to

impro v e the v oice co ding pro cesses for digital comm unications systems and this

has signi�can tly enhanced b oth the qualit y and bandwidth e�ciency of the system

[33 ][34][35 ]. Researc h is also ongoing for secure v ersions of these co ders for Defence

op erations [36].

Another factor, a v erage data throughput, is seen b y the end-user in the p erfor-

mance of the applications. Users generally ha v e limited kno wledge of the underlying

comm unication system particularly for data applications, hence it is the net w ork

service pro viders obligation to ensure that suitable throughput and in tegrit y of the

information is ac hiev ed in accordance with the service qualit y guaran tees.

F or the purp oses of this thesis the GSM system will b e studied and used in

depth as it pro vides the most widely recognised standardisation, m uc h of whic h

will lead Third Generation (3G) PCS dev elopmen ts. The terrestrial mobile system

GSM w as originally dev elop ed for circuit switc hed v oice and some circuit switc hed

data services. Increasing demands for higher rate mobile data services could not

b e met e�cien tly using the circuit switc hed services. T o o v ercome this shortfall the

Europ ean T elecomm unications Standards Institute (ETSI) under the GSM phase 2+

has dev elop ed the General P ac k et Radio Service (GPRS). Its recen t standardisation

will pro vide e�cien t pac k et transp ort in the GSM net w ork [1][37]. It pro vides pac k et

transp ort to wireless systems of to da y and for the future (e.g. In ternet and W orld

Wide W eb (WWW) applications) and is generally recognised as a 2

1

2

generation

(2.5G) service op erating within a second generation terrestrial mobile system. F or

this reason it is also considered as a p ossible path to third generation PCS systems

concepts suc h as IMT2000 [38 ] (and others). The ev olution path of the GSM system

and other PCS dev elopmen ts will b e discussed in Chapter 2.

Core �xed net w orks that are curren tly circuit switc hed are also migrating to-

w ards pac k et switc hed services. P ac k et data transmission is suitable for long dis-

tance comm unications and enables the p erformance of di�eren t classes of tra�c

to b e regulated through net w ork resource allo cation sc hemes to sustain high lev els
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of bandwidth utilisation whilst main taining the o v erall p erformance requiremen ts.

These dev elopmen ts are b eginning to address problems similar to those faced in the

Defence en vironmen t suc h as pro viding appropriate QoS with a limited amoun t of

bandwidth. Without suitable resource allo cation sc hemes, in tegrated net w orks will

pro vide b oth a p o or GoS and QoS to subscrib ers when man y tra�c classes exist.

1.3 Planning Suitable Defence Arc hitectures

T aking in to accoun t the migration of the terrestrial mobile systems to w ards 3G net-

w orks, the Defence op erational requiremen ts and the satellite-PCS net w orks, the

follo wing c hapters prop ose suitable in tegration options to meet appropriate Defence

requiremen ts in the future. The planned arc hitecture option fo cusses on a scenario

where indigenous satellite systems cannot pro vide co v erage of the op erating region or

are una v ailable for use b y a larger n um b er of highly-mobile disadv an taged users. Ap-

propriate GSM signalling pro cedures are prop osed to supp ort in tegrated prioritised

comm unication using a GPRS-LEOS net w ork for Defence op erations. The signalling

pro cedures prop osed are e�ectiv e regardless of the lev el of terrestrial GSM-LEOS

net w ork in tegration. The user prioritisation caters for p erceiv ed user class (prece-

dence) requiremen ts. As part of a Defence net w ork this sc heme can pro vide a higher

GoS to more timely (or more imp ortan t) call connections. F or pac k et-based services

a suitable resource allo cation sc heme for the in tegrated GPRS-LEOS net w ork is de-

scrib ed and ev aluated using a mixture of m ulti-service tra�c (a mixture of v oice and

data tra�c). F our basic tra�c classes are prop osed for the purp ose of this thesis.

These include a high priorit y v oice (GSM v oice) class, high priorit y data class, lo w

priorit y v oice class, and a lo w priorit y (bulk data) data class. The p erformance of

the sc hemes o v er a GPRS-LEOS net w ork is compared to the standardised terres-

trial mobile GPRS tra�c class p erformance [1 ] and is ev aluated in terms of the GoS

(connection-based call blo c king) and QoS (a v erage pac k et transmission dela y) lev els.

The resource allo cation sc heme is based on making maxim um usage of the a v ail-

able satellite bandwidth whilst pro viding relativ e service guaran tees. T o use this

sc heme, a suitable m ultiple access tec hnique m ust b e emplo y ed to pro vide access to

the shared medium. The e�cien t sharing of resources requires a signi�can t amoun t

of signalling tra�c that has the p oten tial to generate signi�can t b ottlenec ks in the

net w ork and prev en t users gaining appropriate QoS. The GSM and TDMA systems

generally use in-band signalling to co ordinate in teractions in the net w ork. In a

pac k et-based LEOS net w ork scenario with dynamic resource allo cation, the initial

pac k et access attempts will generally b e consisten t with the o�ered tra�c 
o w ar-
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riv al rates. Ho w ev er, as loads will c hange o v er time, the pro cess of noti�cation of

user allo cation(s) will b e a critical requiremen t. This high tra�c load in the forw ard

c hannel (or satellite to MS do wnlink) has the p oten tial to cause signi�can t burdens

on in-band signalling, hence a surv ey of suitable m ultiple access tec hniques has b een

undertak en. Sev eral pac k et-based tec hniques ha v e b een in v estigated, suc h as deriv a-

tiv es of P ac k et Reserv ation Multiple Access (PRMA), and Adv anced Time Division

Multiple Access (A TDMA) and these will b e discussed. The impacts of these m ulti-

ple access sc hemes for the op erational usage of these systems will also b e discussed

including the e�ects suc h a system migh t ha v e on the op erating philosophies and ho w

the users requiremen ts are exp ected to escalate as do ctrinal pro cedures inevitably

em brace these tec hnologies.

1.4 Thesis Ov erview

This thesis is organised as follo ws. Chapter 2 discusses the ev olution of satellite and

mobile comm unications net w orks and the t yp es of services that are b eing consid-

ered for future commercial net w orks. A n um b er of terrestrial mobile and satellite

net w orks will b e discussed in terms of their suitabilit y for in tegration and use in

military t yp e op erations. Some of the p erceiv ed limitations of these systems are

also highligh ted.

In Chapter 3, a generic net w ork arc hitecture is prop osed for an in tegrated GSM-

LEOS net w ork and the roles of the functional net w ork elemen ts will b e discussed.

A review of literature on in tegration and some fundamen tals of the GSM radio

in terface and signalling pro cesses will b e pro vided to assist the reader in follo wing

the prop osed enhancemen ts for the in tegrated arc hitecture. A fundamen tal Defence

requiremen t for precedence in net w ork access is addressed b y using a new prioritised

signalling sc heme. This uses mo di�ed signalling pro cesses to pro vide di�eren tial

services b et w een di�eren t priorit y connections. The impacts of the mo di�ed sc heme

on call set-up dela ys, connection blo c king and dropping rates will b e discussed. This

uses analytical metho ds to deriv e the exp ected p erformance of the new sc heme.

The mo di�ed access pro cedures for the net w ork with di�eren t priorit y users and the

resulting impacts on GoS shall b e discussed.

Chapter 4 in v estigates the use of pac k et data services for in tegrated satellite PCS

systems and revises the in tegrated GSM-LEOS arc hitecture to incorp orate these

additional services with a fo cus on the PCS. A signi�can t part of the Chapter in tro-

duces bac kground information on the PCS system to familiarise the reader with its

capabilities and the pro cesses used to pro vide the data services. As Medium Access
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Con trol (MA C) and resource allo cation are imp ortan t parts of the PCS system a

literature surv ey of some of the w ork in this area is also p erformed. The issues raised

are essen tial to capture prior to the dev elopmen t of an y new MA C or resource allo-

cation pro cesses. F ollo wing the bac kground information three class-based resource

allo cation sc hemes are in tro duced for ev aluation. A signi�can t amoun t of mo delling

e�ort has b een exp ended to implemen t these new sc hemes. Mo dels of a �xed re-

source allo cation sc heme and t w o v arian ts of a dynamic resource allo cation sc heme

ha v e b een dev elop ed. Mo delling of eac h of the resource allo cation sc hemes assumes

the services are required in a Defence en vironmen t and only the satellite comp onen t

of the in tegrated net w ork is a v ailable. Detailed in v estigation of the sc hemes is p er-

formed with particular fo cus on Go and Os p erformance measures. The Chapter is

completed with an in v estigation of the impact v aried tra�c loads ha v e on the t w o

dynamic resource allo cation sc hemes.

Conclusions and further w ork are pro vided in Chapter 5. The impacts of the ar-

c hitecture options, including signalling tec hniques, resource allo cation and m ultiple

access are summarised in the con text of meeting Defence op erational requiremen ts.

The results from Chapter 3 and Chapter 4 are discussed and the synergies b et w een

them are highligh ted in terms of ho w the in tegrated net w ork could b e used.

F urther w ork includes some suggestions of alternate m ultiple access mec hanisms

that could b e used to implemen t the desired resource allo cation pro�les that ha v e

b een prop osed in Chapter 4. Other approac hes to solving the resource allo cation

problems are also discussed including mec hanisms to enhance the arc hitecture to

increase the robustness for Defence use. A view to the implications of this w ork in

a wider con text than just the in tegrated arc hitecture from Chapter 2 and Chapter 3

is pro vided as it has b ecome eviden t during the course of this study that this w ork

has signi�can t relev ance to e�cien t managemen t of all t yp es of net w orks.

App endix A pro vides bac kground information on the material co v ered in Chapter

3. This includes deriv ations of form ulae used to generate the n umerical results for

the in tegration of a LEOS-GSM arc hitecture and the enhancemen ts to pro vide a

degree of precedence in the access and connection setup pro cesses.

App endix B pro vides additional detail on the mo delling that has b een undertak en

in Chapter 4. It describ es the roles of the mo dels and ho w the mo di�ed connection

admission con trol and new resource allo cation sc hemes ha v e b een implemen ted in

the sim ulation en vironmen t.
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1.5 Summary of Con tributions

This thesis in v estigates the requiremen ts, use and implemen tation issues for com-

mercial net w orks in the Defence en vironmen t. In Chapter 2, this includes discussion

of some of the issues for Defence use of alternativ e arc hitectures, including asp ects

of PCS, LEOS and UA V systems. This is done in the con text of the Defence require-

men ts. Whilst this comp onen t is not new w ork, this Chapter pro vides a thorough

o v erview of options for using commercial systems in the Defence en vironmen t and

pro vides the basis for the dev elopmen t of an in tegrated satellite PCS arc hitecture.

T o the author's kno wledge this has not b een done previously .

In Chapter 3 a suitable in tegrated LEOS-cellular arc hitecture is prop osed that

will satisfy most of the op erational requiremen ts. This pro vides a baseline arc hitec-

ture from whic h other in tegration scenarios can b e dev elop ed as alternativ e satellite

net w orks b ecome a v ailable. New alternativ e signalling tec hniques are prop osed to

impro v e the access and setup p erformance for in tegrated LEOS-PCS systems where

military precedence is required. The precedence tec hniques ensure that imp ortan t

connections are established where in an unmo di�ed system these connections can

su�er signi�can t dela ys or blo c k age of access.

New t yp es of pac k et-based services are also considered in Chapter 4 for the in-

tegrated LEOS-PCS system. This builds on the in v estigations from Chapter 3. A

detailed summary of some GPRS standardisation relev an t to the pro vision of ser-

vices has b een pro vided as v ery little detail of this has b een presen ted in the op en

literature. Alternativ e Connection Admission Con trol (CA C) sc hemes ha v e b een

dev elop ed to pro vide enhanced services to the tra�c classes in the in tegrated net-

w ork. Three resource allo cation sc hemes ha v e b een dev elop ed and studied. Detailed

mo dels of the new sc hemes ha v e b een dev elop ed and the p erformance in v estigated

using the O P N E T

T M

sim ulation pac k age. T o further ev aluate the new CA C and

resource allo cation sc hemes the p erformance under extreme tra�c loads from par-

ticular tra�c classes has b een examined. The outcomes from the in v estigations ha v e

highligh ted some of the tradeo�s that m ust b e considered in the Defence en viron-

men t and this has sho wn a dynamic resource allo cation sc heme with careful c hoice

of CA C rules can pro vide enhanced p erformance to essen tial (or higher priorit y)

tra�c classes in most scenarios.

1.5.1 List of Publications

A summary of the publications con tributing to the completion of this thesis during

the author's candidature are sho wn b elo w:
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Chapter 2

The Ev olution of P ersonal

Comm unications Systems and

Lo w Earth Orbit Satellite Systems

This Chapter describ es some ma jor dev elopmen ts in the �eld of rapidly expanding

p ersonal mobile comm unications. It fo cusses on some of the cellular mobile and

satellite systems and standards, and ho w these are ev olving to w ards future in te-

grated net w orks. These systems will b e pro viding services comparable to some of

the �xed net w ork services that are tak en for gran ted to da y on desktop platforms,

as w ell as new services that will ha v e nic he mark ets in the mobile domain. Whilst

this Chapter do es not in tro duce new material it pro vides a summary of the v arious

commercial dev elopmen ts that migh t ha v e signi�can t impacts on Defence comm u-

nications in the future, particularly for the in tro duction and pro vision of new t yp es

of services. It is imp ortan t that metho ds to implemen t these services and sp eci�c

Defence requiremen ts b e considered giv en these future capabilities.

In Section 2.1 the ev olution of cellular mobile standards are discussed. This

includes the migration of the v arious non-in terop erable systems to the future gen-

eration systems. These ha v e particular relev ance as b oth v oice and data services

are ev olving at a rapid rate and will b e extremely useful for some Defence op era-

tions. Whilst no sp eci�c Unmanned Aerial V ehicles (UA Vs) are discussed in this

Chapter these platforms are exp ected to b e capable of ha ving suitable comm unica-

tion switc hing infrastructure to implemen t the capabilities o�ered from the cellular

mobile dev elopmen ts.

Section 2.2 and Section 2.3 summarise the dev elopmen ts of sev eral system pro-

p osals for Lo w Earth Orbit Satellite (LEOS) and Medium Earth Orbit Satellite

(MEOS) systems resp ectiv ely . Whilst the usage and futures of some of these sys-
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tems is unclear, these systems ha v e some imp ortan t features that can b e utilised in

a Defence en vironmen t.

Section 2.4 in v estigates the Geo-Sync hronous Satellite (GEOS) systems that are

prop osed or are in op eration for mobile users and discusses the p oten tial adv an tages

and disadv an tages of using these systems.

Section 2.5 fo cusses on of some of the requiremen ts for military t yp e mobile

applications and discusses the most suitable systems for supp orting the Defence

mobile comm unications under some sp eci�c op erational constrain ts.

T o conclude the Chapter, Section 2.6 summarises the systems in v estigated and

ho w these systems need further in v estigation for pro viding enhanced services to

mobile users.

2.1 Mobile P ersonal Comm unication Systems

Dev elopmen ts

Ov er man y y ears no w there has b een a strong desire b y standards b o dies, v endors

and PCS system subscrib ers to migrate to global net w orks with greater in terop erabil-

it y . Co ordination of the terrestrial mobile domain has come under the jurisdiction

of the ITU. They are resp onsible for the setting of directions and the co ordination

of e�orts. Other b o dies suc h as the ETSI, Asso ciation of Radio Industries and Busi-

ness (ARIB), and China Wireless T elecomm unications Standards Group (CWTS)

ha v e b een assem bled as con tributors to the dev elopmen ts of standards for di�eren t

net w orks whilst the ITU pro vides the o v erarc hing guidance. One of the few limita-

tions to da y for cellular mobile comm unications is net w ork in terop erabilit y . Global

roaming remains an unsolv ed problem.

The road to 3G has a n um b er of paths, with commercial systems already in place

b eing w ell p ositioned to migrate to the next generation systems. As these systems

are n umerous, standardisation b o dies ha v e b een collab orating to ensure common

goals are reac hed. T o ac hiev e this the ITU has formed t w o P artnership Programs

(PP) from appropriate standardisation b o dies (designated as 3GPP and 3GPP2)

to o v ersee the migration to 3G net w orks. The relationships b et w een the systems

migration and the t w o partnership programs can b e seen in Figure 2.1 tak en from

[39 ].

The t w o partnership programs ha v e sligh tly di�eren t fo cus, with one addressing

the migration from the US-dev elop ed systems and the other, ev olving from the ETSI

GSM standardisation. There is ho w ev er, a push to dev elop these systems in tandem
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Figure 2.1: Migration P ath to 3G Net w orks.

through the GPRS/IS136+ to w ard the Wideband Co de Division Multiple Access

(W CDMA) systems of the future.

2.1.1 Global System for Mobile Comm unications

The GSM system has gro wn from the net w orks originally dev elop ed b y the ETSI to

b ecome the leading globally accepted cellular mobile standard. It is imp ortan t to

review some of the fundamen tal elemen ts of the GSM system as man y elemen ts of

it are utilised in subsequen t PCS and satellite systems. GSM net w orks consist of a

n um b er of functional system elemen ts. A t ypical net w ork arc hitecture diagram for

a GSM net w ork can b e seen in Figure 2.2.

The net w ork consists of mobile stations (MSs) within a cell. These ha v e radio

in terfaces that send and receiv e signals directly with the cell Base Station Subsystem

(BSS). The BSS comp onen t consists of b oth a Base Station Con troller (BSC) and one

or man y Base T ransceiv er Stations (BTS). The BTS co ordinates usage of the radio

resources a v ailable in the cell. The BSS is a rather unique elemen t of the cellular

system and has no direct connection with the public telephon y system or Public

Switc hed T elephon y System (PSTN). All other elemen ts of the cellular system ha v e

ev olv ed from existing telephon y net w orks o v er time and ha v e inherited m uc h of that
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Figure 2.2: GSM Net w ork T op ology .

tec hnology . The link to the public telephon y system is done via a Mobile Switc hing

Cen tre (MSC). The MSC pro vides the in terface to other net w orks and also uses a

Home Lo cation Register (HLR) to complete authen tication and billing pro cesses.

MSs are able to roam in to adjacen t cells without loss of connectivit y . This pro cess

is referred to as c el l handover and is co ordinated b y another comp onen t of the MSC

infrastructure kno wn as the Visitor Lo cation Register (VLR).

Gro wth of GSM has b een enormous with 456 million subscrib ers w orldwide in

Jan uary 2001 [40 ]. This due to a n um b er of imp ortan t factors suc h as [41]:

� It pro vides an op en standard,

� It pro vides roaming within, and external to the coun try of registration,

� A range of services are o�ered,

� Its v oice qualit y is excellen t and ensures priv acy ,

� It has enabled comp etitors to dev elop GSM terminal equipmen t based on a

w ell de�ned net w ork arc hitecture, and

� It giv es service pro viders the abilit y to establish a net w ork where a user base

already exists.

The GSM system has obtained almost w orldwide acceptance with GSM net w orks

presen t in most w estern coun tries. Ev en the di�cult Chinese mark et is no w ha ving

GSM net w orks rolled out to cater for the exp ected 88 million subscrib ers exp ected

b y the end of 2003 [42]. Initial GSM net w orks pro vided circuit switc hed v oice

capabilities of a high standard with costs lo w er than those previously a v ailable for

mobile PCS comm unications. In addition to the circuit switc hed v oice calls, a short

message service w as pro vided to send text messages with a maxim um �xed length
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(160 c haracters) b et w een users. These services and the transmission rates of the

in terfaces in the initial GSM net w orks are depicted in Figure 2.3.

Figure 2.3: GSM Circuit Switc hed V oice and Data - Radio In terfaces.

The v oice co der used in the GSM system pro vides an e�ectiv e 13kbps v oice

circuit, and in turn relates to the other data rates sho wn in Figure 2.3. The MSC

pro vides the in terface to the Public Switc hed T elephon y Net w orks (PSTN).

The cellular nature of the GSM system has enabled the capacities of these sys-

tems to b e increased steadily , b y reducing cell sizes, and b y utilising frequency reuse

p olicies. Ho w ev er, with demands placed on these existing net w orks still increasing

and requiremen ts for data services ev olving, the w ell established GSM net w orks are

inadequate to supp ort these demands for burst y data tra�c e�cien tly . There are a

n um b er of reasons for this:

1. The circuit switc hed connection requires a dedicated amoun t of bandwidth to

main tain the connection.

2. Billing for pac k et-data services, using a circuit net w ork is di�cult.

3. The GSM net w ork do es use v oice activit y to determine when to switc h b et w een

circuits during \blank" p erio ds, but this is still rather ine�cien t.

4. Data services v ary signi�can tly in length and duration and ha v e di�eren t QoS

requiremen ts from the v oice connections.

5. V oice circuits are more toleran t of errors in v oice transmission and pac k etisa-

tion, whilst lo w transmission dela y is v ery imp ortan t for the end user.

6. Data connections generally require lo w error rates and dela y requiremen ts can

v ary dep ending on the application.

In GSM net w orks billing has b een determined in relation to the duration of

the call for v oice calls, and generally a �xed rate is c harged for the short message
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service. T o accommo date the demand for new services, particularly data services,

the billing pro cess b eing based on the duration of the call is inappropriate. This

is due to data connections b eing more lik ely to ha v e large p erio ds where no data

is b eing transferred. Hence it is more reasonable to b e c harged according to the

amoun t of data transferred. T o satisfy this new requiremen t the ETSI has ongoing

standardisation pro cesses in place for the enhanced services for GSM whic h b egan

in 1996 [43 ]. Under the banner of GSM Phase 2+ additional data services will b e

a v ailable in a faster and more e�cien t manner. T o ac hiev e these requiremen ts the

Phase 2+ pro vides t w o di�eren t data services, High Sp eed Circuit Switc hed Data

(HSCSD) and the GPRS. The HSCSD enables circuit switc hed GSM tra�c c hannels

to b e aggregated to pro vide a signi�can tly higher data rate to a single terminal o v er

the original GSM system. The GPRS pro vides the �rst pac k et switc hed data services

to the GSM system. Services of v arying QoS requiremen ts are a v ailable with the

mean data rates supp orted ranging from unsp eci�ed b est e�ort services to 56kbps,

dep ending on the service class sp eci�ed. The rates and reliabilit y of the connection

will b e determined b y the user's subscription preferences, the services required or

requested and the relativ e requiremen ts of other subscrib ers using the system.

Mobile terminal equipmen t to supp ort the Phase 2+ will �t in to di�eren t classes

of services. One class will supp ort dual v oice (circuit switc hed) and data services

sim ultaneously , whilst other terminal classes will supp ort either (but not b oth sim ul-

taneously) circuit and pac k et switc hed services. The data services will enable trans-

mission in a connectionless manner (e.g. user datagram proto col) or connection-

orien ted manner (e.g. transmission con trol proto col). The additional services fa-

cilitated b y these ev olving GSM Phase 2+ systems ha v e �lled a v oid for mobile,

p erv asiv e computing. They will enable the connection to pac k et-switc hed data net-

w orks, pro viding near-global connectivit y to facilities suc h as home net w orks, mail

serv ers and serv er replication pro cesses in a m uc h more e�cien t manner.

The GSM Phase 2+ services require no c hanges to the radio in terface of the

terminal equipmen t. This translates to minimal in v estmen t for man ufacturers in

the generation of GPRS-capable terminals. The standard GSM arc hitecture is mo d-

i�ed in GSM Phase 2+ to add the pro visions for data connection managemen t,

billing, hando v er, routing and connections to the PSDNs. The Gatew a y GPRS Sup-

p ort No de (GGSN) enables connections to b e established with external pac k et data

net w orks whic h can b e referred to as Public Switc hed Data Net w orks (PSDN). It

establishes pac k et data con texts b et w een the mobile MSs and the external net w orks.

In addition, the GGSN has the role of in terfacing parts of the GSM net w orks via

the GPRS Register (GR) whose k ey role is the managemen t of connection billing
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in conjunction with the VLR and HLR roles that are still necessary to p erform

the hando v er and connection setup pro cesses. The Serving GPRS Supp ort No de

(SGSN) is also sp eci�c to the pac k et data services. It p erforms the pac k et routing

functions b et w een the BS and the GGSN. This ensures that radio resources are

shared appropriately to pro vide the service guaran tees. The enhanced GSM Phase

2+ arc hitecture and these new net w ork elemen ts can b e seen in Figure 2.4.

Figure 2.4: GPRS Logical Arc hitecture Ov erview.

The GPRS net w ork main tains the existing roles for the MSC, BSC, BTS and

the lo cation registers (VLR and HLR).

Curren tly GSM Phase 2+ net w orks are b eing deplo y ed w orldwide with massiv e

in v estmen ts b eing undertak en b y upgrading base station and mobile switc hing cen-

tres. A t presen t these implemen tations are exp eriencing teething problems in the

implemen tation pro cess [44 ]. Although not tec hnically limiting, the inclusion of the

pac k et switc hed data services has in tro duced signi�can tly more complexit y in to the

managemen t of the net w orks. Billing and managemen t pro cesses are exp eriencing

massiv e shifts from the traditional circuit switc hed v endors pro cesses and this has

in tro duced problems, but these will undoubtedly b e o v ercome. The dela ys in the

mark eting of the enhanced data services are evidence of these complications.

This high lev el of commitmen t to the GSM-based net w ork has the p oten tial to

place some barriers for the migration from the 2.5G net w orks to the third generation

systems. This has b een an imp ortan t reason for this con tin ually fo cussing thesis on

the GSM based net w orks. Another reason has b een evidence in sev eral of the other

systems to b e discussed in this Chapter of v ery similar functionalit y to the GSM

system. The adoption of these approac hes whic h includes some of the satellite PCS

net w orks to b e discussed in Sections 2.2, 2.3 and 2.4 indicates a strong commitmen t
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from the satellite system service pro viders to this t yp e of arc hitecture.

2.1.2 Other Time Division Multiple Access

Digital Cellular Systems

North American digital cellular mobile systems are based on the IS-54 and IS-136

standard. This standard has man y similarities to the Europ ean GSM standards. As

sho wn in the Figure 2.1, the IS-136 standard is programmed to migrate with the

GSM TDMA standards to comp ose the Univ ersal Wireless Consortium-136 (UW C-

136) standard for 3G systems.

The Japanese Digital Cellular (JDC) system is v ery similar to the IS-136 stan-

dard using di�eren t op erating frequency ranges and co de rates o v er the radio in-

terface. The JDC system w as implemen ted to replace three incompatible analogue

PCS cellular systems [3, pages 20{21] in Japan.

The enhanced IS-136 standard (kno wn as IS136+) will pro vide services similar

to those of the GPRS net w ork, ho w ev er these will ha v e limited in terop erabilit y

and global user roaming will still not b e p ossible. The IS-136 standard uses a

com bination of TDMA/FDMA for its m ultiple access but it di�ers signi�can tly in the

radio in terface when compared to the GSM standard, using a � = 4 rotated Di�eren tial

Quadrature Phase Shift Keying ( � = 4-DQPSK) mo dulation sc heme whilst GSM uses

the Gaussian Minim um Shift Keying (GMSK) sc heme as sho wn in Figure 2.5.

Figure 2.5: GMSK and � = 4-DQPSK Signal Constellations.

The � = 4-DQPSK mo dulation is a � = 4-phase-shifted v arian t of Quadrature Phase

Shift Keying (QPSK) that uses di�eren tial enco ding of sym b ol phases. The result-

ing phase c hanges represen t the 2 bit sym b ol that has b een transmitted. During
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alternate sym b ol p erio ds the phase transition from one of the t w o QPSK constella-

tions is transmitted. As seen in Figure 2.5 the phase transitions will ha v e the v alues

of ( � = 4, 3 � = 4, -3 � = 4 or - � = 4). In comparison the GMSK mo dulation uses absolute

phases to represen t the t w o bits p er sym b ol. The v oice co dec used also di�ers, with

IS-136 using a V ector Sum Excited Linear Predictiv e (VSELP) co dec (pro viding

a 7.95kbps v oice circuit) compared to the GSM Regular Pulse Excitation - Long

T erm Prediction (RPE-L TP) co dec that pro vides an a v erage enco ded bit stream of

13kbps.

2.1.3 Enhancemen ts for the General P ac k et Radio Service

The next step to w ards migrating and standardising the GSM and TDMA/136 stan-

dards is the Enhanced Data rates for GSM and TDMA/136 Ev olution (EDGE) [4 ]

whic h is recognised as a 3G Cellular Mobile dev elopmen t. It in tro duces a mo du-

lation sc heme that is sp ectrally more e�cien t and enables m uc h higher data rates,

whic h can therefore supp ort new services. The dev elopmen ts for the radio in terface

of EDGE ha v e b een supp orted b y the standardisation b o dies in all regions including

Europ e (ETSI), Japan (ARIB), the USA T elecomm unications Industry Asso ciation

(TIA) and an Accredited Standards Committee T1 (T1) and South Korea T elecom-

m unications T ec hnology Asso ciation (TT A). The c hanges in the mo dulation sc heme

will essen tially facilitate services en visaged for 3G systems using the existing infras-

tructure. The new mo dulation and co ding sc hemes will b e used in conjunction with

the existing GMSK mo dulation and co ding sc hemes. The resulting system including

the impro v ed mo dulation sc heme will b e referred to as Enhanced GPRS (EGPRS).

Apart from the new services, a ma jor outcome of the standardisation pro cess will b e

roaming capabilities that do not curren tly exist b et w een GSM and IS136 net w orks.

The mo dulation sc heme used in EDGE will o v ercome some of the signal to in ter-

ference issues of the GSM GMSK mo dulation [4]. EDGE uses a eigh t-sym b ol Phase

Shift Keying (8PSK) mo dulation whic h will enable gross data rates of 69.2kbps

(271ksym/s) to b e ac hiev ed as compared to 22.8kbps for GMSK. The 8PSK pulse

shap e is linearised GMSK whic h enables the 8PSK mo dulation to conform to the

GSM sp ectrum mask. The signal constellation for 8PSK can b e seen in Figure 2.6.

The higher-order mo dulation sc heme enables three bits p er sym b ol to b e trans-

mitted. The resulting signal constellation has smaller distances b et w een the adjacen t

signal p oin ts. This creates in teresting problems in the cellular mobile en vironmen t

as will b e discussed shortly . The use of the 8PSK mo dulation enables the ph ysical

la y er parameters from GSM to b e re-used [4 ].
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Figure 2.6: GMSK and 8PSK Signal Constellations.

The pac k et switc hed mo des for EDGE use a new Radio Link Con trol (RLC) pro-

to col to manage the use of F orw ard Error Correction (FEC). This enables c hanges in

the pac k et FEC lev els as the radio link c hanges c haracteristics. This con trasts with

the GPRS net w ork where the link la y er error protection pro cesses w ere �xed and

designed to supp ort the w orst case scenario. Error correction in the EDGE sc heme

will v ary the lev el of protection to tradeo� dela y against error rates. Ongoing mea-

suremen ts of link qualit y and pac k et errors will b e used to regulate the FEC lev els.

The e�ectiv e data rates for data services range from 8.8kbps (using GMSK mo du-

lation with a co de rate of 0.33) to 59.2 kbps (using 8PSK mo dulation with a co de

rate of 1) p er timeslot. The outcome from b etter c hannel co ding is impro v ed end

user throughput, due to few er pac k et losses and dela ys in retransmission pro cesses

de�ned b y the Automatic Rep eat Request (AR Q) sc heme emplo y ed to reco v er lost

pac k ets (in a connection orien ted transmission). Timeslot allo cations p er connec-

tion can b e increased to pro vide p eak rates of 384kbps. Circuit Switc hed Mo des for

data transmission are also main tained in EDGE with three c hannel co ding sc hemes

prop osed using the 8PSK mo dulation. This is due to the requiremen t to main tain

m uc h of the circuit switc hed proto cols. Ho w ev er, these are not the fo cus of this

thesis.

One of the dra wbac ks of the EDGE mo dulation sc heme is the increased com-

plexit y of the transceiv ers for the mobile terminals. P articular tec hnical problems

are in the c hannel equalisation pro cess. Using the 8PSK mo dulation, smaller spac-

ing b et w een signal p oin ts requires the use of more adv anced c hannel equalisation

tec hniques to negate in terference induced in the cellular mobile en vironmen t. Using

some soft decision equalisation suc h as Maxim um a-p osteriori (MAP) estimation

requires substan tially more signal pro cessing op erations to b e p erformed in the de-
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mo dulation pro cess. As a result, p o w er requiremen ts of the DSP in the mobile

terminal b ecomes a limiting factor in the design [45]. As DSP capabilities impro v e

these limitations will b e o v ercome.

These services are starting to pro vide suitable connectivit y with higher sp eed

core net w orks to p erform man y of the basic functions used in w orkplace business

functions to da y . EDGE is in tended to b e released some time in 2002.

2.1.4 Co de Division Multiple Access Sc hemes

CDMA sc hemes ha v e receiv ed signi�can t atten tion for use in cellular systems due

to the requiremen t for an air in terface that is sp ectrally e�cien t. A purely CDMA

radio in terface eliminates the need for guard p erio ds in radio bursts and tigh t syn-

c hronisation b et w een users and base stations. CDMA systems enable user signals

to b e isolated using a selection of co des, whereas TDMA and FDMA sc hemes use

time and frequency resp ectiv ely to isolate in terference from users. CDMA is a form

of spread sp ectrum mo dulation, where users' signals are o v erlaid across a wider p or-

tion (and p ossibly all) of the a v ailable net w ork radio sp ectrum. This results in an

in terference-limited system that can degrade gracefully under hea vy loads. This is

extremely adv an tageous in the cellular mobile en vironmen t. The c dmaOne system is

the �rst CDMA system to b e deplo y ed in terrestrial cellular mobile net w orks. It w as

originally dev elop ed b y QUALCOMM and standardised as IS-95 in the United states

[3, page 20]. As sho wn in Figure 2.1, the c dmaOne system is planned to migrate to

the wideband c dmaOne system to b e kno wn as c dma2000 . In Korea there are t w o

W CDMA prop osals. The �rst, dev elop ed b y the Electronics T elecomm unications

Researc h Asso ciation (ETRA) is referred to as T elecomm unications T ec hnology As-

so ciation prop osal 1 (TT A 1) whic h is similar to c dma2000 in sp eci�cation. The

c dma2000 system is referred to as a net w ork-sync hronous sc heme [2 , page 20] with

base stations accurately sync hronised to manage in terference b et w een net w ork cells.

One reason for doing this is the requiremen t to main tain bac kw ards compatibilit y

with existing IS-95 net w orks. The second Korean prop osal kno wn as T elecomm uni-

cations T ec hnology Asso ciation prop osal 2 (TT A 2) is net w ork-async hronous, where

base stations are not sync hronised. This c haracteristic is also presen t in the ETSI

and ARIB W CDMA prop osals for systems that do not require bac kw ards compati-

bilit y with other CDMA net w orks.
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2.2 Lo w Earth Orbit Satellite Systems

Sev eral LEO satellite net w orks ha v e b een prop osed in recen t y ears for use in the PCS

en vironmen t. Some of the k ey dev elopmen ts using this tec hnology are describ ed in

this section.

2.2.1 Iridium

The Iridium system consists of a constellation of LEO satellites, 66 in all in p olar

orbits at altitudes of 780km with 11 satellites p er orbital plane with satellites in an

86.4

o

orbital plane. This con�guration, com bined with a n um b er of p ossible tec h-

niques to in terface with terrestrial mobile net w orks, pro vides near-global co v erage

to mobile users. Eac h satellite has 48 sp ot b eams emplo ying frequency reuse to

maximise capacit y . Eac h sp ot b eam has a fo otprin t diameter of 600km with a max-

im um dw ell-time on a particular lo cation of 1.5 min utes [46 ]. It has b een dev elop ed

to pro vide circuit switc hed v oice and data connections to and from mobile satellite

terminal handsets and to and from either another equiv alen t handset or the PSTN.

The system w as the �rst of its kind to pro vide satellite switc hing functions on b oard

the satellites. A diagram of the satellite net w ork top ology can b e seen in Figure 2.7

tak en from [47 ].

Figure 2.7: Iridium Satellite Net w ork T op ology .

Access to the air in terface is pro vided b y a Time Division Duplex (TDD) TDMA

sc heme whereb y the terminal can transmit and receiv e at the same frequency band

in alternate timeslots. The v oice service op erates at 4.8kbps and can pro vide circuit
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switc hed connectivit y to the PTSN from a selection of sev eral gatew a ys originally

planned to b e lo cated at strategic lo cations around the w orld. This ensured m ultiple

gatew a ys w ould b e a v ailable for routing calls through the satellite net w ork at an y

time. F ollo wing the commercial collapse of Iridium, and the US DoD's subsequen t

purc hase and main tenance of the system this has b een reduced to one lo cation. The

radio c hannel from the Mobile users to the satellite net w ork (return link) has a

c hannel bit rate of 50kbps with mobiles ha ving p eak p o w er lev els of 3.6W atts using

an omni-directional an tenna with a gain of 1dBi.

The user data rates o�ered b y the Iridium system are limited b y the mobile sta-

tion p o w er limitations and the a v ailable c hannel bandwidths. The satellite p o w er

is limited b y the n um b er of c hannels that can b e supp orted b y the 48 sp ot b eams.

The op erating frequency band is 10.5Mhz whic h is divided in to 240 carrier frequen-

cies. F our c hannels are time division duplexed on to eac h carrier. The theoretical

maxim um n um b er of users is 3840 (240 carriers with 4 c hannels p er carrier and 4

times reuse factor), but the op erational limitation is 1100, whic h results from the

satellites' p o w er limits [46].

A unique feature of the Iridium system compared to other mobile satellite sys-

tems is the in ter-satellite links that enable a reduction in the n um b er of satellite to

ground station \hops" required to establish connections. This also enables mobile-

to-mobile connections to b e established and main tained without the tra�c pass-

ing through the ground infrastructure. This is one asp ect that mak es this system

fa v ourable for securit y reasons and is w orth y of further consideration. This scenario

is depicted in Figure 2.8.

Figure 2.8: Iridium Connection Establishmen t and T ra�c P aths.

Whilst its short history is m uc h b eleaguered, the Iridium system has b een used

successfully and has p oten tial to b e used in Defence applications. The features of

its arc hitecture mak e it fa v ourable to pro vide co v erage in an y desired op erational
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region. Its a v ailable radio bandwidth from the satellites is adequate for supp orting

a mo derate size op eration incorp orating b oth v oice and data services. The circuit

switc hed nature of the net w ork do es limit the scop e for pro vision of the required

service capabilities for future Defence systems. Nev ertheless as will b e discussed,

alternativ e arc hitectures also ha v e similar limitations.

2.2.2 Globalstar

The Globalstar system consists of a LEOS net w ork consisting of 48 satellites. These

op erate in a W alk er obrit at 1387.5km altitudes with an inclination of 52

o

[46 ]. The

this net w ork top ology pro vides co v erage globally to latitudes of 71.5

o

. This co v ers

most p opulated areas on the glob e. The satellites op erate in a \b en t-pip e" fashion,

with all tra�c rerouted to gatew a y stations to establish and main tain connections.

Eac h satellite has 16 sp ot b eams that pro duce cell fo otprin ts that are 1642km in

diameter. A diagram of the Globalstar satellite net w ork con�guration can b e seen

in Figure 2.9 tak en from [47 ].

Figure 2.9: Globalstar Satellite Net w ork T op ology .

Multiple access di�ers from the Iridium system b y using a com bination of CDMA

and FDMA. User circuits of 2.4kbps are spread across the en tire carrier bandwidth

of 1.25MHz. P o w er requiremen ts for the mobile terminals are lo w er using the CDMA

sc heme, with the emitted p o w er b eing 0.5W atts (compared to the pulsed 3.6W atts for

Iridium). The services pro vided are circuit switc hed connections originally in tended

for v oice services. F or Defence purp oses the Globalstar system o�ers services suitable
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for v oice t yp e op erations. The lac k of in tersatellite links can b e a limiting factor

for Defence use. In the scenario where an o�shore op eration is conducted, gatew a y

switc hing cen tres ma y not b e within an allied nation, whic h in tro duces signi�can t

risk. Being an in terference-limited system pro vides protection from some forms of

jamming b y p oten tial adv ersaries. Ho w ev er, this feature do es not allo w this net w ork

to b e considered robust to in ten tional attac ks due to this capabilit y .

2.2.3 T eledesic

The T eledesic system w as conceiv ed originally to pro vide a global lo w-cost telephon y

net w ork and then altered to pro vide wideband data distribution [48 ]. Its net w ork

con�guration as seen in Figure 2.10 tak en from [47 ].

Figure 2.10: Original T eledesic Satellite Net w ork T op ology .

Consisting originally of 840 LEO satellites and redesigned to use 288 LEOS,

eac h satellite utilises eigh t in tersatellite links to pro vide impro v ed access and dela y

resp onse times for the net w ork data services. The in tersatellite links pro vide connec-

tions to the t w o satellites in eac h direction in the orbital plane, and to the satellites

in adjacen t orbital planes in similar latitudes. This is depicted in Figure 2.11.

This system is en visaged to pro vide substan tially higher data rates 64kbps [49 ]

and op erating in the Ka-band (30GHz). Some supplemen tary services are also

planned b y extending the net w ork with a constellation of 72 additional LEO satel-

lites op erating in the higher frequency bands V-band (50Ghz). These are in tended

to reliev e congestion in the original Ka-band system.
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Figure 2.11: T eledesic In ter-Satellite Links.

The use of these high frequency bands for mobile-on-the-mo v e applications is

extremely di�cult. Mobile terminals require impro v ed gains to o v ercome higher

propagation losses. F or Defence op erations this is exaggerated b y the lik eliho o d

of op erating in tropical or forest regions where atten uation due to h umidit y and

foliage is at its w orst. If electronically steered arra ys with su�cien t gain can b e

dev elop ed in the future, to o v ercome these disadv an tages, this t yp e of net w ork will

ha v e signi�can t p oten tial. With the prop osed a v ailable bandwidth, v oice services

w ould b e pro vided b y v oice o v er IP connections, with QoS b eing regulated b y the

LEOS net w ork resource allo cation sc heme.

2.3 Medium Earth Orbit Satellite Systems

The Inmarsat In termediate Circular Orbit (ICO) system w as originally planned to

op erate in a Medium Earth Orbit (MEO) constellation. It w as planned to ha v e a

consisted of 10 satellites with orbital altitudes of 10,355km with �v e satellites in

t w o inclined orbits of 45

o

. Higher altitude reduces the n um b er of satellites required

for global co v erage, but satellite costs increase due the necessit y of hardening the

tec hnology to pass through the V an-Allen radiation b elts. In addition, to pro vide the

same capacit y as the lo w er orbiting LEO satellite net w orks, sp ot b eam sizes m ust b e

of similar dimensions (when using similar op erational frequencies). Hence satellite

an tennas m ust b e larger and the costs of the satellites and launc hes increase. The

originally prop osed ICO MEOS net w ork con�guration can b e seen in Figure 2.12

tak en from [50 ].

Beside the cost tradeo�s iden ti�ed, the ICO MEO net w ork can pro vide global
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Figure 2.12: Original ICO Satellite Net w ork T op ology .

v oice services equiv alen t to the Iridium system (4.8kbps). It uses a com bination of

TDMA and FDMA for its m ultiple access tec hnique and QPSK mo dulation [9 ].

2.4 Geo-Sync hronous Satellite Systems

for Mobile users

The Inmarsat Mini-M system pro vides v oice and data services to mobile terminals

using sp ot b eams from Inmarsat-3 satellites [9]. It is in tended to pro vide access to

other terrestrial net w orks when cellular or �xed net w orks are not a v ailable. The

mobile terminals are the smallest terminals in the Inmarsat range and require small

an tennas for op eration. Protection of user tra�c is p ossible using external crypto-

graphic devices. The services o�ered ha v e some use in the Defence en vironmen t as

the Inmarsat net w orks ha v e previously b een the only satellite net w orks in op eration

when Defence net w orks are out of range or una v ailable. Ho w ev er, for future use,

where IT services and higher bandwidths are required the use of this t yp e of net w ork

is lik ely to decline if more 
exible alternativ es are a v ailable.

Pro viding PCS services using cellular mobile net w orks in less industrialised na-

tions has some signi�can t di�culties, particularly in the exp ense of rollout of cellular

mobile net w orks. Large n um b ers of sites are required to pro vide co v erage through-

out a region in a single net w ork. The Asia Cellular Satellite (A CeS) system pro vides

regional mobile terminal access to the terrestrial net w orks via dual mo de terminals

that selects the optimal comm unications path for the user [51 ]. This is, as its name

suggests, based on services in the Asian region, with the satellite comp onen t ex-

hibiting large unfurlable an tenna to create a shap ed fo otprin t o v er all land masses.
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Using sp ot b eam tec hnology , and div ersit y tec hniques the GEO based system pro-

vides v oice, data and facsimile services to the handset.

The c hallenges in pro viding mobile PCS services using a GEO satellite are signif-

ican t, due to the p o w er limitations and restrictions placed on the mobile terminals,

and the additional propagation dela ys incurred due to the 36,000km orbital altitude.

Reduction of some of the p o w er limitations is ac hiev ed b y using di�eren t forw ard

and return link structures. A reduced burst rate for the mobile terminal transmit-

ter reduces p o w er and prolongs the mobile station battery lifetime. T o minimise

the impacts of the long propagation dela ys the net w ork enables mobile-to-mobile

connections to b e established, limiting dela ys to a single satellite hop.

The A CeS system has b een based somewhat on the successful and mature GSM

cellular mobile net w orks. Reasons for this ha v e b een iden ti�ed b y Chitrapu and

Reilly [52 ].

The A CeS system uses t w o Garuda-1 geosync hronous satellites. The large an-

tenna structures used on the spacecraft enables the system to pro vide the man y cells

that can b e seen clearly in Figure 2.13 tak en from [53].

Figure 2.13: Extended Co v erage of A CeS Satellite Net w ork.

The services b eing o�ered o v er the GEO satellite net w ork will include v oice

services with a v o co der rate of 3.6kbps and fax and data services at 2.4kbps. In

addition to pro viding the services for GSM-lik e net w orks, broadcasts and paging to

disadv an taged users is pro vided using higher transmit p o w ers from the satellite to

selected mobile stations [54].

Subsequen t prop osals for the A CeS system [55 ] suggest the use of a directional

an tenna to mak e b etter use of the satellite sp ot b eam. Using this concept, additional

data and m ultimedia services are prop osed based on some of the A TM forum tra�c
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classes.

Whilst a GEO satellite based PCS net w ork has some signi�can t adv an tages in

terms of op erational con trol and pro visions for additional bandwidth to mobile users,

the high cost of dev elopmen t and sp eci�c dimensioning requiremen ts for pro viding

appropriate sp ot b eams on the spacecraft mak es this option for Defence op erations

unattractiv e. This is particularly the case where regions of con
icts can b e unkno wn

at the time of tender for service pro vider. This can result in considerable exp ense

where spacecraft lifetime is limited and bandwidth remains dorman t.

2.5 Defence Issues for Satellite PCS Systems

In the con text of using these systems for Defence applications, it is imp ortan t to

consider the t yp es of roles where these systems will b e used. These w ere in tro duced

in Chapter 1, Section 1.1. Under some of these roles, signi�can t con trol of the

net w ork is essen tial. Hence there are some limitations in using some of the systems

in tro duced.

An additional factor for consideration is lik ely roles of armed forces in Allied or

Coalition op erations. F or this reason it is highly desirable to ha v e an indigenous

or go v ernmen t furnished gatew a y to pro vide the net w ork managemen t capabilities.

Some of the system arc hitectures, suc h as A CeS, Iridium and T eledesic ha v e pro vi-

sions to facilitate this t yp e of capabilit y . A CeS is a regional system and therefore

can ac hiev e this easily . T eledesic has signi�can t ISL capabilities that can route all

tra�c and con trol information to a trusted gatew a y . Iridium also uses ISLs that can

remo v e the need for m ultiple gatew a ys. Ho w ev er, T eledesic has not primarily b een

dev elop ed for mobile PCS capabilities as it requires a small satellite dish and do es

not in tend to pro vide mobile services.

If the region of op erations excludes the region co v ered b y A CeS then a regional

option suc h as this ma y not b e suitable either. This lea v es an Iridium t yp e of

arc hitecture as the most lik ely to satisfy most of the requiremen ts for satellite PCS

op erations.

2.6 Summary

This Chapter has collated and discussed a range of dev elopmen ts in the area of

PCS and mobile satellite systems. Not all of these are directly relev an t to Defence

op erations due to a v ariet y of factors suc h as co v erage, inheren t robustness in the

arc hitectures and the services that are o�ered.
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Section 2.1 has highligh ted the dev elopmen ts in the commercial PCS mark et. In

particular, this has fo cussed on the GSM system as this has a clear migration path

to the prop osed 3G net w orks. Sections 2.2, 2.3 and 2.4 ha v e iden ti�ed the satellite

systems prop osed for PCS t yp e applications. It has b een noted that systems suc h

as, Iridium, Globalstar and A CeS eac h ha v e strong links with the GSM net w orks

and hence it is imp ortan t to follo w the dev elopmen ts of the GSM system for future

applications.

Section 2.5 has summarised the options a v ailable for Defence op erations and

pro vided justi�cation for the con tin ued in v estigation of satellite PCS systems based

on the ev olving GSM and Iridium system arc hitectures. These systems alone will

pro vide some basic functionalit y to the mobile users. T o pro vide additional capa-

bilit y for Defence users incorp orating precedence is an imp ortan t capabilit y . This

will b e the in v estigated in Chapter 3. Additional services are also desirable to pro-

vide b etter use of the a v ailable resources. T ec hniques to implemen t these will b e

in v estigated in Chapter 4.
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Chapter 3

Migration for Enhanced

Grade of Service

This Chapter thoroughly in v estigates the in tegration of the GSM system and a

LEOS net w ork based on the Iridium system as these w ere iden ti�ed in Chapter 2 as

suitable candidates for a future mobile satellite-PCS system. The in tegration of the

t w o systems has the p oten tial to pro vide enhanced capabilities. These capabilities

can include additional functionalit y for the Defence en vironmen t. Pro visions for

precedence is view ed as one area of particular in terest. Precedence requiremen ts

are one feature con tributing to the GoS of the net w ork. Other traditional GoS

p erformance measures are de�ned as call connection lev el measures whic h encompass

the access and set-up dela ys, call blo c king and call dropping.

T o address the in tegration of these t w o candidate systems signi�can t bac kground

kno wledge is required. In Section 3.1 the Defence requiremen ts for v aried capabilit y ,

compared to civilian net w orks will b e describ ed in detail as these set the founda-

tion on whic h comm unication net w ork in tegration m ust b e built. Included in these

requiremen ts are precedence handling capabilities to ensure b etter access and assur-

ance for more urgen t connections.

The imp ortan t GoS p erformance measures will b e de�ned in Section 3.2 to enable

analysis of the e�ects of mo di�cations of the arc hitecture in tegration and signalling

pro cesses on the GoS p erformance measures in an in tegrated LEOS-GSM net w ork.

Sections 3.3 and 3.4 pro vide a comprehensiv e review of bac kground material

essen tial to the understanding of the pro cesses in v olv ed in the in tegration of the

t w o net w orks. Section 3.3 fo cusses on the roles of the GSM signalling pro cesses.

Section 3.4 reviews the GSM radio in terface and presen ts some of its p erformance

c haracteristics.

In Section 3.5 an arc hitecture for in tegration of the LEOS-GSM system is pro-
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p osed. This includes discussion of some Defence sp eci�c issues and the necessary

c hanges to the radio in terface. Sev eral publications on this sub ject ha v e b een pre-

sen ted b y the author whic h will b e noted in the text.

Section 3.6 prop oses a range of pr e c e denc e classes that are required for the op-

erational use of the in tegrated arc hitecture. T o implemen t these precedence classes

c hanges to the access pro cedures and signalling pro cesses are prop osed. Prop osals

for the implemen tation of precedence sc hemes in in tegrated LEOS-PCS net w orks

ha v e b een published in n umerous publications and will also b e noted in the text.

The p erformance of systems incorp orating the prop osed c hanges is obtained n u-

merically in Section 3.7. This sho ws the impacts of the c hanges to the access and

signalling pro cedures. These pro vide new results for in tro ducing precedence in a

LEOS-PCS net w ork. Section 3.8 summarises the Chapter.

T o further the use of the in tegrated arc hitecture dev elop ed in this Chapter,

additional services need to b e considered. This is in v estigated in Chapter 4, where

the p erformance of a range of tr a�c classes is in v estigated.

3.1 Service Requiremen ts

The Defence requiremen ts for b oth GoS and QoS in the mobile en vironmen t are

di�cult to elicit [56 ][57 ]. This is partially a result of Defence users ha ving a limited

amoun t of access and exp osure to net w orking and IT services in op erations and

partially a lac k of understanding of the underlying comm unications when using or

trialing these systems. This is a problem that is not unique to the Defence en vi-

ronmen t as signi�can t researc h e�ort has b een exp ended in eliciting requiremen ts

from stak eholders or users. Examples of this can b e seen in [58][59 ][60] and [61 ].

A tec hnology literacy gap has resulted from a discrepancy b et w een the rate of the

expansion of core In ternet services and IT systems, and the inheren t latency in

some areas of Defence pro curemen t of comm unications systems in the mobile en-

vironmen t. These latencies can b e enhanced when there is ongoing debate on the

v alue of information in op erations when compared to �rep o w er and mobilit y [17 ].

Nev ertheless, there are p erformance requiremen ts that curren tly exist for Defence

PCS systems and these will b ecome increasingly imp ortan t as user exp ectations of

p erformance increase with do ctrinal ev olution and exp erience with these systems.

One adv an tage of the Defence en vironmen t is the cultural understanding of ser-

vice pro visions using hierarc hical precedence structures. These are b etter under-

sto o d as this is directly related to the gaining of initial access to a limited resource

transmission medium, a problem common in some legacy Defence comm unications
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systems. F or example, suc h problems ha v e existed for the use of HF and UHF

c hannels (or circuits) frequen tly in the past and this can still b e evidenced in op era-

tional pro cedures designed to minimise these e�ects. Due to limited bandwidth and

hence a limited n um b er of a v ailable c hannels, these systems ha v e strict conditions

in v ok ed during training and dev elopmen t to ensure high precedence information can

b e disseminated when all c hannels are in high use. Aw areness of these limitations is

essen tial to assist in de�ning the requiremen ts for future systems particularly when

limited bandwidth a v ailabilit y is still highly lik ely to remain an issue.

In the past, all Defence messaging and signalling w as p erformed in a rather

mandraulic

1

fashion and the nominal \bandwidth" of the op erators limited the

amoun t of messaging that w as sen t. This lev el of throughput determined the order in

whic h messages w ere sen t and required (and con tin ues to require) users to nominate

the precedence of the messages. This can lo osely b e referred to as a form of GoS

pro vision, where high priorit y messages could pre-empt length y queues of lo w priorit y

tra�c.

With the ev olution to more e�cien t means of transmitting information (pre-

dominan tly in the �xed domain), the classi�cation of message precedence lev els has

remained. This is partially a result of message distributions often including re-

cipien ts who rely on wireless comm unications systems as their primary means of

receiving information. The amoun t of information a v ailable has increased as w ell

with com binations of di�eren t data t yp es, imagery , ra w sensor information and the

signi�can t v oice requiremen ts further increasing demands on the limited comm uni-

cation bandwidth.

T o the mobile users, tro ops in the �eld, deplo y ed units on patrol, surv eillance

and in telligence gatherers, whilst curren t information requiremen ts are lo w, man y

pro jects relate to the sharing of information with colleagues in the area of op erations

and rela ying information to headquarters. These will pla y a k ey role in future

op erational e�ectiv eness [19][20 ]. In general, to p erform these t yp es of roles, wireless

(lo w er bandwidth systems) net w orks are the only option a v ailable and precedence

mec hanisms will b e a necessit y .

Commercial net w orks pro vide all users with equal access capabilit y and with uni-

form access and call set-up pro cedures. Military applications and net w orks require

quic k access and lo w set-up dela y , and connections will b e group ed and accepted

according to these hierarc hical precedence structures. The commercial net w orks

will b e unsuitable under stressed or hea vily loaded conditions as imp ortan t dela y

sensitiv e connections can b e blo c k ed b y less essen tial calls if the net w ork is close to

1

a h uman in tensiv e pro cess that needs to b e automated
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p eak capacit y , or if imp ortan t access attempts su�er from collisions with other lo w er

priorit y calls. In this scenario, one option a v ailable is the mo di�cation of curren t

commercial systems to pro vide some degree of enhanced GoS whilst incorp orating

precedence measures. This can pro vide b etter service for signi�can tly less than

the dev elopmen t and implemen tation costs of a dedicated military comm unications

net w ork as discussed in Chapter 1, Section 1.1.

3.2 Grade of Service P erformance Measures

The GoS p erformance measures are based on call connection p erformance c harac-

teristics. Hence, factors a�ecting the establishmen t and main tenance of calls are the

p erformance measures of in terest. The p erformance measures to b e in v estigated in

this Chapter are de�ned as:

Access Dela y : the time tak en to ha v e an access attempt from a MS successfully

receiv ed b y an Earth Station Con troller (ESC) to allo w call connection and set-up

pro cedures to b e initiated. This dela y is determined from the c haracteristics of the

random access pro cess.

Probabilit y of Collision : the probabilit y that a MS access attempt will exp e-

rience a collision with another MS net w ork access attempt. In a precedence-based

net w ork it is desirable to minimise the probabilit y of collisions, particularly for high

precedence connections colliding with lo w er priorit y calls.

Dropping Probabilit y : the probabilit y that the n um b er of failed access at-

tempts for a single call attempt exceeds some threshold for the n um b er of access

attempts b efore a new initiation m ust o ccur. It is unacceptable for high priorit y

attempts to su�er call dropping. In some cases ho w ev er, it is acceptable for lo w er

priorit y calls to b e dropp ed to admit higher priorit y connections.

Call Set-up Dela y : the time tak en for establishmen t of a desired service b e-

t w een MSs with another user or group of users. This includes all propagation dela ys,

authen tication pro cesses, higher la y er (net w orking) call set-up pro cedures and call

establishmen t with the in tended parties. By this de�nition, the call set-up dela y

includes the initial access dela ys.

These p erformance measures will b e used in subsequen t sections to analyse the

impacts of mo di�ed signalling and access pro cedures.
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3.3 GSM Signalling Ov erview

An essen tial asp ect for the pro vision of suitable GoS to mobile users in the GSM

based net w ork is the signalling pro cesses undertak en in the establishmen t and main-

tenance of user connections. GSM signalling can b e view ed in terms of functional

la y ers. The la y ers are referred to as: the transmission la y er, radio resource manage-

men t (RR), mobilit y managemen t (MM), comm unication managemen t (CM) and

op erations administration and main tenance (O AM). Whilst ha ving similarities to

the la y ered concepts of the Op en System In terconnection (OSI) mo dels for �xed net-

w orks [62 , page 774], the la y ers for GSM ha v e some di�erences. These are mainly due

to the mobile nature of the net w ork and the roles de�ned for the comp onen ts suc h

as the MSC, BSC and BTS. A thorough description of the GSM system arc hitecture

and signalling is found in Mouly and P autet [63 ]. A summary of the functional la y-

ers for the GSM system [63, pages 111-112] follo ws as these pro vide the bac kground

for the signalling pro cesses that determine the functional p erformance of the GSM

system.

The transmission la y er facilitates the transp ort of information (including sig-

nalling and user tra�c) to and from the MS. This includes the mo dulation, co ding,

frame formatting and error reco v ery pro cesses. This la y er o v erlaps with the OSI

mo del la y ers describing the ph ysical and \link" or \net w ork" asp ects. The trans-

mission la y er is commonly referred to as the radio in terface.

The RR managemen t la y er co ordinates connections b et w een MSs and the asso-

ciated MSC for the duration of calls. It regulates the sharing of the limited band-

width that is a v ailable and in teracts with some of the mobilit y managemen t la y er

for main taining calls during cell hando v ers. The radio resource managemen t issues

are imp ortan t factors for the pro vision of end-user services and are of particular

in terest for impro ving the GoS to users. Some mo di�cation of these pro cesses will

b e necessary to pro vide GoS enhancemen ts in an in tegrated LEOS-GSM Net w ork.

The MM la y er co ordinates and registers all hando v er pro cesses. This in v olv es the

registration and authen tication pro cesses that o ccur initially and for cell hando v ers,

and billing purp oses. This a�ects the GoS to users where dropping of calls during

the hando v er pro cess is highly undesirable, particularly in the Defence en vironmen t.

The mobilit y managemen t pro cesses will not b e a fo cus of this in v estigation as they

cater for main taining the services once established and these are assumed to b e

robust. Of particular in terest for the GoS parameters are the call establishmen t

pro cesses.

The CM la y er p erforms a range of services to manage the circuit switc hed con-
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nections. This includes call managemen t functions related to in terw orking with

external net w orks and the pro visions for supplemen tary services for GSM suc h as

the Short Message Service (SMS). The CM la y er is an imp ortan t link to in terface

the GSM net w orks with �xed net w orks and is assumed to b e su�cien tly reliable not

to b e a limiting factor for GoS pro visions in an in tegrated LEOS-GSM net w ork.

The O AM la y er, as its name suggests, in v olv es the op erator or service pro vider

and the administration and main tenance of the net w ork. These functions can include

up dating or mo difying con�gurations of mac hines in the net w ork elemen ts suc h as

the BTS, BSC or MSC. The e�ects of this la y er are transparen t to the subscrib ers

and hence will not b e emphasised when in v estigating the pro vision for GoS in the

in tegration pro cess to b e de�ned.

These v aried signalling pro cedures pro vide the necessary underlying logic to co-

ordinate and manage the GSM system. As outlined, the particular in terest for the

mo di�cation and reuse of the system in the Defence en vironmen t is the usage of

the a v ailable radio resources. This is emphasised when in tegration with satellite

net w orks is considered, due to the additional p o w er and dela y limitations existing

within a similar bandwidth constrained en vironmen t. T o analyse the impacts of

this on p erformance, further detailed kno wledge of the transmission la y er (or radio

in terface) and the RR managemen t la y er is required. The follo wing sections de-

scrib e some of the main features of this in terface for the GSM net w ork relev an t to

pro viding enhanced GoS.

3.4 The GSM Radio In terface

The radio in terface in the GSM system sp eci�es the structure of the ph ysical GSM

c hannels and ho w the user tra�c and signalling pro cesses discussed in the previ-

ous section are m ultiplexed o v er these c hannels. The radio in terface of the GSM

system is a com bination of TDMA and FDMA [63 , page 195]. User and signalling

tra�c is m ultiplexed in time with the basic unit b eing a burst. F requency division

m ultiplexing enables uplink and do wnlink c hannels to b e separated in frequency . In

principle, the GSM system can op erate in an y frequency band but to satisfy the

requiremen ts for sp ectrum managemen t limited bands are a v ailable. The earliest of

the GSM net w orks op erated in the 900MHz and 1800MHz frequency ranges. Subse-

quen t net w orks are no w also in existence that op erate in 400MHz [64 ] and 1900MHz

[65 ] bands. Slo w frequency hopping can also b e used in GSM systems to com bat the

e�ects of frequency selectiv e fading and to increase capacit y b y minimising p oten tial

in terference from users within and external to the op erating cell. Within the a v ail-

39



able system bandwidth, 200kHz carriers are used whic h are e�ectiv ely the b earers

for the TDMA tra�c. The c hannel rate for the ph ysical c hannels used is 271kbps.

An example of the op erating frequency bands and the burst structure of the GSM

radio in terface is sho wn in Figure 3.1.

Figure 3.1: GSM Time and F requency Axis Example.

Bursts represen ted in Figure 3.1 are part of a con tin uous sequence of timeslots

that comp ose the framed structure of the TDMA system. A frame is de�ned as a

group of eigh t consecutiv e timeslots or bursts. The GSM net w ork uses a hierarc hical

structure to de�ne its radio in terface. Using this approac h a collection of frames

constitutes a m ultiframe, a collection of m ultiframes represen ts a sup erframe and

a collection of sup erframes is a h yp erframe. Algorithms are used to represen t eac h

timeslot with a reference n um b er for sequence recognition. F or the radio in terface,

it is imp ortan t at this stage to note that the MS transmissions relev an t to the

transmission of the co ded v oice tra�c are asso ciated with the use of the shorter

eigh t burst frame structure. The longer sup erframes are useful when represen ting

signalling pro cesses that o ccur o v er longer p erio ds. This relates to the rep etition

cycle of signalling pro cesses as compared to the transmission of \real" tra�c. The

frame structure discussed is sho wn in Figure 3.2.

As can b e seen in Figure 3.2, t w o options are a v ailable for the implemen tation

of the m ultiframe structure. These eac h ha v e sp eci�c uses that will b e de�ned in

the follo wing section.

The frame structure sets the b ounds on man y parameters in the GSM system

including c hannel rates and ph ysical cell sizes. In particular it sets rigid b ounds

on the sync hronisation requiremen ts of the burst transmissions. F ailure to main tain
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Figure 3.2: GSM F rame Structures.

sync hronisation will cause in terference b et w een pac k ets arriving at the BSs and cause

signi�can t problems. The MSs in the GSM system op erate in one of t w o mo des.

Without an established connection and the MS switc hed on, it is op erating in an idle

mo de. In this mo de, measuremen ts of the signals from a n um b er of base stations

(for time and frequency correction) and for paging messages from the net w ork are

ongoing pro cesses. The other MS mo de is the dedicated mo de, where connections

are established and tra�c c hannel(s) are allo cated. This mo de relies on signalling

b oth within and external to the call to main tain suitable service qualit y . T o manage

the net w ork and con v ey the necessary con trol information, sev eral logical signalling

c hannels are used. Eac h MS mo de relies on a n um b er of these logical signalling

c hannels. This will b e discussed in Subsection 3.4.1.

3.4.1 Logical Channel Use in GSM

As discussed, the a v ailable radio resources are used to transfer b oth user tra�c and

the signalling information. User tra�c in the GSM net w ork is generally treated as

circuit switc hed connections and as suc h, user tra�c c hannels ha v e primary reserv a-

tion of the a v ailable timeslots. The di�eren t forms of signalling tra�c are con v ey ed

using a n um b er of logical signalling c hannels. Detailed descriptions of these c hannels

and their use can b e found in [63 , pages 198{214]. The use of the signalling c hannels

pro vides some of the functionalit y desired in dev eloping a system for enhancing the

GoS.

Existing GSM v oice circuits ha v e t w o alternate rates for transmission. These
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are referred to as a F ull-rate T ra�c CHannel (TCH/F) or Half-rate T ra�c CHannel

(TCH/H). As an aside, this is an asp ect of the GSM net w ork that is con tin ually

ev olving as impro v ed sp eec h co ding algorithms require less bandwidth to main tain

suitable qualit y sp eec h. F uture dev elopmen ts in this area are exp ected to reduce

the required bandwidth lev els for main taining suitable v oice con v ersations.

Using the GSM frame structure eigh t individual tra�c c hannels can b e accom-

mo dated in the frame. The individual tra�c c hannels are m ultiplexed in to frames

and hence a single user's tra�c c hannel can b e referred to b y its mo dulo 8 Timeslot

Num b er (TN) in the frame. These timeslots are referred to as TN 0 ... TN x ... TN

7 and can b e seen in Figure 3.3.

Figure 3.3: GSM Bursts and F rames.

In GSM net w orks all tra�c c hannels ha v e directly asso ciated signalling c hannels

to p erform some of the radio link p erformance managemen t pro cesses. The user

tra�c c hannels and their directly asso ciated signalling c hannels cycle o v er a 26

frame sequence (26 � 8 bursts) hence the term \26-m ultiframe". In the cycle of

the 26-m ultiframe, there are 24 tra�c slots, one slot is a Slo w Asso ciated Con trol

Channel (SA CCH) and the remaining slot is left free [63]. The relationship b et w een

the user tra�c c hannel and its SA CCH is �xed in terms of timing. This enables

the timing algorithm in the MS to b e reused regardless of the allo cated TN. The

SA CCH is used generally to transfer information on the radio link p erformance

during call connections. Since this only o ccurs once in the 26-m ultiframe cycle it has

limited capacit y but is appropriate for this role. T o con v ey su�cien t information the

signalling sen t o v er the SA CH is spread o v er four o ccurrences of the SA CCH. This

enables co ding tec hniques to detect and reco v er an y errors in transmission rather

than use ac kno wledged transfers. The TCH/H and another lo w er-rate v arian t of

the tra�c c hannel, the TCH/8, can b oth ha v e similar functional use to the SA CCH
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with some di�erences in timing.

The SA CCH can also b e used as the b earer for the Short Message Service (SMS)

whic h is an ac kno wledged message and hence requires ac kno wledgemen t from the

net w ork la y ers of the GSM system. The noti�cation of burst usage for a n um b er of

di�eren t roles is ac hiev ed b y setting 
ags in the SA CCH bursts that are kno wn as

Service Access P oin t Iden ti�ers (SAPI). The uses of SAPI can b e seen in T able 3.1

tak en from [63, page 278]. As sho wn SAPI are also used in the TCH/F and TCH/8

tra�c c hannels. Their use dep ends on the size and regularit y of the signalling

pro cesses.

T yp e TCH/F TCH/8 SA CCH

signalling (SAPI 0) ac kno wledged

mo de

ac kno wledged

mo de

non-

ac kno wledged

mo de

short messages

(SAPI 3)

{ ac kno wledged

mo de

ac kno wledged

mo de

T able 3.1: Uses of Service Access P oin t Iden ti�ers.

This pro cess enables a tra�c c hannel to b e utilised if required as a signalling

b earer in an acknow le dge d mo de and has some p oten tial use for implemen ting prece-

dence capabilities in the connection set-up pro cedures. This will b e used in Subsec-

tions 3.6.3 and 3.6.4 for the highest precedence classes.

The Link la y er signalling ensures pac k ets arriving corrupted or out of sequence

are detected and remedied. The origins of these tec hniques used in GSM come

from the High-lev el Data Link Con trol (HDLC) proto col [66 ]. This is a proto col

that has b een dev elop ed b y the In ternational Organisation of Standardization to

supp ort p oin t-to-p oin t, p oin t-to-m ultip oin t and switc hed and non-switc hed connec-

tions. HDLC is a \stop and w ait" proto col whic h can result in some additional

dela ys for signalling c hannels particularly in the wireless domains. Ho w ev er, it uses

a minim um of signalling o v erheads to c hec k data 
o w con trol, error detection and

pac k et reco v ery .

An imp ortan t subset of the HDLC proto col relev an t to the GSM case is the Link

Access Pro cedure-Balanced (LAPB) proto col. The LAPB proto col has had man y

uses including in the dev elopmen t of the CCITT X.25 proto col [67 , page 68] and is

used in the In tegrated Services Digital Net w ork (ISDN) for the common Data (or

D) c hannel to p erform the framing, sequence con trol, error detection, and reco v ery

of m ultiple logical data links [67 , pages 75{76]. Because of its asso ciation with the
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D-c hannel it is referred to as the Link Access Proto col for the D-c hannel (LAPD).

The GSM system uses a v arian t of LAPD kno wn as the LAPD-mobile (LAPDm)

proto col. The LAPDm frame structure is mo di�ed from LAPD to cater for the GSM

frame structure and the radio en vironmen t. All of the necessary data link la y er sig-

nalling from other net w orks is segregated in to smaller blo c ks for transmission o v er

the GSM radio in terface. The �elds in the LAPDm frames ha v e b een rationalised,

with no frame sync hronisation �elds b eing required due to the alternate GSM syn-

c hronisation tec hniques used (these pro cedures are dome using common signalling

c hannels to b e discussed shortly). The transmission for the SA CCH (using LAPDm)

is done o v er a p erio d of 21 o ctet blo c ks as sho wn in Figure 3.4.

Figure 3.4: GSM LAPDm F rame Structure.

These LAPDm blo c ks are transmitted with headers whic h includes the SAPI

and link la y er v eri�cation and error detection mec hanisms. The �elds used for these

purp oses are referred to as the send sequence n um b er N(S), and receiv e sequence

n um b er N(R), in Figure 3.4. These are used in the pro cess iden tifying lost or out-of-

sequence pac k ets for reco v ery purp oses. V arious Automatic Rep eat ReQuest (AR Q)

proto cols can b e used to reco v er pac k ets. The selection of the AR Q sc heme is based

hea vily on the system requiremen ts for dela y and p o w er usage. An example of these

will b e discussed in the Subsections 3.6.3, 3.6.4 and 3.6.5 for use in the in tegrated

LEOS-GSM arc hitecture.

In addition to the SA CCH, a F ast Asso ciated Con trol CHannel (F A CCH) can

b e used to con v ey signalling information. This is an alternativ e use of a tra�c

c hannel for signalling b et w een the MS and BSC using a dedicated c hannel. The use

of the F A CCH enables the TCH/F or TCH/H to b e used as a signalling c hannel

and whilst ine�cien t in broad terms, has some p oten tial b ene�ts for use in the

Defence en vironmen t for pro vision of impro v ed GoS measures and will b e discussed
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Subsections 3.6.3 and 3.6.4.

It is imp ortan t to note here that MSs in the dedicated mo de still ha v e the

requiremen t to b e receiving additional signalling information outside of the call. This

is necessary to pro vide the appropriate call qualit y and co ordination, and timing of

cell hando v ers. T o ac hiev e this common signalling c hannels are used whic h will b e

discussed in Subsection 3.4.2.

A v arian t of the tra�c c hannel is also used for some signalling purp oses. This

has b een dev elop ed to reduce the amoun t of bandwidth w astage that can o ccur

where signalling consumes the full tra�c c hannel where it is unnecessary . This

logical c hannel is an eigh th-rate tra�c c hannel (or TCH/8). It has b een named

as the Slo w Dedicated Con trol CHannel (SDCCH). This uses HDLC to guaran tee

reliable transfers of the SDCCH tra�c. The quan tit y of dedicated signalling is

relativ ely short and infrequen t. This is adv an tageous for op eration where signalling

congestion is p oten tially high. Because of this, the HDLC proto col do es not incur

large o v erheads in throughput dela y o v er the duration of a call. Con tin ual use in the

call set-up pro cedures do es in tro duce some dela ys during call establishmen t where

in teraction with net w ork elemen ts is signi�can t. F or this reason SDCCH is not

generally view ed as a limiting factor for dela ys in the GSM system and hence do es

not receiv e as m uc h atten tion as the RA CH. Ho w ev er, where precedence and GoS is

concerned, this can b e considered more seriously for restricted use b y higher priorit y

calls during set-up signalling pro cedures.

When transferring from an idle mo de to dedicated mo de �xed signalling pro-

cedures m ust b e completed to authen ticate, register, sync hronise and complete the

set-up of connections. T o do this it is necessary to use additional logical signalling

c hannels and these are common c hannels to all users. These are alw a ys necessary

regardless of whether a MS is the calling or called-part y and are discussed in the

follo wing Subsection 3.4.2.

3.4.2 Common Signalling Channels

T o minimise the n um b er of di�eren t com binations of alternativ e logical c hannel

arrangemen ts, common signalling c hannels use a longer m ultiframe p erio d or the

\51-m ultiframe". Eac h ph ysical cell of the GSM system m ust ha v e at least one

common signalling c hannel in the uplink and do wnlink c hannels. In the frame

structure of the ph ysical c hannel where the common c hannel signalling o ccurs, the

TN 0 is used exclusiv ely for signalling. This timeslot is allo cated prop ortionally to

logical c hannels to p erform the appropriate signalling pro cedures. This can b e seen
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in Figure 3.5.

Figure 3.5: Common Channel Usage in Timeslots.

Most of these di�eren t logical c hannels are used in the do wnlink frame structure

as they in v olv e the noti�cation from the BS to MSs. The F requency Correction

CHannel (F CCH) and Sync hronisation CHannel (SCH) enable frequency and tim-

ing information to b e broadcast from the BTSs. The Broadcast Con trol CHannel

(BCCH) is used for a v ariet y of cell broadcast prop oses. The P aging Access Gran t

CHannel (P A GCH) is used for unicast or access messaging to users. An example of

the TDMA frame structure for the common logical signalling c hannels using TN 0

is found in [63 , page 209].

In the uplink frame structure the imp ortan t logical signalling c hannel is the

Random Access CHannel (RA CH). This has a k ey role to pla y in the GSM net w ork

as it is the initial p oin t of access for establishmen t of all connections. As access can

p oten tially ha v e a signi�can t impact on the GoS to users, it is imp ortan t to describ e

some of the p erformance c haracteristics of this c hannel. This will therefore b e done

in Subsection 3.4.3.

The v aried lengths of the t w o t yp es of m ultiframes enables MSs in the dedicated

mo de to receiv e frequency correction and sync hronisation c hannels p erio dically in

the un used timeslot of the 26-m ultiframe. The o�set nature of the t w o m ultiframes

ensures that the same timeslots will not o v erlap during an en tire m ultiframe cycle.

A summary of the signalling c hannels used in GSM can b e seen in T able 3.2. F or

the in terests of this thesis the logical c hannel kno wn as the Random Access c hannel

(RA CH) and its usage will b e studied in more depth. This c hannel is signi�can t

b ecause it is the MSs initial access p oin t for establishing connections. It is also
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imp ortan t b ecause v arian ts of the RA CH are prop osed for use in 2.5G and some 3G

net w orks.

Channel Ab-

breviation

Description

RA CH Random Access Channel is used to pro vide initial access to the

GSM system. It is the only signalling c hannel in the MS uplink.

F A CCH F ast Asso ciated Con trol CHannel ma y use a tra�c c hannel to trans-

mit user information. A \Stealing" pro cess is used to detect the

use of a TCH/F in use as a F A CCH.

SA CCH Slo w Asso ciated Con trol CHannel ma y b e used for mobile trans-

mission of non-urgen t signalling information or short messaging.

Generally SA CCH is used 1 in ev ery 26 TCH/F's.

SDCCH The SDCCH is a com bination of a tra�c c hannel and a con trol

c hannel and is 
exible in its time organisation. SDCCH ma y b e

used with an eigh th rate c hannel (TCH/8) or a quarter rate c hannel

(TCH/4) and its asso ciated SA CCH/8 or SA CCH/4.

F CCH The F requency Correction CHannel ma y b e listened to b y dedicated

users. Generally users listen to the nearest six base stations to

detect when hando v ers are necessary .

SCH The Sync hronisation CHannel has an imp ortan t role in the TDMA

concept. Listening to the SCH allo ws accurate measuremen ts to b e

made b y MSs for timing adv ance requiremen ts, to ensure arriv al in

correct cells at the BTS.

BCCH and

P A GCH

The Broadcast Con trol CHannel and P aging Access Gran t CHannel

are used to notify MSs of c hanges in conditions, access messages,

or cell broadcasts.

T able 3.2: Summary of GSM Asso ciated Con trol Channels.

3.4.3 Random Access Channel

The RA CH o ccurs in the MS uplink or return link. A time slot is allo cated at the

b eginning of eac h frame (TN 0) in the GSM system. Bursts in the RA CH di�er

from other signalling and tra�c bursts. In an idle mo de, sync hronisation is lo osely

main tained b y the MS. T o enable MS access from an y p oin t in a cell access bursts

require larger guard p erio ds to accoun t for di�eren tial dela ys that ma y exist b et w een
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the Base T ransceiv er Station (BTS) and its attac hed MS. Additional guard p erio ds

when compared to the \normal" GSM burst can b e seen in Figure 3.6. This enables

access pac k ets sen t b y a MS at the edge of a cell to arriv e in the appropriate RA CH

timeslot. The same is true for a MS close to the same BTS. F ollo wing successful

access, time corrections can b e made to adv ance or retard the MS timing with

resp ect to its asso ciated BTS.

Figure 3.6: GSM Normal and Access Burst Structures.

Access bursts consist of an information pa yload iden tifying the cause of the

connection, and a random iden ti�er of the MS submitting the request. This random

iden ti�er has a su�cien t length to minimise the probabilit y of a second MS selecting

the same random iden ti�er and transmitting its access attempt in the same RA CH

timeslot and hence cause con
iction at the base station. This burst structure for

the pa yload con ten t of the Access burst is depicted in Figure 3.7 tak en from [63].

Figure 3.7: Access Burst P a yload Fields.

The causes for initiation in the random access bursts are giv en t ypical v alues as

sho wn in T able 3.3 to represen t the t yp e of initiation b eing requested.

The cause �eld in the access burst can p oten tially b e used as a mec hanism to
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Binary V alues Description of Cause

1 0 0 paging resp onse

1 0 1 emergency call

1 1 0 call re-establishmen t

1 1 1 originate call, short message

0 0 0 all others

T able 3.3: T ypical Access Request P arameters.

pro vide a degree of impro v emen t in terms of prioritisation or precedence in the

access pro cess. Ho w ev er, using this pro cess in the Defence en vironmen t has some

imp ortan t limitations. This is b ecause it remains a collision based system and under

extreme bursts of connection initiations these can cause blo c k age and the subsequen t

signalling (call set-up) dela ys will remain non-preferen tial and giv e no impro v emen t

in GoS for higher precedence messaging.

In a region of con
ict, access initiation requiremen ts are lik ely to 
uctuate sig-

ni�can tly , with particularly high p eak lev els at the b eginning of an action. F or this

reason, with the RA CH relying on the collision based access sc heme, p erformance is

highly lik ely to b e degraded during the p eak times. In the GSM system an o v erload

(congestion) con trol system is used to bac k o� access attempts. The BCCH can b e

used to prohibit users or groups of users from transmitting on the access c hannel

during certain times, hence decreasing the n um b er of collisions and retransmissions

o ccurring un til the p eak load subsides. Also, when considering the prohibiting of

accesses and retransmission in an in tegrated satellite net w ork this will b e less ac-

ceptable due to the additional propagation dela ys inheren t in the net w ork. In the

Defence scenario, the comm unications system m ust cater for imp ortan t accesses dur-

ing these p eak times with blo c king of accesses and call establishmen t b eing a last

resort.

The RA CH is an imp ortan t comp onen t of the GSM system. It is also one of the

p oten tial b ottlenec ks of the system for the reasons just discussed, and the p erfor-

mance of this c hannel in terms of the impacts on GoS will b e de�ned in the follo wing

section. This has imp ortan t implications in the Defence en vironmen t, particularly

in facilitating the pro vision of precedence in b oth access and call set-up.
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3.4.4 Random Access Channel P erformance

The RA CH is a v arian t of the Slotted Aloha (S-Aloha) m ultiple access sc heme. It

has b een v aried b y placing tra�c c hannels b et w een burst p erio ds in the frame struc-

ture but has the same p erformance c haracteristics of that m ultiple access sc heme.

S-Aloha is a collision based m ultiple access sc heme [68 ]. When collisions in the ac-

cess attempts o ccur, the MS attempts transmission again with a \random" dela y

p erio d. This dela y p erio d, K , is an in tegral n um b er of slot p erio ds. This reduces

the probabilit y of collisions re-o ccurring in subsequen t attempts pro vided the v alue

of K is su�cien tly large. P arameters can b e c hanged to limit the maxim um n um b er

of retransmission attempts and hence upp er b ound the access dela y p erio d.

The throughput c haracteristics of the S-Aloha c hannel are w ell kno wn [69 , pages

361{365]. Detailed discussion of the throughput and the basis for further analysis

can b e found in App endix A.1. The S-Aloha case has a 100% impro v emen t in

p eak throughput compared to the unslotted-Aloha m ultiple access c hannel and b oth

v arian ts su�er from congestion when o�ered tra�c lev els exceed the p eak throughput

lev els. An appro ximation of the throughput curv es for the S-Aloha c hannels with

v aried lev els for K can b e seen in Figure 3.8.
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Figure 3.8: S-Aloha Throughput Characteristics.
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The throughput curv e for the S-Aloha sc heme sho wn in Figure 3.8 has b een

compared to the throughput c haracteristics of the Carrier Sense Multiple Access

(CSMA) sc heme (dotted curv e) to sho w that other m ultiple access sc hemes can

exceed the relativ ely lo w throughput lev els. The CSMA sc heme ho w ev er, is of less

v alue in the wireless domain where propagation dela ys w ould in tro duce signi�can t

access dela ys and collisions. In the CSMA case, accessing terminals require the

capabilit y of full duplex comm unication to detect collisions of the accesses. F ull

duplex capabilit y do es not exist in the LEOS system.

As can b e seen from Figure 3.8, as tra�c loads reac h a mean v alue of 1 access

p er slot the S-Aloha sc heme reac hes its p eak throughput lev el. Bey ond this tra�c

load there is a signi�can t decrease in the throughput due to increases in the n um b er

of collisions b et w een b oth new attempts and retransmission attempts. Larger v alues

of K enable a theoretical maxim um of e

� 1

to b e ac hiev ed.

As collisions increase, the n um b er of retransmissions also increases. Once passed,

the p eak throughput lev el the S-Aloha c hannel b ecomes unstable and signi�can t

increases in the a v erage n um b er of retransmissions p er access attempt increases

sharply . This phenomenon can b e seen clearly in Figure 3.9.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0

1

2

3

4

5

6

Throughput, S 

M
e
a
n
 N

u
m

b
e
r 

o
f 
R

e
tr

a
n
sm

is
si

o
n
s

S-Aloha (K large) 

K = 4 

K = 15 

Figure 3.9: Av erage Num b er of Retransmission A ttempts for the S-Aloha Channel.

51



F or these reasons the use of the S-Aloha c hannel p oses some in teresting problems

when high tra�c loads are exp erienced. T o attempt to alleviate some of these

problems and pro vide impro v ed GoS to higher priorit y users it is desirable to either

mo dify the tec hniques used when accessing a S-Aloha c hannel b y certain precedence

users or remo v e some of them from the con ten tion pro cess with lo w er priorit y classes.

These appropriate c hanges in implemen tation of access will v ary in di�eren t systems

arc hitectures. Hence it is not necessary to de�ne the in tegrated arc hitecture and

prop ose suitable GoS classes for the follo wing in v estigations.

3.5 Arc hitecture In tegration - The Defence

P ersp ectiv e

T o pro vide the enhanced services, a n um b er of c hanges need to b e incorp orated to

successfully implemen t the in tegration of the disparate systems. The in tegration

of the GSM and the LEOS net w ork requires functional elemen ts to b e mo di�ed to

in terop erate e�cien tly with one another and also minimise the negativ e e�ects of

di�eren t radio in terfaces. The c hanges required ha v e b een divided in to three areas.

The �rst requires the organisation of ph ysical net w ork elemen ts to in tegrate with

one another. The second in v olv es mo di�cation of the frame structures on the radio

in terface to pro vide a suitable comm unication b earer. Thirdly , signalling pro cedures

of the GSM net w ork need to b e mo di�ed to pro vide the appropriate service lev els.

Mo di�cation of signalling pro cedures is essen tial to enable the precedence capabil-

ities to w ork. Prop osed c hanges to the signalling will b e describ ed in Subsections

3.4.3, 3.4.4 and 3.4.5. The c hanges to the net w ork elemen ts and the new radio

in terface will no w b e discussed.

3.5.1 Net w ork In tegration

The in tegrated net w ork arc hitecture is based on the requiremen t that a mobile sta-

tion (MS) will seamlessly op erate with b oth a terrestrial cellular net w ork and a LEOS

net w ork when b ey ond the co v erage area of the cellular net w ork. Initial in v estigations

in to LEOS-PCS in tegration ha v e b een presen ted b y the author in [70]. Strategically

placed Earth Stations (ES) pro vide the air in terface b et w een the ground segmen t

of the LEOS net w ork and the LEO satellites. The LEOS pro vide the radio com-

m unication link with MSs. The MSs ha v e omni-directional an tenna patterns that

ha v e b een dev elop ed for commercial op erations. The omni-directional radiation has

the p oten tial to b e detected and/or in tercepted b y other users or adv ersaries. Suc h
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emissions increase the p oten tial exploitation of this information. T o reduce this risk,

mobile terminals can b e dev elop ed/mo di�ed with a more directional an tenna system

that particularly limits detection b y ground based and lo w elev ation in terceptors.

This is seen as an imp ortan t v alue adding comp onen t to the commercial systems

but will not b e discussed further in this thesis.

There ma y b e sev eral ESs within the co v erage area of a single LEO sp ot b eam.

These ESs act as the gatew a y b et w een the satellite net w ork and the switc hing com-

p onen ts of the LEOS net w ork. The n um b er of these v aries according to the constel-

lation of the LEO net w ork. In the case of Iridium, in ter-satellite switc hing enables

all connections to b e made through a single gatew a y as discussed in Chapter 2.

Earth Station Con trollers (ESC) co ordinate a group of ESs and are resp onsible for

managing connections during satellite hando v ers. In the prop osed in tegrated net-

w ork, eac h ESC is in tegrated with a Base Station Con troller (BSC) of the terrestrial

GSM net w ork. In tegration at the base station lev el has b een iden ti�ed previously

as suitable as an e�cien t means of in tegrating GSM and satellite net w orks [28][71 ].

Alternativ e in tegration scenarios ha v e b een discussed b y Zhao, T afazolli and Ev ans

in [25 ].

The ESC pro vides the radio resource managemen t, and connection to a Satellite

Mobile Switc hing Cen tre (SMSC). The SMSC pro vides user mobilit y managemen t,

and connection managemen t in the in tegrated net w ork (the same roles as the MSC

in the GSM net w ork). It handles mobile terminal lo cation, and is the co ordinator

for v eri�cation registration, congestion managemen t and connections to external

net w orks including the PSTN and Public Switc hed Data Net w ork (PSDN). The

functional elemen ts from the GSM system used to record user information including

the VLR and HLR also remain in the in tegrated arc hitecture. An arc hitecture

sho wing these net w ork elemen ts for an in tegrated LEOS-GSM system is sho wn in

Figure 3.10.

Net w ork users ma y ha v e sev eral forms, either a mobile terminal or p ossibly a

small earth station whic h ma y b e in the form of V ery Small Ap erture T erminals

(VSA T). Connections via �xed earth stations through the SMSC can pro vide links

to other external net w orks. T o ac hiev e this ESCs p erform the con v ersions necessary

to adapt the radio (Um) in terface of the GSM system to the link sp eci�cation de�ned

b et w een the BSC and MSC of the GSM system (referred to as the A-in terface).

Issues faced for the use of LEOS systems ha v e b een discussed previously in

[23 ][12] [29 ]. LEOS system tra�c is to some exten t vulnerable to Lo w Probabilit y of

Detection (LPD) and Lo w Probabilit y of In terception (LPI) factors from b oth other
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Figure 3.10: LEOS - GSM In tegrated Arc hitecture.

users within Line of Sigh t (LOS) and b y those with access to the net w ork signalling

and managemen t c hannels. These limitations will e�ect the Defence op erational use

of a LEOS-GSM system on a case-b y-case basis. A prop osed scenario where the

de�ned arc hitecture is used can b e seen in Figure 3.11.

Figure 3.11: Candidate In tegrated Arc hitecture Example.

In this scenario the theatre of op eration is considered spread o v er a region not

able to b e co v ered b y a small deplo ymen t of cellular GSM infrastructure. The LEOS

net w ork pro vides the co v erage to a mo derate sized group (100-200) of users in the
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theatre, eac h with mobile v oice terminals. The ESC co ordinates call establishmen t

pro cedures and pro vides a secure link to the so v ereign �xed infrastructure.

3.5.2 Radio In terface Mo di�cations

The radio in terface of the satellite net w ork has to cater for additional p o w er require-

men ts (due to the higher propagation losses) and the e�ects larger cell sizes ha v e

on sync hronisation. The ph ysical c hannel rates that are supp orted b y the satellite

systems are subsequen tly m uc h lo w er. F or the Iridium system the carrier c hannel

rates are 50kb/s [10 ] compared to the 271kb/s c hannels of the GSM system. Due to

this lo w er c hannel rate the burst p erio d time m ust b e increased. Hence to pro vide

suitable frame rep etition rates for the predominan tly v oice circuits few er bursts can

b e accommo dated in the frame structure. This has b een considered previously in

[27 ] for a MEO satellite system. Using a 40ms frame p erio d this structure required

the use of t w o c hannel burst p erio ds for the RA CH to ensure access attempts ar-

riv ed within the correct timeslot at the satellite. This prop osed mo di�ed frame

structure consists of 6 burst p erio ds (rather than the original eigh t in GSM) with

total duration of 40ms resulting in a burst duration of 6.67ms.

Figure 3.12: Mo di�ed F rame Structure.

Using a MEO satellite system the p oten tial di�eren tial dela y based on the In-

marsat ICO system is 3.5ms [27 ]. In the case of the Iridium system (with a cell

diameter of 660km), this dela y is substan tially smaller at appro ximately 0.45ms. As

a result of this, guard p erio ds placed on either end of a single access bursts using

the same frame duration, will b e su�cien t to cater for this dela y .

In follo wing the GSM logical c hannel structure a group of 51 frames will represen t

a cycle of the uplink and do wnlink logical c hannels. The mo di�ed logical c hannel

structure for the do wnlink can b e seen in Figure 3.13.
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Figure 3.13: Mo di�ed Do wnlink Logical Signalling Channel Structure.

The mo di�ed logical c hannel structure for the uplink can b e seen in Figure 3.14.

Imp ortan t c hannels exist in the allo cation of a dedicated tra�c c hannel for highest

priorit y user access.

Figure 3.14: Mo di�ed Uplink Logical Signalling Channel Structure.

As sho wn in Figure 3.14 an initial reserv ation for a higher class user has b een

in tro duced. This is in accordance with the new precedence requiremen ts that are

prop osed in Section 3.6. In original presen tations of this researc h b y the author

in [72 ], and [30] the reserv ation of a full rate tra�c c hannel w as discussed. This

prop osal w as review ed as it required a substan tial amoun t of a v ailable bandwidth to

b e reserv ed for this user. Subsequen tly a v ariation of this is prop osed here to reduce

the initial access allo cation to a single TCH/8 for the highest precedence user. This

will b e discussed in Subsection 3.6.3 as it reduces the w astage of bandwidth for a

single user group.

The prop osal in [27 ] has also de�ned a proto col to reduce the signalling dela ys

that will result from the additional propagation dela ys. This has b een done for a

MEOS system. It uses a mo di�ed form of the HDLC proto col. It uses a Selectiv e

ReT ransmit (SR T) p olicy with a larger Windo w Size of 8 signalling blo c ks. This
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will b e referred to as the HDLC-SR T-WS8 proto col. T o minimise the pauses in

w aiting for resp onses of successful transmissions of signalling blo c ks a larger windo w

size (for signalling ac kno wledgemen ts) is used. This is used in conjunction with a

selectiv e retransmit proto col. This ensures only corrupted signalling blo c ks need

to b e retransmitted. The author has prop osed a similar pro cess b e applied to the

LEOS-GSM case in [73] and [70 ]. In v estigation of this option has sho wn signi�can t

impro v emen ts are p ossible in call set-up dela ys of the order of 5 seconds using this

tec hnique compared to using GSM signalling where call set-up dela ys w ere of the

order of 15 seconds for a LEOS system [70 ] and 20 seconds for a MEOS system [27 ].

Discussion of these dela ys for the new service classes will b e pro vided in Section 3.7.

3.6 New Service Lev els

As discussed earlier, precedence groups are imp ortan t to de�ning the GoS p erfor-

mance limitations of a system. It is essen tial to recognise that using the limited

a v ailable bandwidth all connections cannot ha v e assured access. Therefore it is im-

p ortan t to dev elop the mo di�ed access and signalling pro cedures based on the lik ely

tra�c load prop ortions for eac h of the de�ned precedence lev els. The grade of ser-

vice for eac h precedence lev el in the prioritised group will di�er in terms of b oth

access tec hniques and set-up pro cedures. This is necessary as making guaran tees

to a smaller n um b er of users will ob viously require some compromises to b e made.

The selected priorit y lev els for this thesis are de�ned as:

1. Single priorit y user with b est connection requiremen ts

2. Small group of high priorit y users with high user requiremen ts

3. Large group requiring mo derate services with normal GSM-lik e service require-

men ts

4. Large group of users with minimal link requiremen ts

The implemen tation of the priorit y sc heme requires that compromises b e made

in terms of the total n um b er of a v ailable tra�c c hannels. The terrestrial GSM do es

supp ort the concept of access classes (as discussed), whic h under congestion condi-

tions can b e used to blo c k some classes of users from transmitting access requests.

Ho w ev er this pro cess blo c ks user groups rather than less imp ortan t accesses. This

has some p oten tial use but do es not ensure access for what a user has deemed to

b e of high signi�cance to a mission. The resulting c hoice of classes to b e blo c k ed in
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the GSM blo c king pro cess is random and without preference. This requires a degree

of real-time net w ork con trol and managemen t and do es not pro vide a v alue-based

preferen tial access. It ma y also b e di�cult to implemen t in a LEOS system with

net w ork managemen t lik ely to b e di�cult to access. The GSM access classes are

therefore not seen as forming a suitable prioritised access sc heme for Defence use.

A tec hnique that can b e used to implemen t the precedence sc heme is the use of a

de�ned P ersonal Iden ti�cation Num b er (PIN) n um b er or subscrib er iden tit y n um b er

to iden tify the priorit y lev el of the requested access. This relies on the strict use

of the allo cated lev els in do ctrinal pro cedures and user vigilance. This sc heme to

enhance GoS is not de�ned to pro vide higher ranking o�cers the hierarc hical righ t

to access o v er a user with more urgen t information. It is in tended to enhance the

o v erall mission e�ectiv eness.

3.6.1 Prop osed Sc heme Details

The Random Access Channel (RA CH) can b e adv ersely a�ected b y retransmissions

under hea vy load conditions, but is not necessarily the most pronounced source

of b ottlenec ks in the terrestrial GSM system. Another p ossible b ottlenec k is the

P aging and Access Gran t Channel (P A GCH) where large n um b ers of users in a cell

require frequen t mobilit y managemen t signalling. Regardless of this, the approac h

tak en in this case has b een to remo v e the high priorit y users from situations where

collisions during an access request can o ccur, hence minimising an y probabilit y of

higher priorit y users ha ving connections blo c k ed. T o ac hiev e this the t w o highest

priorit y lev els (and smallest groups) are allo cated an alternativ e p oin t of access to

the net w ork other then the RA CH. The basis of the user groups in the prop osed

prioritised sc heme is sho wn in T able 3.4.

Whilst the highest priorit y user group is reserv ed for a single user, further dev el-

opmen ts in the mo di�ed signalling sc heme can enable a small group of users to ha v e

this precedence class. Alternativ ely , the o v erheads for this class can b e reduced and

the single highest priorit y user approac h can b e main tained. This will b e discussed

in Subsection 3.6.3.

The n um b ers of users within eac h of the priorit y groups is imp ortan t in the ev al-

uation as it will directly a�ect the service parameters in the prop osed sc heme. The

kno wledge of the maxim um n um b er of users in eac h group allo ws the determination

of the resp ectiv e p eak loading for eac h group. It is useful as it allo ws the comparison

of all priorit y group c haracteristics for a giv en normalised load. Eac h priorit y group

p erformance is ev aluated for eac h of the main factors a�ecting their grade of service.
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Prioritised Groups Appro ximate P ercen t-

age of user p opulation

HIGHEST: One TCH/F for access b y a single pri-

orit y user

1%

HIGH: Call request via TCH/2 9%

NORMAL: Using the RA CH with short retrans-

mission times

30%

LO W: Using the RA CH with longer retransmission

times

60%

T able 3.4: Prioritised User Groups.

3.6.2 Grade of Service P erformance Measures

Access dela ys in the RA CH as discussed this is a v arian t of the S-Aloha m ultiple

access sc heme. Hence the access dela y for a particular priorit y class D

P C A

can b e

expressed based on the familiar result [69]:
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= 1 +

1
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+

K + 1
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(3.1)

where G is the lev el of o�ered tra�c in the S-Aloha c hannel, K represen ts the

a v erage retransmission p erio d in seconds and R is the exp ected n um b er of timeslots

for receipt of an ac kno wledgemen t. Discussion of the p erformance of the S-Aloha

sc heme can b e found in App endix A.1.

In the in tegrated satellite system this dela y increases signi�can tly once p eak

throughput lev els are exceeded. This can b e seen in Figure 3.15.

In this case an initial dela y is evidenced, due to propagation dela ys in the LEOS

net w ork. The a v erage dela ys ha v e b een determined from satellite ephemeris data

using the SatT rac k [74] soft w are pac k age. This has b een necessary as distances from

MSs to the asso ciated LEO satellite (slan t range) c hange o v er time. This is directly

related to c hanges in elev ation angles from the MS to the satellite. Examples of this

are sho wn in Figure 3.16 for b oth the Iridium and Globalstar LEO constellations.

F rom Figure 3.16 it is eviden t that eac h of the LEO systems require op eration

generally whilst there is a lo w elev ation angle. These �gures are tak en o v er a three

da y p erio d. This equates to slan t ranges that are considerable more than the orbital

altitude i.e. when the satellite is at zenith or 90

o

elev ation. This can b e seen in
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Figure 3.15: S-Aloha Dela y Characteristics in a LEOS Net w ork.
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Figure 3.16: Elev ation Angles from the MS to LEOS.

Figure 3.17.

Av erage propagation dela ys therefore will b e dep enden t on the minim um op era-

tional elev ation angle that can b e supp orted. This is signi�can tly dep enden t on the

c hannel c haracteristics and the terrain. Ho w ev er, this is an in tegral part of de�n-

ing the link margin of the satellite net w ork whic h is 15dB for the Iridium system

[10 ]. Giv en these factors, using the Iridium system the op erational slan t ranges are

lik ely to b e in the order of 8,500km for 60% time [29 ]. This equates to a one way

propagation dela y in the order of 30ms. So for transmission from the MS to the ES,

60



10 20 30 40 50 60 70 80 90
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

elevation angle (deg.)

sla
nt

 ra
ng

e 
(k

m
)

Slant Range vs Elevation Angle

Globalstar

Iridium

Figure 3.17: Relativ e Slan t Ranges of Iridium and Globalstar.

a propagation dela y t

p

is 60ms. This compares to the cellular GSM standard with

a t

p

that is appro ximately 0.1ms for a 30km cell radius. This is imp ortan t for the

determination of access dela ys and the call set-up dela ys that will b e discussed in

Subsection 3.6.6 and Section 3.7. Imp ortan tly , this impacts the roundtrip propaga-

tion dela y R whic h will require four of these dela ys to b e included in the calculations

(as the equiv alen t of four MS to satellite transmissions are required for in teraction

with the ESC).

The collision probabilit y in the S-Aloha c hannel is also a commonly used GoS

term. Based on w ork done b y Kleinro c k [69 , 371-372] in v olving pac k et switc hed

net w orks in the S-Aloha c hannel, the general form for collision probabilit y , q , for

the initial attempt, and the collision probabilit y , q

t

, for retransmitted attempts, can

b e expressed as sho wn in Equation (3.2) and (3.3) resp ectiv ely:

q =

�

e

� G=K

G

K

e

� G

�

K

e

� S

(3.2)

and

q

t

�

K � 1

K

e

� G

(3.3)
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where G is again the o�ered tra�c lev el, S is the throughput and K the a v erage

retransmission p erio d. The expression for q

t

is an appro ximation based on the as-

sumption that K the retransmission p erio d, is suitably large [75]. If this is not done,

i.e. a smaller v alue of K is used, the probabilit y of collisions for the retransmission

attempts will b e increased.

The dropping probabilit y in a S-Aloha c hannel is directly asso ciated with the

n um b er of retransmission attempts o ccurring and hence the o�ered tra�c. This

assumes that the a v erage n um b er of retransmission attempts has a normal distri-

bution, with standard deviation � . Deriv ation of the dropping probabilit y has also

b een included in App endix A.3.

Call set-up dela ys include the access and subsequen t dela ys in the call establish-

men t pro cess. F or this reason it is b ene�cial to mo dify the establishmen t pro cesses

to giv e preferen tial set-up times as w ell as the access pro cedures for the S-Aloha

c hannel.

A Go o d Channel T ransmission (GCT) tec hnique can b e used to reduce the prob-

abilit y of c hannel losses con tributing to failed access attempts in the RA CH. This

tec hnique can b e used to reduce the probabilit y of additional set-up dela ys b eing

exp erienced due to en vironmen tal e�ects. This tec hnique will b e discussed in Ap-

p endix A.4. Ho w ev er, for the remainder of this Chapter apparen t collisions in access

attempts that migh t b e due to c hannel errors are assumed to b e negligible.

The prop osed mo di�ed signalling pro cedures for the de�ned user groups will no w

b e de�ned.

3.6.3 Priorit y 1: The Highest Priorit y User(s)

The priorit y 1 user is the highest priorit y user group and is also the smallest. A

dedicated tra�c c hannel for its access request is pro vided, so that the RA CH and

P A GCH are a v oided during access request. In original presen tations of this w ork

b y the author [30 ] and [72 ] a full rate tra�c c hannel w as reserv ed for the priorit y 1

user. This ob viously consumes a mo derate amoun t of a v ailable bandwidth and it w as

desirable to reduce this initial allo cation. GSM also pro vides an eigh th rate tra�c

c hannel (TCH/8) that can b e used as the initial access p oin t for this user. This

pro vides a signi�can t reduction in the w astage for this user and will only sligh tly

increase the set-up dela y for the priorit y 1 user. Imp ortan tly , this do es not degrade

the collision probabilit y as there is only one user with access to that timeslot. The

transmission is adequately protected from access b y other users. The initial burst
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in the tra�c c hannel is used as a signalling burst b y setting the ste aling bits in the

normal pac k et. The information con tained within it consists of the establishmen t

cause, whic h can b e an y one of the GSM services. Throughout the set-up pro cedures

seen in Figure 3.18 the mo di�ed AR Q proto col (HDLC-SR T-WS8) is used to reduce

the signalling dela ys. This is the case for eac h of the priorit y classes.

Figure 3.18: Priorit y 1 - Access and Set-up Signalling.

Arro ws and asso ciated n um b ers in the signalling diagrams represen t the n um b er

and source of the signalling blo c ks (in one or eac h direction) that are required to

complete that stage of the set-up pro cess. In Figure 3.18 immediately follo wing an

initial indication of service request from the user, the ES starts initial set-up for

hando v er managemen t. This will enable a hando v er whic h ma y b e exp ected during

the call set-up to a v oid disrupting the set-up pro cedure to the p oin t where set-up

m ust b e completely resc heduled. Authen tication request uses the priorit y 1 user

Subscrib er Iden tit y Mo dule (SIM) to v erify the users iden tit y . Use of a v ariet y of

PIN n um b ers can also enable the user to request lo w er precedence services. This

is imp ortan t in the Defence con text as a high-ranking p erson can also use a lo w

priorit y circuit to enable more mission critical services b etter access and set-up

p erformance. In comparison to the authen tication in a terrestrial system this is

assumed to b e a more thorough pro cess. As this user has b een allo cated a F ull Rate

T ra�c Channel (TCH/F) immediately , the link la y er op erates in the ac kno wledged

mo de as in tro duced in Subsection 3.4.1. This allo ws call set-up to con tin ue without

dela y . A minim um of higher la y er proto cols are needed for this user's access with

the in ten tion b eing to pro vide a link hot line as quic kly as p ossible.
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The bulk of the call set-up dela y here is due to user ciphering, encryption set-up,

and call establishmen t with the in tended parties. This set-up ma y include paging

groups of users using P A GCH or alternativ ely (if all subscrib ers are in tended \lis-

teners") broadcasting on the Broadcast Con trol Channel (BCCH). T o impro v e the

e�ciency of the call set-up at this stage the broadcast and paging c hannels can b e

dedicated to connecting all in tended recipien ts. This ma y require termination of

calls already in progress. The priorit y 1 user after the broadcast or paging to all

required users ma y con tin ue its transmission without complete net w ork ac kno wledg-

men t. This is p oten tially imp ortan t in man y military scenarios. Using the prop osed

signalling sc heme and applying appro ximate times for authen tication, ciphering and

encryption, the a v erage access dela y for the highest priorit y user is in the order of 2

seconds. V ery sligh t increase in the set-up dela y at higher tra�c lev els o ccurs due

to the increased congestion in the paging and broadcast c hannels. The priorit y 1

user has zero probabilit y of colliding with another user during access request, but

ma y exp erience collision due to sev ere fading conditions. This is wh y the collision

probabilit y is not zero.

3.6.4 Priorit y 2: High Priorit y Users

This is assumed to b e a small group of users who ha v e b een allo cated a high pri-

orit y status. This group of users do es not ha v e a dedicated signalling c hannel(s)

allo cated and m ust go through the pro cess of b eing allo cated a signalling c hannel.

The con ten tion pro cess can b e seen in Figure 3.19.

Initial access attempts are placed in one of the t w o TCH/2s. These are suitable

for signalling outside a normal call and as suc h do not require the accessor to b e

in the dedicated mo de. F or this case they ha v e b een reserv ed for users in the

priorit y 2 group only . As is the case of a S-Aloha t yp e c hannel access sc heme,

allo cation of a larger n um b er of users in this group will cause signi�can t additional

access dela ys. These users are then giv en a V ery Early Assignmen t (VEA). VEA

immediately allo cates a full-rate tra�c c hannel to the user rather than normal set-up

pro cedure whic h will require a sp eci�cation of the t yp e of c hannel required, follo w ed

b y an ac kno wledgmen t. Up on reception of the VEA in the A GCH, the user en ters

the dedicated mo de and is able to sync hronise using the F requency Correction and

Sync hronisation Channels (F CCH and SCH).

Unlik e the priorit y 1 user, the priorit y 2 user m ust w ait for c hannel allo cation

b efore pro ceeding. Hence the actual call set-up stage for this group is signi�can tly
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Figure 3.19: Access Con ten tion Resolution in the Prioritised En vironmen t.

Figure 3.20: Priorit y 2 - Access and Set-up Signalling.

longer requiring complete ac kno wledgmen t that links are a v ailable b efore transmis-

sion on the TCH/F can pro ceed. The initial link la y er call set-up establishmen t

pro cedure is a switc h to acknow le dge d mo de whic h ensures errored frames are re-

transmitted [63, page 273]. In GSM terms this is done using the TCH/F b y ste aling

the tra�c c hannel to transmit signalling information. This is used to en ter the

ac kno wledged mo de and a v oid con
ict with other users who ma y ha v e in terpreted

the VEA as their o wn [63 ]. This is kno wn as Set Async hronous Balanced Mo de

(SABM). The priorit y 2 user can b e seen to ha v e acceptable set-up times. This
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sc heme has a unique access pro cedure whic h reduces the probabilit y of this group

of users con
icting at the access stage with a lo w er priorit y user. Hence, this im-

pro v es its robustness under hea vy load conditions. The probabilit y of collision is

ev aluated as discussed using a short retransmission p erio d K = 4. The results will

b e presen ted in Section 3.7.

3.6.5 Priorit y 3 and 4: Normal and Lo w Priorit y Users

The access and set-up pro cedures for priorit y 3 and 4 users can b e seen in Figure

3.21.

Figure 3.21: Priorit y 3 and 4 - Access and Set-up Signalling.

Users within priorit y groups 3 and 4 are termed normal and lo w priorit y access

groups. These will comp ete for access on the RA CH. T o di�eren tiate b et w een the

priorit y 3 and 4 groups a Priorit y Based F ast Access Sc heme (PBF A), similar to that

in [27 ], is prop osed. PBF A uses the S-Aloha proto col with designated parameters for

retransmission and collision detection. In [27], the PBF A w as used to di�eren tiate

b et w een service t yp es while here it pro vides user priorit y .

This sc heme places random access pac k ets in a priorit y based group, those requir-

ing F ast Access (F A), suc h as paging and normal precedence users, or Slo w Access

(SA) groups including initial access for lo w priorit y users and lo cation up dating.

As w as the case for the priorit y 2 users, o v eruse of this facilit y will degrade the

o v erall system p erformance. F ast access pac k ets will b e allo w ed to retransmit more

frequen tly (ha ving a smaller v alue of K ) and as a result will ha v e a b etter c hance of

66



o v ercoming dela ys. Ho w ev er, the PBF A sc heme still has its maxim um throughput

limited b y the slotted nature of the RA CH.

In the cellular systems the RA CH is also used for hando v er pro cedures and as

suc h, ma y form part of the priorit y 3 group of F A pac k ets. This is accoun ted for in

the ev aluation b y increasing the maxim um lev el of tra�c in the priorit y 3 case. In the

satellite GSM system, eac h of these groups will ha v e their access initially handled

on the RA CH and no c hannel assignmen t is made un til after the authen tication

pro cess. This has signi�can t additional dela ys as compared to the higher priorit y

groups. Ev aluating the access dela ys is done in a manner similar to that for the

priorit y 2 group.

3.6.6 P erformance measures

Priorit y users are not a�ected b y collisions in the access pro cess as these ha v e b een

remo v ed from the con ten tion pro cess. The impact on throughput of the mo di�ed

m ultiple access sc heme for the priorit y 2 users is deriv ed from the standard Slotted

Aloha c haracteristics. Deriv ation of the access dela ys uses the result discussed in

Subsection 3.6.2.

Using the alternativ e retransmission pro cedures prop osed in Subsection 3.6.4,

collisions of priorit y 2 users in the access pro cess are reduced b y ha ving a smaller

n um b er of users with access to dedicated timeslots. This has b een done to attempt to

reduce the a v erage time for access. Using the mo di�ed access pro cedures in tro duced

in Subsection 3.6.4 for the priorit y 2 users, the access pro cess dela ys ha v e b een

calculated n umerically using the follo wing expression.
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where N is the n um b er of timeslots in a frame, m is the time frame for eac h

burst p erio d, R is the roundtrip propagation dela y and E is the a v erage n um b er of

retransmissions required (determined b y the o�ered tra�c rate). K

2

represen ts the

retransmission paramater K for class 2.

F rom the discussion in subsection 3.6.2, the roundtrip propagation dela y R will

b e dela y of appro ximately 120ms i.e. 4 � 30ms. Equation (3.4) is true for the case

where the roundtrip propagation dela y is R is greater than the frame p erio d T

N

,

whic h for this case is 40ms (using the mo di�ed frame structure). If dela ys in the net-
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w ork sending ac kno wledgemen ts o ccur, the additional dela ys can also b e determined

n umerically . A deriv ation of this is included in App endix A.2.

F or priorit y 3 and priorit y 4 users the retransmission in simpler and conforms

to the access dela y calculations for the mo di�ed S-Aloha sc heme. Ho w ev er, this to o

requires the additional propagation dela ys to b e included in the calculation of the

dela y . The deriv ed expression for the priorit y 3 and priorit y 4 users can b e seen in

Equation 3.5.

D

P C A 3 ; 4

= m

�

1 +

N

2

+ R + E

�

(2 N � 1) +

N K

3 ; 4

+ 1

2

��

(3.5)

where m is the slot p erio d, N is the n um b er of timeslots in a frame, E = e

� G

� 1,

G is the o�ered tra�c, R is the roundtrip propagation dela y and K

3

is an in teger

n um b er of slots that de�nes the mean random retransmission p erio d for priorit y 3

and K

4

is the in teger n um b er of slots that de�nes the mean random retransmission

p erio d for priorit y 4.

The comp onen t of the total call set-up dela y caused b y the signalling pro cesses

has b een determined using the pro cedures discussed in Subsections 3.6.3, 3.6.4 and

3.6.5. Using these signalling pro cedures the n um b er of signalling blo c ks to b e trans-

mitted has b een determined.

Dep ending on the signalling c hannel used and the frequency of that c hannel's

o ccurrence the asso ciated dela ys for eac h of the steps in the pro cess has b een calcu-

lated. This has assumed the HDLC-SR T-WS8 that has b een in tro duced in Subsec-

tion 3.5.2. The estimates for eac h of these dela ys ha v e included the a v erage w aiting

time for the logical c hannel to o ccur in the frame sequence. This has included all

propagation dela ys that are required to complete eac h of the pro cesses. This results

in a �xed mean signalling set-up dela y for eac h priorit y priorit y class, this dela y can

b e expressed as D

P C S S

. By summation of the access dela ys D

P C A

and the signalling

set-up dela ys an a v erage total call set-up dela y D

P C tot

for eac h of the priorit y classes

can b e expressed as follo ws:

D

P C tot

= D

P C A

+ D

P C S S

(3.6)

Call dropping has b een considered for users attempting to gain access to the net-
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w ork and initiate call set-up pro cedures. Dropping o ccurs when a user exp eriences

to o man y retransmission attempts. As the high priorit y 1 user do es not comp ete

in a con ten tion pro cess it will only exp erience blo c king when c hannel errors o ccur,

whic h is assumed to b e a v ery lo w probabilit y . F or the other precedence classes call

dropping at the access pro cess will tend to o ccur once o�ered tra�c lev els exceed

a mean lev el of one access p er slot. This has b een noted in Subsection 3.4.4 when

in v estigating the RA CH p erformance. Using the a v erage n um b er of retransmissions

required N

R

from Equation 3.7 from [76 ]. This has b een explained in App endix A.1.

N

R

=

G

S

� 1 (3.7)

The call dropping probabilit y for the priorit y based sc heme has b een determined

from the n um b er of retransmissions allo w ed for the tra�c classes. This assumes a

maxim um n um b er of retransmission attempts for eac h of the user priorit y groups.

Discussion of the analysis of the dropping pro cess is pro vided in App endix A.4. The

outcomes of using these metho ds for calculating the p erformance of the mo di�ed

signalling sc heme will b e presen ted in Section 3.7.

3.7 Numerical Results

Using the describ ed signalling pro cesses, the c haracterised user base and the S-

Aloha m ultiple access sc heme, estimates of the call set-up dela y(s) and the collision

probabilities ha v e b een determined. Based on the signalling pro cedures, �xed set-

up dela ys will b e in tro duced to the in tegrated net w ork. This is calculated from the

n um b er of signalling blo c ks b eing pro cessed, and the AR Q sc heme (HDLC-SR T-

WS8) used and it also includes the propagation dela ys in tro duced b y the LEOS

net w ork. The reduced dela ys calculated for eac h of the priorit y class call set-up

times can b e seen in T able 3.5. These are compared to v alues obtained from [27].

T ra�c loading p oten tially has a signi�can t impact on these dela ys as discussed

in Subsection 3.4.4 and and 3.6.2. The dela ys from collisions and retransmissions

ha v e b een applied to the user classes sp eci�ed and the results can b e seen in Figure

3.22.

The high precedence users 1 and 2 su�er least from the set-up dela ys due to the

mo di�ed signalling sc hemes b eing imp osed. Priorit y 1 users b ypass the con ten tion,

and the collision pro cess and gain access as quic kly as users on existing GSM net-
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Priorit y 1 Priorit y 2 Priorit y 3 Priorit y 4
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up dela ys

(secs)

3 4.3 6.8 7.6 8 > 20

T able 3.5: Mo di�ed Signalling Dela ys.
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Figure 3.22: Estimated Call Set-up Dela ys for Prioritised Users.

w orks. The fast access sc heme for priorit y 2 users limits the probabilit y of collision

and enables fast set-up. The priorit y 3 and 4 users exp erience larger dela ys but

these are still acceptable giv en the op erational constrain ts. The hando v er pro cess

has also b een considered, as this will e�ect the access to the limited bandwidth.

This has b een considered as an addition to the user 3 tra�c class and is in tro duced

in App endix A.2.2.

T o sho w the e�ects of increased loading of a particular tra�c class the o�ered

tra�c for priorit y 2 users has b een increased b y 200%. The results of this are sho wn

in Figure 3.23.
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Figure 3.23: Estimated Call Set-up Dela ys with Increased Priorit y 2 Loading.

Imp ortan tly for the high priorit y class, alternate retransmission pro cedures do

not sev erely degrade the set-up dela ys. Ho w ev er, as it still is a collision based pro cess

the dela ys from collisions can b e seen as set-up dela ys increase slo wly as normalised

load increases.

The collision probabilities for eac h of the user precedence lev els are sho wn in

Figure 3.24.

The priorit y 1 user is remo v ed from the con ten tion pro cess hence has almost

zero probabilit y of collision regardless of the tra�c load. It is still p ossible that

the priorit y 1 user can exp erience a collision from p o or c hannel conditions. Due

to the small n um b er of priorit y 2 users and the alternativ e signalling and access

pro cedures priorit y 2 users ha v e ha v e a slo wly increasing probabilit y of collision. As

discussed previously , this has minimal e�ect on the set-up dela ys as the probabilit y of

exp eriencing subsequen t collisions is reduced. The dropping of established requests

for eac h of the priorit y groups is sho wn in Figure 3.25.

The priorit y 1 and 2 users ha v e extremely lo w probabilit y of dropping due to

the alternativ e access pro cedures and the segregation from the traditional GSM

pro cesses. Under mo derate loads priorit y 4 users can exp erience signi�can t dropping

as the n um b er of retransmission attempts increases b ey ond threshold lev els. The

same is true for the priorit y 3 users. Ho w ev er this can b e c hanged b y altering
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Figure 3.24: Collision Probabilities for Prioritised Access.
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Figure 3.25: Call Dropping Probabilities for Prioritised Connections.

the allo w able n um b er of retransmissions and allo wing longer set-up dela ys for this

precedence class.
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3.8 Summary

This Chapter has in tro duced an arc hitecture for the in tegration of LEOS and GSM

net w orks. This has fo cussed on mo di�cation of the standard GSM signalling pro-

cedures to minimise the e�ects of link latencies on call set-up dela ys. This has

b een ac hiev ed with results comparable to those of the cellular GSM system. An

imp ortan t capabilit y for Defence in tegrated net w orks w as iden ti�ed: pro vision for

connection precedence. T o ac hiev e this, sev eral precedence classes w ere de�ned for

the in tegrated net w ork. T o facilitate the higher grade of service requiremen ts of the

higher precedence classes, di�eren t signalling pro cesses ha v e b een de�ned for eac h

of the precedence classes. Imp ortan tly , the use of a mo di�ed S-Aloha c hannel for

the highest class user w as unsuitable as this class required guaran teed access with

a minim um dela y for call set-up. T o ac hiev e this the mapping of logical signalling

c hannels w as mo di�ed to assure the highest priorit y user has resources a v ailable

for access. The priorit y 2 user has a new access pro cedure that also separates its

accesses from lo w er priorit y classes 3 and 4. The alternativ e access and signalling

sc hemes ha v e b een sho wn to pro vide the services required.

This Chapter has addressed the in tegration issues for the LEOS-GSM system

with a fo cus on circuit switc hed services. The analysis has assumed the resources

are a v ailable on a v ariet y of TDMA carriers b et w een the LEOS and the mobile

user. This has not required detailed analysis of the net w ork resource a v ailabilit y

as the v oice circuits ha v e relativ ely long mean call durations and are easily c harac-

terised. Ho w ev er, the GSM net w ork has ev olv ed to pro vide pac k et data services in

conjunction with these circuit switc hed services. These services ha v e v ery di�eren t

c haracteristics that require particular service lev els. This will in tro duce signi�can t

c hallenges for an in tegrated net w ork suc h as the one prop osed here. As a result, an

in v estigation of the pro cedures for implemen ting these pac k ed-based services o v er

the LEOS net w ork is the sub ject of Chapter 4. Imp ortan tly the precedence classes

from this Chapter can b e utilised in the subsequen t net w ork.
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Chapter 4

Enhanced P ac k et Data Services

in the In tegrated Net w ork

This Chapter in v estigates additional demands to b e placed on in tegrated LEOS-

PCS systems as mobile user n um b ers increase and the requiremen ts for new more

bandwidth e�cien t services b egin to ev olv e.

The t yp e of in tegrated net w ork and the connection lev el services required for the

Defence en vironmen t ha v e b een discussed thoroughly in Chapter 3, where pro visions

ha v e b een in tro duced to handle precedence in the net w ork access pro cesses. The

next step in the ev olution of the LEOS-GSM net w ork is the in tro duction of pac k et

data services for mobile users. T o do this the dev elopmen ts in the cellular mobile

net w orks are signi�can t driv ers for this t yp e of tec hnology . Accordingly the General

P ac k et Radio Service (GPRS) whic h forms an imp ortan t part of the GSM phase 2+

is studied and discussed at the b eginning of this Chapter.

The migration of the in tegrated net w ork arc hitecture discussed in Chapter 3

to incorp orate the functionalit y of the new elemen ts of GPRS will b e discussed in

Section 4.1 including the main taining of service qualit y for circuit existing GSM

circuit switc hed v oice connections whic h is an imp ortan t requiremen t in the GSM

system. A new arc hitecture will b e de�ned that can pro vide equiv alen t services using

the LEOS net w ork. The ac hanges in the radio in terface are discussed in Section 4.2.

This enables some alternativ e net w orking pro cesses to b e studied to incorp orate

enhancemen ts to the system to pro vide suitable Grade of Service (GoS) and Qualit y

of Service (QoS) to the di�eren t tra�c classes in the Defence en vironmen t.

In Section 4.3 a v ariet y of resource allo cation sc hemes for wirless net w orks pro-

vide some bac kground on the researc h undertak en b y other researc hers in this area

and these pro vide an imp ortan t starting p oin t for in v estigating resource allo cation

issues o v er in tegrated LEOS-PCS net w orks. The implications these sc hemes for the
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in tegrated Defence arc hitecture are also discussed.

Section 4.4 de�nes the ev olving requiremen ts that will need to b e satis�ed and

consideres some of the Defence issues for these tra�c classes. The tra�c classes

that will b e used in the analysis of alternate resource allo cation sc hemes will also

b e discussed. The tra�c classes for the in tegrated pac k et data net w ork ha v e b een

c hosen as they represen t the ma jorit y of lik ely service requiremen ts to b e encoun tered

in the Defence en vironmen t.

Metho ds for pro viding suitable p erformance for eac h of the de�ned tra�c classes

b ecomes the ma jor issue faced in the in tegrated LEOS-GPRS net w ork. Some initial

in v estigations in to this sub ject b y the author w ere presen ted in [77 ]. QoS is a�ected

b y the access pro cedures and the lev els of resources allo cated to the connection.

Whereas GoS w as referred to as the call connection parameters, QoS is based on

the pac k et lev el p erformance. T o address this, alternate resource allo cation and

Connection Admission Con trol (CA C) pro cedures are in v estigated for the in tegrated

net w ork in Section 4.5.

General service p erformance requiremen ts are desired to b e close to the p erfor-

mance de�ned the GPRS service sp eci�cations. The call blo c king p erformance for

the in tegrated LEOS-GPRS net w ork will also b e impacted b y the new access and

allo cation pro cesses and is also discussed. W orks b y the author on this sub ject ha v e

b een presen ted in [78 ] and [79 ] whic h w ere some of the �rst pap ers to attempts in-

v estigate these issues in an in tegrated arc hitecture. These results together with new

material are presen ted in Section 4.7 where all p erformance ev aluations of alternate

resource allo cation sc hemes are discussed.

The discussion of QoS for user transmissions fo cusses on the pac k et-lev el p erfor-

mance measures suc h as a v erage transmission dela ys for data. The GoS issues ha v e

b een discussed thoroughly in Chapter 3 and this is con tin ued in Section 4.7 fo cussing

on the call blo c king p erformance of individual tra�c classes (rather than the user

precedence issues). This highligh ts the synergy with Chapter 3, where enhanced

GoS for the circuit switc hed user classes can still b e incorp orated in the pac k et data

net w ork. The com bination of a v ariet y of user class requiremen ts and a n um b er of

tra�c t yp e service requiremen ts for Defence users in tro duces an in teresting trade-o�

for the in tegrated net w ork, b et w een the requiremen t for maximising the utilisation

of a v ailable bandwidth and pro viding users with guaran teed services.

Mo delling and comparison of alternate CA C and resource allo cation sc hemes has

b een p erformed using the new tra�c classes. The service p erformance is in v estigated

under a v ariet y of tra�c loading conditions. V arious load conditions ha v e b een

iden ti�ed as imp ortan t for the net w ork to handle e�ectiv ely . The impacts of c hanges
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in these loads is presen ted in Subsection 4.7.4. This includes cases where requests

for new services from some classes increase signi�can tly during particular ev en ts in

a Defence op eration. The implications for these services will b e discussed as these

ha v e signi�can t b earing on the c hoice of resource allo cation pro cesses.

4.1 Arc hitecture Migration

The addition of pac k et-switc hed services to the in tegrated LEOS-GSM net w ork dis-

cussed in the previous Chapter is necessary to pro vide more 
exible use of the

a v ailable satellite bandwidth. It is essen tial in the con text of this thesis b ecause it

facilitates the transfer of:

� In termitten t burst y transmissions

� F requen t transmission of small v olumes of data

� Infrequen t transmission of large v olumes of data

These forms of data transfer can easily b e asso ciated with a v ariet y of applications

suc h as: in teractiv e data services, W orld Wide W eb (WWW) t yp e applications,

messaging, large �le transfers, �le v eri�cation pro cesses and ev en con v ersational (or

pac k etised v oice) data.

Pro visions for data services in the LEOS-GSM net w ork are minimal (lo w rate

circuit switc hed service) and cannot supp ort the wide range of data applications that

are b ecoming more eviden t for mobile, on-the-mo v e users. In the terrestrial-mobile

arena, pac k et-switc hed services are b eing in tro duced [80 ][81 ]. Due to the maturit y of

GSM, it seems most suitable to fo cus on the use of GSM again to further ev olv e the

arc hitecture from Chapter 3. The General P ac k et Radio Service (GPRS) has b een

in tro duced brie
y in Subsection 2.1.1 and its features and p erformance relev an t to

the connection admission con trol and resource allo cation pro cesses will b e describ ed

in more detail in the follo wing sections.

4.1.1 The General P ac k et Radio Service

The GPRS pro vides the necessary net w orking functions to transp ort pac k et data

in a cellular mobile en vironmen t. A go o d o v erview of the GPRS system can b e

found in [82 ]. It enables users in external pac k et data net w orks to in terop erate with

cellular users. T yp es of services de�ned in [1] include b oth P oin t-T o-P oin t (PTP)

and P oin t-T o-Multip oin t (PTM) connections. As a subset of the PTM services, data
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transfers can b e directed to mobile user groups or alternativ ely to users within a

particular service area. This has p oten tial use in the Defence en vironmen t where

users can b e recipien ts of messages based on either their role or rank or their area

of op erations.

F our pac k et service data services ha v e b een sp eci�ed for GPRS [1] and are sho wn

in T able 4.1.

A ttributes P arameters V alues

User Data

Through-

put

Maxim um bit rate

negotiable

Mean bit rate nego-

tiable

QoS Class

(T ransfer

Dela y and

Priorit y)

P ac k et Size 128 o ctets 1024 o ctets

Service Classes Mean

T ransfer

Dela y(s)

95% de-

la y

Mean

T ransfer

Dela y(s)

95% de-

la y

1. Predictiv e 0.5 1.5 2 7

2. Predictiv e 5 25 15 75

3. Predictiv e 50 250 75 375

4. Best E�ort Unsp eci�ed

T able 4.1: GPRS P ac k et Data Services, tak en from [1].

These are p erformance measures that set the p erformance b ounds for the cellu-

lar system and include access and sc heduling dela ys and all net w ork dela ys. The

maxim um bit rate negotiable represen ts the maxim um bit rate that can b e o�ered

to a user. The mean bit rate tak es in to accoun t the burst y nature of the tra�c and

is the a v erage o v er the completion of the data transmission.

4.1.2 Net w ork Con�guration

F or the GPRS services, a v ariet y of T erminal Equipmen ts (TEs) can b e used as the

MS. These can include P ersonal Data Assistan t (PD A) devices, notepad computers,

etc. These of course will ev olv e o v er time as applications dev elop. The GPRS
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net w ork con�guration has b een discussed in the Subsection 2.1.1, with elemen ts

of the net w ork suc h as the SSGN, GGSN and GPRS registers b eing in tro duced.

These are necessary elemen ts for the pac k et net w ork to manage the accesses, pac k et

routing, mobilit y and radio resources. A logical con�guration of the GPRS net w ork

including in terface nomenclature is sho wn in Figure 4.1, whic h is tak en from [37 ].

Figure 4.1: Logical Con�guration and Connectivit y of GPRS Net w ork Elemen ts.

The dedicated signalling in terfaces facilitate the in teractions b et w een the net w ork

elemen ts to co ordinate the net w ork pro cesses. These are p eripheral to the issues of

tra�c class p erformance as the biggest lim tation to the system p erformance is the

radio ( U

m

) in terface. The user and signalling in terfaces indicated transfer b oth the

user tra�c and net w ork signalling. The A-in terface, b et w een the MSC and Base

Station Subsystem (BSS) carries the GSM v oice and GSM signalling tra�c. The

GPRS Mobile Switc hing Cen tre (GMSC) is used for Short Message Services o v er

the GPRS net w ork. The Mobile Application P art (MAP) signalling paths are used

for the mobilit y managemen t sp eci�c functions and will not b e discussed further in

this thesis.

4.1.3 Co v erage and Mobilit y

Mobilit y managemen t in GPRS is similar in most resp ects to mobilit y managemen t

in the GSM system. A signi�can t di�erence b et w een the t w o is in the mec hanisms
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GPRS uses to reduce the paging dela ys to impro v e the data service p erformance.

As dela ys need to b e minimised, the establishmen t and main tenance of pac k et data

con texts b et w een end-terminals m ust b e managed appropriately . The frequen t up-

dating of MS p osition requires relativ ely frequen t signalling up dates to and from

the MSs to reduce dela ys. This is not necessary for mobile stations op erating in a

state where services are curren tly inactiv e. Hence, in some circumstances the o ccur-

rences of these signalling pro cesses can b e reduced. The con text managemen t for the

GPRS net w ork is managed b y the Gatew a y GPRS Supp ort No de (GGSN) via the

Serving GPRS Supp ort No de (SGSN) whic h acts as a routing p oin t for the net w ork.

This in teracts with the SGSN to manage the lo cation up dating of the GPRS mobile

terminals. A GSM Lo cation Area (LA) is de�ned b y an administrativ e region of a

MSC. This consists of groups of cells and the asso ciated base station infrastructure.

The LA is divided in to a n um b er of GPRS routing areas. A Routing Area (RA) is

the area or cells where the MS con text can remain unc hanged.

F or the reasons discussed, it is desirable for the GPRS routing area to b e of

a larger size than the original GSM cells hence this is done using the SGSN. An

example of a p ossible GSM cell compared to the GPRS RA can b e seen in Figure

4.2.

Figure 4.2: GPRS Routing Area Ov erlaid on GSM Cells.

In Figure 4.2, users within a routing area main tain the routing con text to the

asso ciated GGSN, whic h can b e ac hiev ed using a n um b er of (and p oten tially man y

o v er the connection duration) base transceiv er stations. These BTSs main tain the

radio links for the existing GSM cells. As discussed, mobilit y managemen t is accom-

plished b et w een the MS and its asso ciated SGSN. There are a n um b er of scenarios

for c hanges in con text of the mobile station logical links. These include the cases
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where a c hange in RA o ccurs and the new RA assigned has the same SGSN, this

is referred to as an in tra-SGSN RA up date. The other case is when RA c hange

also requires a c hange in SGSN, referred to as an in ter-SGSN RA up date. Detailed

information on these pro cesses can b e found in [37 ].

P erforming accurate lo cation up dating in v olv es a proliferation of signalling pro-

cesses and prcedures. T o compromise b et w een accurate lo cation information and

the n um b er of signalling pro cesses, the routing up date pro cedures for GPRS ha v e

b een made dep enden t on the op erational state of the MS. In order to reduce the

amoun t of signalling and routing pro cesses for GPRS the MS has three di�eren t

states that require di�eren t degrees of mobilit y managemen t. These are referred to

as the Idle, Standb y and Ready states. Dep ending on the state of the MS it can

transmit and receiv e com binations of P oin t-T o-P oin t (PTP) or P oin t-T o-Multip oin t

(PTM) services. These are describ ed in T able 4.2.

Mobile Sta-

tion State

Description

Idle There is no mobilit y managemen t pro cess. The MS

cannot receiv e an y PTP (including PTP , and PTP-

Group) data service but can receiv e PTM services.

Standb y The MS selects and up dates the GPRS routing area.

The pac k et data con text can b e activ ated and deac-

tiv ated in this state. The MS can receiv e data mes-

sages of the PTP , and PTM-Group (PTM-G) when

a con text is activ ated.

Ready The MS p erforms mobilit y managemen t pro cedures

with the GSM/GPRS cell (ph ysical cell). The MS

can send and receiv e PTP , PTM and PTP-G services.

The MS remains in this state un til a timer expires or

the transfer is complete.

T able 4.2: Mobile Station Mobilit y Managemen t States.

The transitions b et w een di�eren t MS mobilit y managemen t states can b e seen

in Figure 4.3.

The transition from the IDLE to the READ Y state uses a GPRS attac h pro cess.

In a GPRS attac h, the MS requests a logical link for establishing a PDP con text

80



Figure 4.3: Mobile Station State T ransitions for Mobilit y Managemen t.

with a SGSN. T ransition from the READ Y state can o ccur when a timeout o ccurs

or the transmission is completed. When transmission is completed, a GPRS detac h

pro cess is used where the MS requests the con text b e deleted. When the timeout

o ccurs the MS transitions to the standb y state (where it can receiv e PTP and PTM-

G messages). T ransition from the ST ANDBY state can o ccur when the MS is ready

to transmit data. In this case the P ac k et Data Unit (PDU) transmission enables

transfer in to the READ Y state. After a timeout from the ST ANDBY state, the MS

transfers to the IDLE state (where all con texts are deleted).

Using these states the net w ork reduces the p oten tial signalling loads for pro vid-

ing mobilit y managemen t to inactiv e end terminals. It also reduces the requiremen ts

for in teractions with mobile stations whic h reduces the p o w er requiremen ts of the

terminals. This is an imp ortan t function for all mobile terminals and this is partic-

ularly true for Defence users, where c harging equipmen t and additional batteries is

highly undesirable.

4.1.4 Addressing

The MS m ust establish a con text with the GGSN and the external net w ork. A

P ac k et Data Proto col (PDP) address can b e temp orarily or p ermanen tly asso ciated

with a particular MS. This will conform with the addressing sc heme used in the

t yp e of net w ork b eing attac hed to. The SGSN and GGSN ha v e pro cedures to allo w

dynamic PDP con texts b y encrypting the signalling pro cess. This pro cess is outlined
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in the signalling 
o w diagram in Figure 4.4.

Figure 4.4: Con text Activ ation Pro cesses.

The PDP con text request con tains the information related to the PDP t yp e,

address, service class and QoS requiremen ts. The BSC determines if the QoS can

b e pro vided giv en the curren t load conditions. This can b e a negotiable �gure under

loaded or stressed conditions.

4.2 Radio In terface for GPRS

The radio in terface of the GPRS net w ork incorp orates b oth the ph ysical link la y er

and the data link la y er comp onen ts. Using the GPRS service requires that additional

net w ork functionalit y b e included to e�ectiv ely cater for the data services. The radio

in terface needs to facilitate:

� GPRS Channel Allo cation Pro cedures

� Congestion Con trol

� Monitoring of GPRS utilisation

� Distribution of ph ysical c hannel con�guration and a v ailabilities in cells

F or these reasons the radio in terface and the metho ds used to pro vide the new

services are of particular in terest for p ossible future Defence applications. The

requiremen ts for a range of services ha v e b een discussed in Chapter 2 and the in-

corp oration of precedence has b een in v estigated in Chapter 3. This Chapter no w

fo cusses on p erformance of individual tra�c 
o ws. It is particularly imp ortan t to

analyse the impacts of di�eren t resource allo cation metho ds applied to the radio
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in terface. The arc hitecture that has b een in tro duced requires sp eci�c capabilities

in the radio in terface to pro vide pac k et services. It is en visaged these will pro vide

some of the capabilit y required for the Defence en vironmen t, but some pro cedures

ma y not b e suitable. Previous researc h in this area also requires discussion.

It is considered imp ortan t to in tro duce some of the functionalit y pro vided b y

the GPRS services b efore making attempts to discuss v ariations to these pro cesses.

Some detail will no w b e pro vided of the GPRS pro cesses b efore a surv ey of some

related w orks in the area and mo delling of some alternativ e pro cesses is p erformed.

4.2.1 La y ered In terfaces

Ph ysical resources are dedicated to GPRS services on a dynamic, capacit y-on-

demand basis [83]. Ph ysical c hannels allo cated for GPRS tra�c are referred to

as P ac k et Data CHannels (PDCHs). In resp onse to c hannel loads and request lev-

els, PDCHs can b e allo cated or deallo cated but this pro cess m ust minimise this

impacts to existing GSM subscrib ers. MSs that are attac hed to a SGSN use this

c hannel(s) to listen to pac k et-service common logical c hannels that are used to man-

age the net w ork tra�c. Information ab out the existence of PDCHs is broadcast on

the GSM Broadcast Con trol CHannel (BCCH). The use of these logical c hannels for

GPRS will b e discussed in Subsection 4.2.2.

The GPRS radio in terface can b e view ed as a hierarc h y of logical la y ers in m uc h

the same w a y as the GSM system. A functional stac k of these la y ers for the GPRS

net w ork can b e seen in Figure 4.5 tak en from [84 ].

Figure 4.5: GPRS MS-Net w ork T ransmission Planes.

The Ph ysical la y er(s), the Radio F requency (RF) and Link la y ers, enable the
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radio transmission to b e undertak en and the p erformance monitored. The detec-

tion of errors in receiv ed pac k ets and the pro cesses to reco v er from pac k et errors

are also p erformed in this la y er. As p erformance of the ph ysical la y er is designed

sp eci�cally for the cellular mobile system, detailed discussion of this is not essen tial

for consideration in an in tegrated satellite net w ork as this will ha v e its o wn ph ysical

la y er pro cesses. The higher la y ers including the Medium Access Con trol (MA C),

Radio Link Con trol (RLC) and Logical Link Con trol (LLC) are more in
uen tial

in determining the relativ e QoS p erformance of di�eren t tra�c classes. These will

b e discussed in the follo wing sections. The Sub-Net w ork Dep endence Con v ergence

Proto col (SNDCP) pro vides an in terface b et w een the di�eren t net w ork la y ers of

external net w orks (e.g. IP , X.25) and the GPRS signalling.

4.2.2 Radio Resource Managemen t in GPRS

Higher la y er functions are necessary to pro vide suitable load sup ervision and pro-

cedures for ensuring QoS guaran tees for eac h tra�c class are met. These functions

are managed from the Base Station Subsystem (BSS) in the GPRS net w ork. These

include b oth the BTS and BSC comp onen ts of the net w ork. T o p erform the pac k et

switc hing functions, P ac k et Con trol Units (PCUs) are used. These can b e placed

in a n um b er of elemen ts of the net w ork. These lo cations can b e seen in Figure 4.6.

Channel Co dec Units (CCUs) p erform c hannel co ding, forw ard error correction and

in terlea ving, and measuremen ts on receiv ed signal qualit y .

Figure 4.6: GPRS P ac k et Con trol Unit Lo cations.

The PCUs are used to rela y imp ortan t signalling functions p erformed in the
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Medium Access Con trol (MA C) and Radio Link Con trol (RLC) la y ers. Radio re-

source allo cation is initiated b y a pac k et assignmen t request when a pac k et switc hed

connection is required. It is these functions that are crucial to the pro vision of ser-

vices in an y p ossible Defence in tegrated net w ork and the pro cesses to ac hiev e this

will b e the fo cus for this Chapter.

The BSC can allo cate a PCU to a \virtual" circuit pro vided adequate resources

are a v ailable o v er the radio in terface. This is arbitrated in the MA C la y er whic h

enables m ultiple MSs to share the common transmission medium. Within the MA C

pro cess a Connection Admission Con trol (CA C) pro cess is used. This in v olv es a set

of rules go v erning the new admissions for pac k et data transfers. These are enforced

b y regulating the bandwidth allo cated to users according to their negotiated service

guaran tees. The MA C la y er also p erforms the m ultiplexing of data and signalling

in the up- and do wn-links including collision detection and reco v ery . The MA C

enables pro vision for priorit y in the handling of pac k et data access attempts. The

MA C ob eys the capacit y on demand principle for QoS measures and meets the

requiremen ts for the GSM circuit switc hed services �rst. Eac h of these roles mak es

the MA C la y er particularly imp ortan t for further in v estigation.

The Radio Link Con trol (RLC) la y er pro vides the reliable link b et w een the MS

and the BSC. It p erforms the segmen tation and reassem bly (encapsulation pro cess)

of the Logical Link Con trol (LLC) data blo c ks in to RLC frames for the MA C la y er

[85 ]. It is the RLC's role to co ordinate bac kw ard error correction and retransmissions

using a suitable Automatic Rep eat reQuest (AR Q) sc heme.

The LLC has main tained from the GSM system its asso ciation with the HDLC

proto col. This is adv an tageous for this in v estigation as the application of a mo d-

i�ed v ersion of HDLC has b een p erformed in Chapter 2. Hence, this can still b e

emplo y ed fully to in tegrate the GPRS net w ork with a LEOS net w ork. This means

call set-up dela ys asso ciated with the establishmen t of circuit switc hed services will

b e una�ected.

T o in v estigate the p erformance of an in tegrated LEOS-GPRS net w ork kno wledge

of the mec hanisms and m ultiplexing pro cesses need to b e studied further. Subsec-

tion 4.2.3 pro vides some additional detail on this including the use of the a v ailable

c hannel resources and the co ding mec hanisms in GPRS. Logical c hannels for GPRS

are de�ned and are essen tial for the understanding of t yp es of c hannel allo cation

pro cesses that can b e implemen ted. The access pro cedures and a v ailable tra�c

c hannels are of most in terest and will also b e discussed in Subsection 4.2.3.
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4.2.3 Logical Channel Use in GPRS

As discussed in Section 3.4, GSM maps logical c hannels in to the TDMA frame

structure to facilitate the e�cien t use of the radio resources, whilst main taining a

su�cien t degree of con trol o v er the net w ork. The GPRS net w ork uses the PDCH to

represen t sp eci�c ph ysical c hannels for the pac k et data comp onen t of the GSM Phase

2+ net w ork. Some of the logical c hannels for GPRS are analogous to the GSM logical

c hannels in b oth their naming and their purp ose. As is the case in GSM, most exist

only in the MS do wnlink whilst a single P ac k et Random Access CHannel (PRA CH)

is used in the MS uplink. A P ac k et Common Con trol CHannel (PCCCH) consists

of the PRA CH, the P ac k et P aging CHannel (PPCH) and the P ac k et Access Gran t

CHannel (P A GCH) and a P ac k et Noti�cation CHannel (PNCH). Eac h of these is

primarily asso ciated with the initiation of pac k et data connections. If no PCCCH

has b een allo cated the common con trol c hannels for circuit switc hed services can b e

used for this purp ose. The PCCCH can also b e used for circuit switc hed op erations

[86 ]. The logical c hannels for the pac k et switc hed net w ork are summarised in T able

4.3.

In the same manner as the GSM system, a sequence of 52 TDMA frames represen t

a m ultiframe. Messages on the logical c hannels are sen t based on the mapping of

the logical pac k et tra�c c hannels on to a PDCH. As in the GSM system the uplink

and do wnlink MS c hannels frame sequences are o�set b y three burst p erio ds. An

imp ortan t di�erence b et w een the circuit and pac k et switc hed net w orks is that the

pac k et net w ork requires no symmetrical c hannels to b e allo cated in the MS up- and

do wn-links.

The m ultiframe is divided in to 12 blo c ks with eac h blo c k four frames long. A

blo c k allo cated to a single logical c hannel comprises one Radio Link Con trol (RLC)

blo c k. The only c hannel to di�er from this is the PRA CH where four access bursts

can o ccur in a RLC blo c k in the MS uplink. Of the four remaining frames, t w o are

idle and t w o are used for the pac k et timing adv ance con trol (PTCCH). This can b e

seen in Figure 4.7 tak en from [85].

The m ultiplexing of logical c hannels in the GPRS system is signi�can tly more

complex than for the GSM system. This is a result of adding the capabilit y for

m ultiplexing to mak e 
exible use of the a v ailable system bandwidth. As suc h, the

allo cation of the logical tra�c c hannels is p erformed based on c hannel loads rather

than prede�ned structures. The detailed descriptions of the algorithms for the m ul-

tiplexing of these c hannels can b e found in [86 ]. This pro vides details for mapping

all of the common c hannels. F urther discussion of this here is not desired as this
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Name Description

PRA CH P ac k et Random Access CHannel is used to pro vide initial access to

the GPRS system. It also enables resp onse to paging messages.

PDTCH P ac k et Data T ra�c CHannel is the b earer of data tra�c 
o ws. This

can b e allo cated to a single user or for man y users in the case of

m ulticast or group transmission.

P A CCH P ac k et Asso ciated Con trol CHannel is used as the directly asso ci-

ated con trol c hannel for its PDTCH that has b een allo cated to a

MS. This enables signalling suc h as p o w er con trol, resource allo ca-

tion and timing corrections to b e p erformed.

PPCH P ac k et P aging CHannel is used to notify MS of imp ending data

transfers. It can b e used to notify of b oth circuit switc hed and

pac k et switc hed services dep ending on the MS capabilities.

PNCH P ac k et Noti�cation CHannel is used to notify a MS of incoming

m ulticast or group call messages

P A GCH P ac k et Access Gran t CHannel enables noti�cation of resource al-

lo cation to b e sen t to a MS transmission. It can also b e used to

notify a MS of pac k et do wnlink allo cations.

PBCCH P ac k et Broadcast Con trol CHannel sends pac k et data system in-

formation to all subscrib ers. If no PBCCH is allo cated the GSM

BCCH can b e used for this role.

PTCCH P ac k et Timing Adv ance CHannel is used to assist the frame syn-

c hronisation pro cess.

T able 4.3: Summary of GSM Asso ciated Con trol Channels.

in v estigation is primarily fo cussing on the di�eren tial services that can b e pro vided

and hence more sp eci�c information on the c hannel mapping is not essen tial in this

Chapter. As the logical c hannels are only required on one of the ph ysical carriers

it is p ossible to fo cus on the p erformance for tra�c classes using a single ph ysical

c hannel (PDCH) for the allo cated tra�c c hannels.

A t the lo w est lev el, pac k et structures remain the same, conforming to the GSM

burst structures. F or the data service the RLC blo c k consists of 192 bits. Remo ving

co ding at the MS results in 240 bits and 4 tail bits. This is then con v olutionally

co ded for impro v ed F orw ard Error Correction (FEC) and then punctured to pro duce

a pa yload that is 456 bits long or four normal burst pa yloads (i.e. 4 � 2 � 57). This
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Figure 4.7: GPRS Multiframe.

is depicted in Figure 4.8.

Figure 4.8: Data Blo c k Generation.

These 456 bit blo c ks no w represen t one of the RLC blo c ks that w ere sho wn in

Figure 4.7. T reatmen t of the data transmission in blo c ks enables b etter pro cesses for

FEC to minimise the amoun t error reco v ery to b e p erformed, with less requiremen ts

for costly retransmissions of data pac k ets. Whilst this additional protection and

encryption reduces the e�ectiv e data throughput this has more imp ortan t b ene�ts

for the Defence en vironmen t as these t yp es of services are not curren tly a v ailable to

the small p ortable terminals.

F our consecutiv e bursts in a particular Timeslot Num b er (TN) enables an RLC

blo c k to b e transmitted. In the MS do wnlink, the �rst blo c k in the m ultiframe

is used as the PBCCH. Other blo c ks can b e used for P A GCH, PPCH, PDTCH or

P A CCH c hannels. In the MS uplink all blo c ks can b e used as PRA CHs, PDTCHs or

P A CCHs. The use of di�eren t mapping pro cesses of the logical c hannels is broadcast
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on the PBCCH.

An Uplink State Flag (USF) is sen t on the do wnlink to indicate that the PRA CH

in the corresp onding uplink is a v ailable. This enables m ultiplexing of RLC uplink

blo c ks from a n um b er of di�eren t MSs [87 ]. By co ding the three bit �eld eigh t MSs

can b e accommo dated p er PDCH.

These pro cesses are an imp ortan t part of the resource allo cation pro cess. Man y

di�eren t approac hes for the cellular mobile systems ha v e b een prop osed to do this

and these will b e in tro duced in Section 4.3.

4.2.4 P ac k et Random Access Channel

The pac k et random access c hannel (PRA CH) has an additional function to request

one of the negotiated pac k et data service lev els. This is nominally referred to a pri-

orit y in the GSM standards but should not b e confused with the precedence classes

from Chapter 2. The PRA CH can also b e used to request circuit switc hed v oice

services i.e. a F ull-rate T ra�c CHannel (TCH/F) or a Half rate T ra�c CHannel

(TCH/H). F or the data services, the amoun t of required resource is kno wn at the

p oin t of c hannel request. This is also included in the PRA CH burst. The �elds of

the PRA CH access bursts can b e seen in T able 4.4, tak en from [87 ].

Information

Field

V alues

T yp e of Channel

Requested

PDTCH, SDCCH, TCH/F, TCH/H or TCH/F

or reserv e for future use

Priorit y Requested QoS pro�le

Requested

Channel Co ding

based on connection t yp e requested

Num b er of radio

blo c ks required

A t ypical n um b er of required blo c ks is requested

Multislot class Reduced set of m ultislot classes

Random V alue Co ding the remaining bits

T able 4.4: Fields of P ac k et Channel Request.

The m ultislot class men tioned in T able 4.4 has not b een discussed to this p oin t.

A v ariet y of terminal equipmen t is exp ected to b e able to access the GPRS net w ork.

These can b e in an y of the forms discussed in Chapter 1, suc h as p ersonal data
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assistan ts, or small computer terminals with a pac k et enabled cellular phone. T o

supp ort the div erse range of terminals, pro visions ha v e b een made in the standard-

isation pro cess to cater for terminals that ma y require sim ultaneous v oice and data

services, or that ma y b e capable of using a m ultiplicit y of allo cated slots. This again

raises some p oten tially imp ortan t Defence related issues. F or example, this has the

p oten tial to cater for in teractiv e white-b oard t yp e applications (using data services)

and in teractiv e or m ulti-part y v oice circuits in the �eld.

The PRA CH pro vides the initial access to the in tegrated net w ork. T o enhance

the p erformance of pac k et data services in the in tegrated net w ork it is essen tial to

in v estigate alternativ e approac hes to app ortioning bandwidth to di�eren t classes of

tra�c. This is an instance of the common resource allo cation problem faced in

all net w orks but particularly for wireless and satellite net w orks, hence a signi�can t

amoun t of related researc h exists in this area. Section 4.3 surv eys some of the

metho ds prop osed for in tegrating v oice and data tra�c and this will b e used as a

basis for in v estigating resource allo cation sc hemes for the in tegrated LEOS-GPRS

net w ork.

4.3 Resource Allo cation in Wireless Net w orks

The resource allo cation sc heme in the MA C la y er enables data and v oice services to

mak e more e�cien t use of the a v ailable bandwidth. Dela ys asso ciated with connec-

tion establishmen t and �xed allo cation of bandwidth to circuit-v oice services limit

bandwidth utilisation. These are legacies of telephon y net w orks in the past where

tra�c loads w ere lo w er and services w ere all �xed. These approac hes ha v e ev olv ed

with the explosion of data services originating in �xed net w orks that ha v e migrated

to the mobile-wireless domain. This ev olution has included a shift from the tradi-

tional resource allo cation pro cesses to cater for the data service requiremen ts. Most

h ybrid v oice and data resource allo cation tec hniques enable pre-emption of data

services for v oice connections [88 ]. In some cases this can b e deemed unacceptable,

particularly in Defence op erations where particular data services can con tain more

military v alue than a v oice connection. This creates an in teresting problem for engi-

neers attempting to optimise the sc heduling and resource allo cation pro cesses. This

problem in v olv es de�ning the v alue(s) of information and more sp eci�cally , the v alue

of di�eren t t yp es of information.

The b ounds for setting the system p erformance are often unclear and p o orly

de�ned. Also, dep ending on the scenario, classes of information will ha v e di�eren t

v alues [56 ]. Signi�can t literature exists on this v ery broad area. Ho w ev er a few
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publications ha v e fo cussed on the resource allo cation in wireless net w orks in general

[89 ][90][91 ]. Some of these also ha v e particular relev ance to satellite net w orks where

the additional propagation dela ys do not sev erely degrade the sc hemes' p erformance.

A mo v able b oundary sc heme has b een prop osed in [89]. Here, b oundaries are

used to reserv e a �xed prop ortion of the a v ailable resources for v oice (circuit switc hed)

and data (pac k et switc hed) services. A �xed b oundary shields some resource from

use b y the v oice circuits. A sample of the frame structure for this sc heme can b e

seen in Figure 4.9, tak en from [89 ].

Figure 4.9: F rame Allo cation Structure of a Mo v able Boundary Sc heme.

The mo v able b oundary sc heme allo ws v oice circuits to hold a c hannel for a �xed

p erio d whilst data is more lik ely to b e sp oradic in nature. This is done b y allo cating

a timeslot in the frame structure as is done in GSM. This w as discussed in Chapter

2. F or this reason a com bination of t w o c hannel access proto cols is applied in [89]. A

reserv ation sc heme is used for v oice tra�c and a Pure-Reserv ation Non-In terlea v ed-

F rame Fixed Length proto col (PR-NIFFL) that is referred to as Wireless In tegrated

Multiple Access (WIMA) is used for admitting data tra�c. Alternativ e v ersions of

these proto cols using non-�xed length frames can b e found in [92 ]. An analysis of

the WIMA sc heme using b oth �xed and mo v able b oundaries rev ealed that impro v ed

p erformance can b e ac hiev ed in terms of v oice call blo c king and a v erage data pac k et

dela ys using the mo v able b oundary sc heme [89]. Imp ortan tly a parameter ( V

max

)

for setting the b oundary conditions for the maxim um n um b er of v oice calls w as

iden ti�ed as signi�can t in in
uencing the tradeo� b et w een the v oice call blo c king

and the pac k et data dela ys. F or the prop osed tra�c classes in an in tegrated LEOS-

GPRS net w ork the application of measures of imp ortance will c hange and the use

of V

max

is probable inappropriate for all scenarios. The additional tra�c classes
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prop osed add signi�can t complexit y to this approac h, with p ossibly sev eral mo v able

b oundaries required. This mak es �nding suitable n umerical p erformance estimates

for an in tegrated net w ork di�cult.

The reserv ation pro cesses undertak en in wireless net w orks v ary signi�can tly .

Tw o-stage reserv ation pro cesses com bine access and c hannel allo cation pro cesses

in the reserv ation cycle. Three-stage reserv ation pro cesses require separate stages

for access, c hannel allo cation and reserv ation pro cesses [90]. An example of a t w o-

stage sc heme is the P ac k et Reserv ation Multiple Access (PRMA) sc heme [93 ] of

whic h man y v arian ts ha v e b een dev elop ed [94][95 ][96]. The three-stage reserv a-

tion sc hemes ha v e separate random access timeslots allo cated that ensure access

attempts can b e sustained ev en under hea vy c hannel use. Whilst this sc heme do es

in tro duce some o v erheads it has receiv ed considerable atten tion. The frame struc-

ture discussed for the in tegrated LEOS-GPRS system uses suc h a sc heme where the

PRA CH is a v ailable for reserv ation requests. This is a legacy of the GSM RA CH

pro cess that used the same principle. Another v ariation of the three stage tec hnique

commonly referred to is the Adv anced TDMA (A TDMA) sc heme [97 ].

In the PRMA case, a con ten tion pro cess is used to initially reserv e a timeslot in a

frame. Once this is done successfully , the timeslot in subsequen t frames is considered

reserv ed for that user. A disadv an tage of this t yp e of sc heme can b e seen under

sev ere loads where access pro cesses cannot b e assured as most, if not all timeslots

are in use for transp orting tra�c. In tegration of sp eec h and data transmission has

b een considered b y W ong and Go o dman in [98]. This sc heme allo ws data service

reserv ation of a timeslot under p erformance b ounds for v oice priorit y . This ensures

v oice circuit allo cations can remain whilst data services can reserv e the un used slots.

Ac kno wledgemen ts are con tained in con trol information on the do wnlink, notifying

users of successful reserv ation. This sc heme will still inherit the same limitations of

the PRMA sc heme.

A similar approac h is prop osed b y Chen, Y oshida and Murata [91 ] where timeslot

allo cation for data services uses v acan t slots. This pap er also prop oses partitioning

ph ysical carriers, and those with higher carrier to in terference ratios pre-selected for

pro viding b etter p erformance to data services. Whilst e�ects of FEC can reduce the

error p erformance, selection of the b etter ph ysical c hannels can enable b etter utili-

sation of the c hannels b y a�ording reductions in FEC and increases in throughput.

T ec hniques to implemen t this t yp e of sc heme will not b e considered here as they

w ould further complicate some of the allo cation sc hemes where sev eral more tra�c

classes exist. But it is ac kno wledged that this should b e a strong consideration in the

implemen tation of an y wireless in tegrated v oice data net w ork. F urther adv an tages
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of this t yp e of approac h can also b e seen in [99] whicj sho ws that c hannel selection

can also b e used to for reducing hando v er failures, whic h are extremely imp ortan t,

particularly in LEOS net w orks.

F an tacci and Inno cen ti [96 ] prop osed a mo di�ed PRMA sc heme where the v oice

connections ha v e access pro cesses similar to the original PRMA sc heme. All users

ha v e a unique iden ti�er sequence that is used at initiation when sending the v oice or

data request. In the con ten tion pro cess data users, that can tolerate some dela y , ha v e

their unique iden ti�er placed in a queue. Ac kno wledgemen t of this places the sending

terminal in a holding state, w aiting for a message from the net w ork of resources

b eing allo cated. Once reac hing the fron t of the queue, an idle slot or slots can b e

allo cated. A similar approac h is discussed b y Qi and W ei [95 ]. Whilst this fo cusses

on micro cellular systems using a slot-stealing mec hanism, alternativ e metho ds of

a v oiding long queueing dela ys should b e considered. These t yp es of sc hemes enable

b etter use of the a v ailable resources whic h is eviden t in their sim ulation results

for b oth connection dropping and throughput. Whilst this treats t w o classes of the

tra�c separately , v arian ts of this t yp e of approac h can b e considered for the situation

where more service classes are necessary , as is the case for the GPRS system.

Another problem that exists o v er and ab o v e these approac hes to resource allo-

cation in the Defence en vironmen t is the requiremen t for the de�ning of tra�c in

terms of its information v alue. Mec hanisms to pre-empt tra�c that lies in the same

class is not a requiremen t in commercial net w orks but is p oten tially critical in the

Defence en vironmen t.

Muc h of the researc h in tro duced in this section has signi�can t relev ance to the

resource allo cation pro cesses that need to b e considered in an in tegrated cellular-

satellite system. The impacts to tra�c class p erformance of the resulting systems

will b e discussed in Section 4.5 and Section 4.6 where alternate resource allo cation

sc hemes will b e in tro duced and the p erformance mo delled. Some of the more recen t

dev elopmen ts in this area suc h as ev olution of PRMA to Adv anced TDMA (A T-

DMA) approac hes will b e discussed in Chapter 5 with a view to further w ork in this

area.

4.3.1 Resource Allo cation in GPRS

As discussed previously in Subsection 4.2.2, resource allo cation in GPRS o ccurs

within the MA C la y er, where a v ailable resources are allo cated for tra�c use. A

n um b er of options for the resource allo cation pro cess in GPRS w as originally b eing

prop osed and these ha v e b een discussed in [100 ]. These options ha v e included v er-
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sions of reserv ation Aloha and PRMA sc hemes suc h as the ones in [101 ] and [102 ]

where initial access is a con ten tion pro cess follo w ed b y GSM signalling pro cedures

and �nally resource allo cation and transmission. In [102 ] a static c hannel assign-

men t is prop osed for GPRS services, where a dedicated ph ysical c hannel is a v ailable

for use b y data terminals. Sev eral other prop osals use a dynamic c hannel-stealing

approac h [100 ] whic h will b e discussed shortly . As explained in Chapter 3, Subsec-

tion 3.6.4 the stealing bits in the normal GSM burst are used in a di�eren t role to

indicate the status of data transmission (i.e. is the transmission complete, or is it

ongoing?). The stealing bits ha v e b een renamed with the MS do wnlink bit b eing

called a \busy/idle" indicator and the \more" indicator bit in the MS uplink.

Muc h of this early w ork did not consider the wide range of MS classes that ma y

exist. These classes range from the most basic mobile stations with the generic

GPRS capabilit y to stations capable of ha ving m ultiple-slot allo cations. Multi-slot

allo cation sc hemes enable allo cations to connections to b e increased when bandwidth

is a v ailable. An example of this is the V ariable Rate Reserv ation Access (VRRA)

tec hnique whic h has b een prop osed for the GSM system [88].

Another prop osal is an Inhibit Sense Multiple Access with P olling (ISMA/P)

sc heme whic h is a v arian t of the Carrier Sense Multiple Access sc heme with Colli-

sion Detection (CSMA/CD) [103 ][104]. This uses the mo di�ed stealing pro cedures

as discussed previously in Chapter 3, Subsection 3.6.4 for mapping a logical sig-

nalling c hannel to a full rate tra�c c hannel. Stations up on completing a successful

con ten tion pro cess are added to the start of a queue (not the end). In the allo cation

pro cess the request(s) at the start of the queue are admitted in to idle slots. The

p olling of mobile stations whose access attempts ha v e successfully b een receiv ed is

done using their unique iden ti�er to notify the MS of resource allo cation. MSs who

failed in the con ten tion pro cess go in to a retransmission bac k o� algorithm as done in

the S-Aloha sc heme. The successful MS(s) then ha v e access to the follo wing frame,

where it is able to transmit in eac h of the bursts. If it cannot complete the full

transmission in the allo cated frame, the MS has its iden ti�er placed at the end of

the p olling queue.

It is argued in [104 ] that the ISMA/P sc heme will pro vide b etter p erformance as

it supp orts a more e�cien t Automatic rep eat reQuest (AR Q) pro cess, where errors

are more lik ely to b e concen trated e�ecting few er users' tra�c bursts. This is also

one of the few approac hes that ha v e considered the lik ely v ariance in data tra�c

lengths. By mo difying the p olling sc heme to admit higher QoS users earlier using

preemptiv e queues the v arious tra�c classes can b e admitted. This will main tain the

v oice precedence and also enable some data precedence sc heme to b e implemen ted.
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A connection admission con trol pro cess and resource allo cation meac hanism will b e

implemen ted b y the net w ork pro vider.

In the GSM standardisation [83 ] three t yp es of resource allo cation ha v e b een in-

tro duced. These include t w o forms of dynamic resource allo cation named dynamic

and extende d dynamic al lo c ation and a �xe d r esour c e al lo c ation sc heme. The dy-

namic allo cation and �xed allo cation sc hemes are to b e supp orted b y all MSs. The

extended dynamic sc heme will require the MS to b e capable of m ultislot op eration.

The initial access pro cedures are regulated using the PBCCH where a list of au-

thorised tra�c classes is used to limit terminal accesses. If a MS do es not in tend

to send data whic h conforms to a tra�c class of the groups broadcast it cannot

transmit on the PRA CH. F ollo wing the successful noti�cation of access request a

queueing iden tit y is pro vided to the MS for when it is p olled b y the net w ork for

c hannel assignmen t. The MS w aits in this state for noti�cation to b egin con trol

ac kno wledgemen ts and authen tication pro cesses b efore transmitting the data.

A t the LLC la y er, the GPRS net w ork allo cates a T emp orary Blo c k Flo w (TBF)

to the connection for the duration of the transfer and is used to iden tify the existence

and direction of 
o w of a logical link. A T emp orary Flo w Iden tit y (TFI) is assigned

to the TBF that MS uses to asso ciate with the transfer. The Uplink State Flag

(USF) in tro duced earlier is used in the header of the RLC blo c k to indicate the

assignmen ts of uplink slots in the PDCH. The MS do es not monitor the USFs un til

it has a TBF allo cated and started, hence in the 8 burst frame structure only a 3

bit USF iden ti�er is required.

The establishmen t of a TBF v aries dep ending on the service requested. P aram-

eters that de�ne the establishmen t pro cesses include the mo de, ac kno wledged or

unac kno wledged and the n um b er of RLC blo c ks required. The t w o options are re-

ferred to as one or t w o stage access pro cesses. More detail is pro vided in [83 ]. Only

a one stage access pro cess will b e describ ed here, whic h can b e used for ac kno wl-

edged transfers that require more than 8 RLC blo c ks (dep ending on the MS t yp e

this could also b e done in a t w o stage pro cess).

Mobile station access pro cedures ha v e man y similarities with the resource allo-

cation sc hemes discussed in Section 4.3. The implemen tation of the p olling sc heme

used in the GPRS net w ork is exp ected to dep end on the net w ork implemen tation,

whic h is adv an tageous for mo di�cation in the Defence en vironmen t where precedence

queues could p oten tially b e o v erlaid on these pro cesses. This will b e elab orated

somewhat in the follo wing sections.

The MS en ters the pac k et transfer mo de follo wing successful allo cation of re-

sources. The amoun t of radio resource to b e reserv ed is a net w ork dep enden t c hoice
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[83 ].

Dynamic allo cation of uplink RLC blo c k transfers enables a mobile station to

request c hanges in its allo cated resources during the transmission pro cess. Duration

and length required for the transfer is unkno wn. The net w ork has the capabilit y to

mo dify the uplink assignmen ts. Hence it is p ossible for the net w ork to dynamically

re-con�gure the net w ork resources. Extended dynamic allo cation enables m ultiple

slots to b e allo cated for a TBF. The MS monitors sev eral PDCHs for its USF where,

up on detecting it, transmission tak es place. This uses the same pro cedures as the

dynamic allo cation sc heme to ac hiev e this. Fixed allo cation is also pro vided. This

enables blo c ks of data to b e transferred, with the net w ork allo cating a �xed n um b er

of blo c ks for transmission. This arbitrary n um b er of blo c ks comes from data bu�ers

in the MS. An op en ended TBF transfers a �xed n um b er of o ctets. A close-ended

TBF allo ws the MS to exceed the n um b er of RLC blo c k to b e transmitted and

include blo c ks for the LLC blo c ks. The close-ended TBF can b e terminated b y the

net w ork prior to all o ctets b eing transferred. A summary of the resource allo cation

sc hemes can b e seen in T able 4.5.

Resource Allo cation Sc heme Summary Description

Dynamic Allo cation MS can request c hanges to an allo cated TBF c han-

nel p erformance. Durations i.e.. n um b er of o ctets

to transfer is unkno wn.

Extended Dynamic Allo ca-

tion

Multiple slot assignmen ts are used. Dep ends on

the MS class. Durations i.e.. n um b er of o ctets to

transfer is unkno wn.

Fixed Allo cation A set n um b er of o ctets are required for transmis-

sion. These ha v e the option of including

T able 4.5: Summary of Resource Allo cation Sc hemes in GPRS.

The dynamic allo cation sc hemes rely on user requests for c hanges in allo cated

bandwidth as duration status is not kno wn b y the GPRS net w ork. When sending

data, a header is added to the RLC blo c k (the MS uplink only) to ensure the assigned

mobile user has used the virtual circuit. This is referred to as the T emp orary Logical

Link Iden ti�er (TLLI).The sequence of ev en ts that o ccur in the transmission of

pac k et data can b e seen in Figure 4.10, tak en from [83 ]. This sho ws a one phase

pac k et access and TBF establishmen t pro cedure.
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Figure 4.10: GPRS Message Sequence for P ac k et T ransfer.

In the pro cesses sho wn, the pac k et p olling and pac k et con trol ac kno wledgemen ts

are optional. These can b e a v oided if resources are immediately a v ailable.

The implemen tation of these sc hemes in an in tegrated cellular satellite net w ork

faces man y of the same problems in tro duced in this section. Eac h of the sc hemes

discussed pro vides a degree of resource allo cation to b oth v oice and data services,

but faced with some of the Defence op erational scenarios some data services will

need to b e assured access. This will b e accen tuated when do ctrinal pro cedures for

using these services will most lik ely ev olv e and under these conditions tra�c lev els

and service requiremen ts are lik ely to di�er from the commercial net w orks. F or this

to w ork e�ectiv ely , the net w ork resource allo cation pro cesses need to b e cognisan t

of the tra�c loads and handle the m ulti-class loads in a sligh tly di�eren t w a y .

This researc h has also made it clear that analysing the resource allo cation pro-

cesses in the con text of the GPRS net w ork can b e applied to other areas where

system access, resource allo cation and net w ork managemen t pro cedures are applied.

This includes most other systems, or systems of systems where decisions on a v ail-

able resources and maximising the system utilisation are p erformance driv ers. These

more far reac hing issues will b e discussed in Chapter 5 regarding further w ork.

4.3.2 Multi-class Priorit y Sc hemes

The problems faced in resource allo cation are directly related to the CA C and re-

source allo cation sc hemes implemen ted in the net w ork. These de�ne the connection

acceptance criteria to the net w ork based on the a v ailable resources and the abilit y
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to re-negotiate resource use to mak e more bandwidth a v ailable for new connections.

Using the tra�c classes that will b e de�ned in sub ection 4.4.2, the problem of re-

source allo cation for in tegrating a v ariet y of v oice and data services in tro duces some

more complex problems. A pictorial view of the resource allo cation problem for the

new tra�c classes can b e seen in Figure 4.11.

Figure 4.11: Mo v able or Fixed Boundaries for GPRS Resource Allo cation.

This is basically an extension of the sc heme discussed in Section 4.3 b y W eiselth-

ier [89 ]. Allo cating resources for the di�eren t tra�c classes b ecomes a problem when

faced with tra�c that is still highly desirable not to ha v e blo c k ed. This deviates

sligh tly from the issues of pro viding an assured connection for the circuit switc hed

v oice (or class 1 service).

It will b e discussed in Subsection 4.4.2, that class 2 tra�c can also b e essen tial

for op erational purp oses and will require b oth high access probabilit y and high

throughput. F or this reason a study of some of the alternativ es for resource allo cation

in this en vironmen t is necessary .

In Section 4.5 a n um b er of options for connection admission con trol and resource

allo cation in an in tegrated LEOS-GPRS net w ork will b e in tro duced. These will b e

able to e�ectiv ely use the resource allo cation sc hemes in tro duced in this section. The

impacts these sc hemes will ha v e on the di�eren t tra�c classes is of prime in terest.

P articularly , the questions arise: ho w can the in tro duction of the more demanding
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QoS tra�c classes b e e�cien tly included in the net w ork, and what e�ect will v arying

tra�c class loads will ha v e?

Prior to in v estigating the di�eren t resource allo cation options the service require-

men ts and the t yp es of tra�c that need to b e supp orted m ust b e de�ned. Section

4.4 in tro duces these requiremen ts in the con text of the Defence op erational en viron-

men t and de�nes the essen tial parameters for the arriv al pro cesses of the tra�c and

the mean service durations.

4.4 Ev olving P ac k et Service Requiremen ts

The use of pac k et data services is a signi�can t mo v e a w a y from the traditional

circuit-switc hed approac hes. T o the author's kno wledge, in v estigation of the use

and p ossible enhancemen ts to an in tegrated LEOS-GPRS net w ork has not b een

considered in the literature. As discussed in Subsection 4.2.2 the MA C la y er has a

signi�can t role in the pro vision of the QoS tra�c classes. Hence it is appropriate

to fo cus on ho w these ma y b e analysed in an in tegrated net w ork. T o b egin to do

this an in tegrated arc hitecture needs to b e de�ned. Secondly tra�c requiremen ts

need to b e in v estigated (this includes b oth the tra�c t yp es and the predicted load

lev els) and thirdly , researc h in related areas needs to b e considered. The follo wing

subsections will address these issues.

4.4.1 Prop osed In tegrated LEOS-GPRS Net w ork

An arc hitecture similar to the one prop osed in Chapter 2 is prop osed for the in-

tegration pro cess. This in tegration o ccurs at the ESC-BSC in terface and leads to

a suitable arc hitecture with mo derate complexit y and reduces the risk of a single

p oin t of failure if the in tegration o ccurs at the MCS-SMSC lev el. Original w ork on

the in tegration pro cess for LEOS-GPRS systems has b een presen ted b y the author

in [77 ]. A prop osed \ev olv ed" arc hitecture can b e seen in Figure 4.12.

In Figure 4.12 mobile stations only ha v e access to the satellite comp onen t of the

net w ork. The brie�ng area is in a lo cation where access to the �xed infrastructure is

limited or dedicated to other op erational roles. This is p oten tially within a mobile

or deplo y ed headquarters. Ho w ev er, the brie�ng area has a GPRS net w ork op era-

tional with suitable data enabled terminals to conduct con tin uous brie�ngs. Data

services are required to pro vide a situation up dates to mobile stations in a region of

high activit y . The mobilit y rep ository pro vides all the necessary lo cation up dating

functions of the LEOS-GSM/GPRS net w orks. The GPRS net w ork is capable of
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Figure 4.12: In tegrated LEOS-GPRS Arc hitecture.

supp orting b oth the circuit switc hed v oice connections and the pac k et data services.

MS user n um b ers are exp ected to b e mo derate to large (e.g. 40-60).

4.4.2 T ra�c Classes

The exp ected tra�c classes for Defence users in the pac k et switc hed en vironmen t

for this thesis ha v e b een based on the some of the existing GPRS standardisation

[1]. This has b een done for a n um b er of reasons:

� Defence services in the mobile en vironmen t are limited

� The service ev olution in the commercial w orld is lik ely to con tin ue at a m uc h

faster rate for some time

� The tra�c classes pro vide a baseline for examination of alternativ e pro cesses

for an In tegrated cellular-satellite net w ork

Subsequen tly the standard tra�c classes for the v oice comp onen ts from GSM

are prop osed to b e used, as GPRS is exp ected to op erate homogeneously with the

existing GSM services. Therefore, these ha v e b een main tained as the v oice tra�c

classes for the in v estigation of alternate resource allo cation sc hemes. These will

b e separate from an y pac k et-switc hed v oice service that ma y b e used in the future.

100



Thorough in v estigation of pac k et v oice circuits w ould add another lev el of complexit y

to the analysis pro cesses. It should b e noted here that future cellular net w orks are

prop osing to supp ort v oice connections using V oice o v er IP (V OIP) [105 ] and it has

also b een considered for GSM net w orks [106 ]. The de�ned tra�c classes to b e used

here can b e seen in T able 4.6.

T ra�c

Class

T yp e of

Service

Duration(s)

or

Size(kb yte)

Arriv al

Pro cess

Duration

Distribu-

tion

1 Circuit

V oice

180s P oisson Exp onen tial

2 P ac k et

Data

8k P oisson Normal

3 Circuit

V oice

180s P oisson Exp onen tial

4 P ac k et

Data

80k P oisson Normal

T able 4.6: T ra�c Classes for the In tegrated LEOS-GPRS Net w ork.

The arriv al pro cesses for eac h of the tra�c classes assumes a memoryless pro-

cesses and hence has P oissonian distribution. The v oice call distributions are as-

sumed to follo w the standard telephon y calls ha ving exp onen tial distributions. Data

call lengths w ere selected as ha ving normal distributions for this in v estigation. This

w as considered as suitable for this in v estigation as data tra�c use from terminals is

still lik ely to di�er from In ternet bro wsing tra�c 
o ws in the Defence en vironmen t.

If the use of the in tegrated arc hitecture in v olv ed higher rate connections and v ery

in teractiv e services other distributions w ould need to b e considered.

The precedence classes describ ed in Chapter 3 can b e incorp orated in to this

scenario. But for the in v estigation of enhanced pac k et data services these will only

pro vide con�rmation of the access and call set-up results from Chapter 3. Hence,

detailed in v estigation of the di�eren tial p erformance of the tra�c classes is the

primary goal of using these tra�c classes.

De�ning tra�c loads for eac h of the prop osed tra�c classes has limited use for

in v estigating the p erformance of net w orks con taining mixed tra�c classes, esp ecially

when analysis of the classes is done separately . But in the past study of in tegrated

v oice and data net w orks has receiv ed less atten tion [89 ].
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The lev els of o�ered tra�c for this in v estigation ha v e b een deriv ed from an

estimate of \op erational" loads that ma y exist. As a starting p oin t, the class 1

tra�c load has b een estimated. This will ha v e a particular tra�c in terarriv al rate

with that ob eys the arriv al pro cess distribution. The tra�c in terarriv al rates of

the other tra�c classes ha v e b een deriv ed from the class 1 estimate based on the

p erceiv ed lik ely loadings. This estimates the arriv al rates with resp ect to the class

1 arriv al rate.

T o giv e the total tra�c load some additional meaning the total o�ered tra�c

lev els are normalised to sho w the relev an t p erformance of the service parameters.

Analysis of c hanges in tra�c mixtures (i.e. hea vy class 2 loads or hea vy class 1

loads) is considered as essen tial b ecause demands for di�eren t services will c hange

during phases of an op eration. Sev ere v ariations in o�ered tra�c loads is an o ccur-

rence that ma y ha v e less relev ance to commercial net w orks, but this will exist to

some degree. In the cases under in v estigation, tra�c in terarriv al rates for higher

loads are reduced prop ortionally compared with the other classes.

T o study the e�ects of c hanges in relativ e tra�c loads, mixtures of tra�c loadings

ha v e b een adjusted, based on �xed prop ortions of new arriving tra�c for the tra�c

classes. This has b een done according to the predicted tra�c use in the in tegrated

system. It also simpli�es some of the analysis metho dology to b e discussed shortly .

Generally it has b een assumed that high priorit y data tra�c will ha v e an in ter-

arriv al rate appro ximately half that of the v oice connections, i.e. initiation of class 2

connections o ccurs t wice as frequen tly as class 1. This can b e justi�ed b y assuming

the class 2 connections are exp ected to b e transaction t yp e data transfers that will

b e brief when compared to the v oice calls (with a mean 180 second duration). This

will b e discussed in more detail in Subsection 4.6.2 when in tro ducing the ev aluation

metho d for di�eren t resource allo cation sc hemes.

T ra�c loads ha v e b een v aried to iden tify p erformance measure c hanges and im-

pacts of the resource allo cation sc hemes whilst under more extreme loading from a

particular tra�c class. These v ariations are most relev an t for the case where high

loads of either class 1 v oice or class 2 data tra�c exist. In the Defence en vironmen t

this is particularly relev an t to a p oin t in the op eration prior to a ma jor ev en t in a

scenario.
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4.5 Resource Allo cation for an

In tegrated LEOS-GPRS Net w ork

Section 4.3 in tro duced some ma jor issues for pro viding of a v ariet y of services to

mobile users. This section describ es di�eren t resource allo cation sc hemes, and the

metho ds c hosen for admitting and allo cating resources in the LEOS-GPRS net w ork.

T o in v estigate the resource allo cation sc hemes it w as decided to fo cus only on the

CA C and resource allo cation pro cesses in isolation and initially ignore the e�ects of

c hannel errors and propagation. It is ac kno wledged that to completely de�ne the

MA C la y er, an AR Q proto col needs to b e sp eci�ed [102 ]. Ho w ev er, as the CA C and

resource allo cation pro cesses are rather complex ev aluating a m ulti-class resource

allo cation sc heme and AR Q proto col sim ultaneously w as exp ected to complicate

the analysis and detract from the main issue (particularly for Defence users) of

regulating the service lev els to sho w the e�ects of the resource allo cation pro cess.

The AR Q o v erheads will e�ect the data services only , but they are not exp ected to

add signi�can t dela ys giv en the error correction sc hemes used. The CA C pro cesses,

ho w ev er, ha v e m uc h more in
uence on the p erformance for users where Defence

criteria in v olv e maximising the service lev els to higher class tra�c.

This section will pro vide a no v el application of some alternate resource allo ca-

tion sc hemes using the de�ned tra�c classes and pro vide some insigh t in to what ma y

happ en if improp er or unsuitable resource allo cation sc hemes are used in an op era-

tional Defence net w ork that conforms to this net w ork arc hitecture. This fo cusses on

the resource allo cation pro cesses within a single sp ot b eam's resources in the in te-

grated LEOS-GPRS net w ork. In v estigation of all sp ot b eams mak es the mo delling

of accesses and hando v ers in the radio in terface extremely complicated when using

a LEO net w ork, hence an y hando v er issues and managemen t in the ground segmen t

of the net w ork other than the CA C and resource allo cation pro cesses ha v e not b een

considered.

The resource allo cation pro cesses in GPRS standards [86] pro vide detail on the

mapping and use of tra�c c hannels but ha v e minimal information on the allo cation

pro cesses as this is net w ork dep enden t, hence it is necessary to dev elop a simple

resource allo cation sc heme that will pro vide a baseline for some analysis of more

demanding resource allo cation sc hemes. The baseline sc heme for this in v estigation

will b e a relativ ely simple Fixed Resource Allo cation (FRA) sc heme. Tw o forms of

Dynamic Resource Allo cation (DRA) sc hemes will also b e considered to assess their

suitabilit y .

Both the FRA and DRA sc hemes will conform w ell with some of the PRMA-
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based m ultiple access approac hes discussed in Section 4.3, as pac k et slot allo cations

for up coming blo c ks can b e broadcast in the MS do wnlink. It is assumed the con-

ten tion pro cess in the initial access (on the PRA CH) will remain and the resource

allo cation pro cess will allo cate the a v ailable bandwidth based on the sc heme b eing

used at the time. Slot allo cations can tak e a v ariet y of forms but no attempt has

b een made to sp ecify an \optimal" solution as man y could do the job. All atten-

tion will b e fo cussed on the pro cesses in v olv ed in the connection admission con trol

and resource allo cation pro cesses and the e�ects di�eren t sc hemes will ha v e on the

p erformance measures for pac k et dela ys and connection blo c king when resources are

una v ailable.

The \�xing" of resource allo cation is considered for b oth the individual users (i.e.

a set allo cation lev el for the duration of a connection) and also for the aggregated

classes of users (i.e. a tra�c class can ha v e a maxim um allo cation lev el). Fixed-

class bandwidth allo cation lev els ensure that the sum of the bandwidth of users

within a class do es not exceed the classes bandwidth limit. When using a �xed-

class allo cation lev el, users can ha v e a �xed allo cation or a dynamic allo cation lev el.

Fixed user bandwidth allo cation lev els limit the users bandwidth allo cation to the

initial allo cation lev el. One sc heme will remo v e all �xed allo cations of class and user

resource allo cations.

The sc hemes to b e in v estigated will b e no w b e in tro duced. Some of this w ork

w as originally presen ted b y the author in [78 ], whic h aired some of the issues and

early though ts on this w ork. This will b e follo w ed b y subsequen t in v estigations that

ha v e b een presen ted in [79 ] and [107 ].

4.5.1 Fixed Resource Allo cation

Fixed Resource Allo cation (FRA) sc hemes pro vide a �xed n um b er of c hannels for one

subscrib er service class. Historically this t yp e of sc heme is used for circuit switc hed

services where �xed bandwidth allo cations are required. T o supp ort sev eral service

classes the p o ol of a v ailable c hannels can b e divided in to smaller user c hannels for

eac h class. The c hannel requiremen ts for eac h class are determined b y the required

GoS and QoS and the predicted o�ered tra�c lev els for the class. Kno wledge of these

factors enables allo cation of c hannels whic h b est satis�es eac h classes requiremen ts.

T o minimise call blo c king in the FRA sc heme users are allo cated at their minim um

acceptable service lev el. This corresp onds to the minim um QoS guaran tees for data

throughput and v oice qualit y .

If bandwidth is una v ailable follo wing an access request a call will b e blo c k ed.
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This prev en ts the CA C sc heme from allo cating a c hannel. A v ariet y of options

can b e considered for handling blo c k ed calls [108 , pages 443{445] suc h as the call

b eing cleared or the call b eing held or queued. The c hoice dep ends on user service

requiremen ts and the acceptable dela ys for queueing.

A common general theoretical limit for the ev aluation of the FRA sc heme is based

on the Erlang-B form ula sho wn in Equation 4.1. This is a p erformance estimate for

the call blo c king when a blo c k ed call is cleared:

P

bl ock

( C ) =

A

C

C !

P

C

i =0

A

i

i !

(4.1)

The lev el of o�ered tra�c A is measured in Erlangs, and C is the n um b er of

allo cated c hannels. The o�ered tra�c A is a function of the mean new call arriv al

rate ( � ), and the mean call completion rate ( � ),

A =

�

�

(4.2)

With kno wledge of the exp ected tra�c 
o ws the �xed resource allo cation sc heme

can b e dimensioned to pro vide adequate service lev els for eac h of the tra�c classes.

Without kno wledge of tra�c loads and large v ariations in tra�c loads dimension-

ing m ust compromise some of the lo w er tra�c class p erformance lev els to ensure

the higher class users ha v e service guaran teed. The dimensioning of the a v ailable

c hannels can b e seen in T able 4.7.

Maxim um

Allo cated

Channels

Minim um

Service

Length

(mean)

Class 1 34 TCH/2 180s

Class 2 16 PDTCH/4 8k

Class 3 24 TCH/4 180s

Class 4 6 PDTCH/4 80k

T able 4.7: FRA Sc heme P arameters.
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T able 4.7 sho ws the paritioning to cater for additional tra�c classes. T o minimise

the call blo c king all classes are allo cated the minim um service guaran tee whic h is

�xed for the duration of the transfer. As the tra�c 
o ws in the in tegrated net w ork

are exp ected to ha v e tra�c classes with higher dela y and blo c king sensitivit y , the

bandwidth allo cation in terms of the a v ailable class bandwidths m ust b e mo di�ed

to fa v our these classes. Hence class 1 and class 2 (with a lo w er minim um QoS than

class 3) ha v e a signi�can t prop ortion of the total a v ailable bandwidth. Setting of

these class limits and the impacts that they ha v e will b e discussed in Section 4.7.

It is desirable to in v estigate a �xed allo cation sc heme as it pro vides an initial

baseline for p erformance lev els and o�ered tra�c loads that will pro vide a sp eci�c

lev el of service. But it is ob vious that whilst this t yp e of allo cation sc heme can w ork

reasonably w ell in a v oice-only net w ork, the inclusion of data tra�c and sev eral

tra�c classes will result in p o or net w ork e�ciency and p o or user service lev els. This

sc heme will b e mo delled and the p erformance results will b e used for comparison of

t w o di�eren t v arian ts of the dynamic resource allo cation sc heme.

4.5.2 Dynamic Resource Allo cation

Tw o Dynamic Resource allo cation (DRA) sc hemes will no w b e in tro duced. The

DRA sc hemes ha v e b een dev elop ed to attempt to maximise the user p erformance

b y allo cating tra�c to \logical" links or temp orary blo c k 
o ws in a dynamic manner.

They also attempt to utilise the satellite bandwidth in a more e�cien t manner when

o�ered tra�c includes v oice and data tra�c.

The dynamic resource allo cation sc hemes pro vide increased functional p erfor-

mance b y maximising the total usage of the a v ailable satellite sp ot b eam resources.

Tw o forms of dynamic resource allo cation are examined.

In the �rst case, the class bandwidth lev els from the FRA sc heme are inherited

and user tra�c lev els are increased from the minim um service lev el, to b e v ariable

and allo cated according to the a v ailable class bandwidth. A maxim um service lev el

is also in tro duced for eac h of the tra�c classes. The parameters de�ned for the

tra�c allo cations in the DRA sc heme with maxim um class allo cations can b e seen

in T able 4.8.

The second of the dynamic resource allo cation sc hemes places no restrictions on

the maxim um class allo cation lev els and main tains the dynamic allo cation to the

user (i.e. a temp orary blo c k 
o w). T o de�ne the op eration of the resource allo cation

sc hemes a set of rules is required to b e implemen ted for b oth the initial admission

pro cess and for the subsequen t allo cation of bandwidth. The admission pro cess is
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Maxim um

Allo cated

Channels

Minim um

Service

Maxim um

Service

Length

(mean)

Class 1 34 TCH/2 1 � TCH/F 180s

Class 2 16 PDTCH/4 6 � PDTCH 8k

Class 3 24 TCH/4 1 � TCH/F 180s

Class 4 6 PDTCH/4 4 � PDTCH 80k

T able 4.8: DRA P arameters with Maxim um Class Allo cation.

go v erned b y a set of CA C rules, whic h will no w b e de�ned.

Let T denote the capacit y limits for the class of tra�c. This can b e either the

limit for the class in the case where class limits are imp osed or it can b e the total

a v ailable bandwidth of the sp ot b eam i.e. the DRA sc heme without class limits.

F or example, this supp orts the �xed class bandwidth lev el b y enabling the max-

im um allo cated c hannels to b e used (e.g. from T able 4.8 Class 1, T = 34).

In the DRA sc heme without class limits T represen ts the total sp ot b eam ca-

pacit y . The v alue of N

X

is the n um b er of users in Class X that ha v e connections

established, and C

X

is the minim um service allo cation of the Class X .
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Class 4: T �
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The CA C rules are in v ok ed for eac h initiation pro cess regardless of the class.

It pro vides the �rst c hec k of resource usage to decide if a call can b e admitted.

This requires that the a v ailable bandwidth is greater than or equal to the minim um

service guaran tee for the class. This is calculated b y p erforming a summation of the

N class users and their minim um service guaran tees for eac h class.

Where �xed class limits are imp osed, if the a v ailable bandwidth is not equal to

or greater than the minim um service requiremen t the new connection is blo c k ed.

When class limits are not imp osed, the higher precedence class can reduce the lo w er

class allo cations, to ensure they are all at their minim um service guaran tees b efore

blo c king the new admission request. This is b est visualised using 
o w diagrams

107



whic h will b e sho wn in this section for eac h of the tra�c classes.

In the net w ork resource allo cation pro cesses, the implemen tation of the CA C

rules requires a n um b er of additional pro cesses b e undertak en. This includes the

reallo cating of resources to accommo date new tra�c 
o ws as w ell as noti�cation of

new allo cations. The reallo cation pro cess requires a review of the tra�c pro�les of

the used resources and reallo cation, if p ossible, of lo w er tra�c classes to a lo w er

QoS lev el, p ossibly do wn to the minim um service guaran tee.

If bandwidth is a v ailable it is highly desirable to allo cate the maxim um p ossible

bandwidth for the tra�c classes if bandwidth is a v ailable. This can b e renegotiated

when other c hannel requests are receiv ed. It is the m ultiple access sc hemes' role to

notify MSs of their allo cated slot or slots in up coming frames. The do wnlink TDMA

frame structure is staggered to b e ahead of the uplink c hannel frame sp eci�cally for

this purp ose.

T o simplify the admission and allo cation decisions in the net w ork su�cien tly ,

the pro cesses in v olv ed in the resource allo cation are b est seen in a 
o w diagram

indicating the resource comparisons and branc hes in the allo cation pro cess. These

sho w one implemen tation of the CA C rules that ha v e b een in tro duced. The dynamic

resource allo cation pro cesses used for the class 1 tra�c can b e seen in Figure 4.13.

The stages of allo cation and deallo cation through the di�eren t stages of renego-

tiation for eac h of the tra�c classes can b e seen clearly . It is not exp ected these

pro cess will dela y the allo cation pro cess su�cien tly to impact the class p erformance

lev els. The class 1 tra�c has the precedence o v er the class 4 tra�c at all times and

the CA C rules allo w allo cations to that class to b e completely remo v ed to reduce

to class 1 blo c king p erformance. This w as seen as acceptable as the class 4 tra�c

can b e used during o� p eak p erio ds. F ailing to �nd an y class 4 tra�c, the pro cess

attempts to reduce the service lev els to the lo w er (class 3 and class 2) connections

but this do es not cause these classes to b e dropp ed: they are just reduced to their

minim um service guaran tees. F ailure to reduce allo cations of the lo w er classes to

admit a new class 1 call will result in it b eing dropp ed.

Similar pro cesses are used for the admission of new class 2 tra�c as can b e seen

in Figure 4.14.

In Figure 4.14, the option to allo cate b etter than the minim um service lev el can

b e seen. This is an imp ortan t capabilit y for this data service class. Allo cations up to

the maxim um p ossible QoS for the class can substan tially impro v e the throughput

for this class. Renegotiation of resources can also tak e place frequen tly for this tra�c

class as it has a high c hance of access due to its lo w er minim um QoS guaran tee. It
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Figure 4.13: Connection Admission Con trol Pro cedures - Class 1.

is also ob vious that tra�c classes b elo w class 2 will su�er signi�can tly to facilitate

the higher QoS lev els for the class 1 and class 2 services.

The CA C pro cedures for the class 3 services (lo w priorit y v oice) can b e seen in

Figure 4.15. Again these are similar with a range of resource usage c hec ks b eing

undertak en.

These pro cesses again sho w the limited options for admitting new class 3 calls.

When the a v ailable bandwidth is already comp osed of a ma jorit y of class 1 and/or

class 2 services the class will ha v e a higher probabilit y of exp eriencing blo c king.

These services can still b e regulated to admit more of the class 3 connections, re-

ducing the e�ects of high class 1 and class 2 usage.

The lo w est class is e�ectiv ely treated as a bulk data service with signi�can tly

higher data sizes. Hence it has v ery limited c hance of succeeding when other tra�c

classes are ev en mo derately loaded. The CA C and resource allo cation pro cedures

for the class 4 services can b e seen in Figure 4.16.

These resource allo cation sc hemes ha v e explained the prop osed mec hanisms to
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Figure 4.14: Connection Admission Con trol Pro cedures - Class 2.

implemen t a suitable system incorp orating v oice and data tra�c. The metho d for

in v estigating the p erformance of these sc hemes will no w b e in tro duced in Section

4.6 follo w ed b y discussion of the results in Section 4.7.

4.6 Mo delling the Resource Allo cation Sc hemes

Ev aluation of the prop osed resource allo cation sc hemes using a v ariet y of tra�c

classes is extremely di�cult to do analytically . This is due to the complexit y of the

CA C and resource allo cation pro cesses and the ongoing reallo cation pro cesses. This

particularly di�cult when sev eral tra�c classes with di�eren t p erformance criteria

are used.

The CA C and resource allo cation pro cesses that ha v e b een discussed follo w some

logical paths that are necessary to pro vide a lev el of di�eren tial services b et w een the

tra�c classes. The pro cedures ha v e b een dev elop ed to mo del the system and the

resource allo cation pro cesses sho wing that the pro cedures will in fact pro vide a
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Figure 4.15: Connection Admission Con trol Pro cedures - Class 3.

noticeable impro v emen t in services when comparing the FRA and DRA sc hemes.

T o ac hiev e this in the desired timeframe, a mo delling and sim ulation approac h has

b een adopted. These mo dels will pro vide a mec hanism to mo dify the CA C sc hemes

and in v estigate the c hanges in p erformance o v er a relativ ely short timeframe.

The mo dels are required to em ulate the resource allo cation pro cess that w ould

o ccur. T o do this a discrete ev en t mo delling to ol w as required as this enables

pro cesses and ev en ts in the pro cesses to b e mo di�ed with a minim um of additional

e�ort. This allo ws ev en ts and state transitions to b e mo di�ed quic kly without

dev eloping new mo dels. The O P N E T

T M

[109 ] comm unications mo delling pac k age

w as c hosen to ful�ll this role. This pac k age has a signi�can t adv an tage of b eing

able to generate tra�c 
o ws with the desired distributions and enables m ultiple

sim ulation runs to b e p erformed easily . The di�cult y of using this to ol is the initial

mo del dev elopmen t and debugging times can b e signi�can t particularly when the

user is unfamiliar with the soft w are pac k age. Whilst this is a sligh t disadv an tage from

the author's exp erience, this soft w are pro vides man y extremely 
exible functions
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Figure 4.16: Connection Admission Con trol Pro cedures - Class 4.

suc h as mec hanisms for ev en t logging, user de�nable pro cess mo dels, a v ariet y of

queues etc., and has b een essen tial in completing this in v estigation.

The O P N E T

T M

pac k age is a discrete ev en t mo delling to ol. All ev en ts are time

stamp ed during a sim ulation to ensure that ev en ts o ccur c hronologically and that all

additional dela ys, pro cessing dela ys and c hannel errors that can exist in a mo del can

b e included in the analysis. This is particularly imp ortan t when mo delling wireless

comm unications net w orks as it enables the factors for dela y and c hannel errors to b e

included and v aried to sho w the e�ects. The time stamping ensures that ev en ts in

the mo delled system are as accurate as the mo deler requires. This can also in tro duce

signi�can t errors in the sim ulation if not w ell understo o d as ev en ts can arriv e out of

sequence and impact the collection of accurate statistics. This is an imp ortan t part

of the debugging pro cess that should not b e underestimated.

The ev aluation pro cess has in v olv ed p erforming man y sim ulation runs to obtain

p erformance data for the FRA and DRA sc hemes. Within all of the mo dels, statistics

ha v e b een recorded suc h as transmission times, blo c king rates and queueing times

for the data tra�c. Collating these statistics o v er the duration of the sim ulation has

pro vided some in teresting results, and these are discussed in Section 4.7.

The discrete time stamping of all ev en ts dramatically increases the o v erall sim ula-

tion times for eac h run. This in tro duces some limits on the length of the sim ulations

that can b e run. This places signi�can t loads on the computing resources as man y
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of the sim ulations required almost a da y to complete. An outcome of this w as that

the sim ulated (or e�ectiv e) time of the sim ulations w as m uc h less than the time to

complete the simluations. That is, the sim ulations run v ery m uc h slo w er than real

time. T o select a suitable simluated time, the sim ulation of eac h of the sc hemes w as

p erformed initially to observ e the c haracteristics of the statistics b eing a v eraged.

These con v erged to a steady state v alue as time progressed. The sim ulated time

in the sim ulation runs w as subsequen tly c hosen to corresp ond to the p oin t where

p erformance c haracteristics reac hed what w as deemed to b e appro ximately 95% of

their steady state v alues.

As the resource allo cation sc hemes under in v estigation are generic they could

p oten tially b e applied to an y wireless pac k et data net w ork. It w as therefore not seen

as essen tial to mo del the e�ects of the MS in teraction with a LEOS net w ork including

the hando v er and switc hing pro cesses of the sp eci�c net w ork b eing used. This

w ould ha v e substan tially increased the mo del dev elopmen t time and the sim ulation

run times to pro duce results that will only sho w similar p erformance c haracteristics.

Hence the in v estigation w as fo cussed on the allo cation of the a v ailable resources

and the impacts of additional user services. By approac hing the resource allo ca-

tion problem in isolation to some of these issues, the resulting p erformance of the

resource allo cation sc hemes can represen t either the uplink or do wnlink c hannels.

In the con text of the pac k et data services this means the sc hemes are relev an t to

data services that are b oth mobile originated and mobile terminated. Ho w ev er, if

considering the MS do wnlink c hannels, it m ust b e noted that p oin t to m ulti-p oin t

services ha v e not b een explicitly in v estigated (as a separate tra�c class) but could

ha v e similar p erformance to either of the data classes. This is b ecause it w ould only

require a single transmission with m ultiple users receiving the m ulticast or broadcast

messages.

The net w ork resources to b e considered a v ailable are in tro duced in Subsection

4.6.1. This is follo w ed b y some discussion of the o�ered tra�c in Subsection 4.6.2.

The system mo dels used in the analysis will b e discussed in Subsection 4.6.3 with

additional detail on some asp ects of the mo delling pro cess included in App endix B.

4.6.1 Mo delling the In tegrated Net w ork Resources

The mo dels considered all radio links to b e op erating at 100% a v ailabilit y . This

assumption assumes there is signi�can t fading margin included in the LEOS to MS

link and that the net w ork is a v ailable for access all of the time. Lo w er a v ailabilit y

could b e considered b y c hanging the amoun t of a v ailable resources during a sim u-
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lation run. This w as not seen as essen tial b ecause p erformance c haracteristics of

the resource allo cation sc hemes for the new tra�c classes w as most imp ortan t. The

mo dels pro vided call and connection statistics for eac h of the tra�c service classes.

This w as done under a v ariet y of loaded conditions. These tra�c loads will b e

discussed in Subsection 4.6.2.

P arameters for the sim ulation and tra�c assumptions relev an t to the resource

allo cation sc hemes included:

� An Iridium-lik e link budget and TDMA frame structure

� Single sp ot b eam resources (equiv alen t of 80 � F ull Rate Channel TCH/F)

� New call arriv als P oisson distributed

� V oice call duration exp onen tially distributed (180s mean)

� Data call length normally distributed

� Net w ork dimensioning based on attempting v oice calls ha ving equal GoS (i.e.

call-blo c king of 2-3% at p eak tra�c load)

4.6.2 T ra�c Pro�les

The tra�c in terarriv al rates determine the total o�ered load to the system. As a

starting p oin t class 1 tra�c will ha v e an in terarriv al rate C

1

. This is measured

in seconds. It has b een assumed that the higher QoS data tra�c class (class 2)

will ha v e an in terarriv al rate that is one half the arriv al rate of the class 1 v oice

or GSM equiv alen t class. A second v oice tra�c class (class 3) will ha v e the same

in terarriv al rate as the high class 2 data service. The class 2 and 3 services are

exp ected to b e more frequen t as these are lik ely to b e dev elop ed in the military

do ctrinal pro cedures. It w ould b e most lik ely the class 1 service w ould ha v e some

sp eci�c functions asso ciated with it and ha v e sligh tly less frequen t initiations. As

tra�c class 4 is a bulk data service, it is exp ected to ha v e less stringen t dela y criteria.

It is also lik ely to ha v e less use in this t yp e of system as do ctrine and training is lik ely

to reduce an y dep endence on large v olumes of data for the w ar�gh ter. Hereafter,

these will b e referred to as \normal" tra�c loading conditions.

The tra�c classes and prop osed tra�c in terarriv al ratios can b e seen in T able

4.9.

A normalised load has b een used to represen t the e�ectiv e aggregate tra�c lev els.

It has b een used to represen t the o�ered load of 1 when the class 1 tra�c exp eriences
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Maxim um

Allo cated

Channels

Minim um

Service

Length

(mean)

Minim um

In terarriv al

(secs)

Distribution

Class 1 34 TCH/2 180s C

1

Normal

Class 2 16 PDTCH/4 8k 0.5 C

1

P oisson

Class 3 24 TCH/4 180s 0.5 C

1

Normal

Class 4 6 PDTCH/4 80k 10 C

1

P oisson

T able 4.9: T ra�c Classes for the In tegrated LEOS-GPRS Net w ork.

blo c king (using the �xed bandwidth allo cation sc heme) at a rate of 1.5%. This is a

common blo c king requiremen t to b e met b y telephon y net w orks. F rom this tra�c

load all other tra�c arriv al rates can b e determined.

4.6.3 Description of Mo delling Metho d

The O P N E T

T M

pac k age uses a hierarc hical approac h to de�ning the comm unication

net w ork under examination. It has b een c hosen due to its strong comm unications

fo cus as compared to other to ols designed for in v estigation of P etri-nets or coloured

P etri-nets (suc h as Design CPN ). The lev el of in terest for the in v estigation of the

resource allo cation pro cesses is kno wn as no de level . This uses no des to represen t

functional en tities in the net w ork. These can b e tra�c sources, queues, or user

de�ned en tities. A no de lev el diagram of the tra�c sources, the sc heduling pro cess

and the dynamic resource allo cation no de can b e seen in the Figure 4.17.

The tra�c sources (represen ted b y the I's) sho w the de�ned tra�c classes (b oth

v oice and data classes) and their p oin t of access request. The tra�c generators

ha v e b een used to em ulate the aggregated tra�c lev els from the di�eren t service

classes. These ha v e the parameters for tra�c in terarriv al rates \promoted" to b e

de�ned only at the start of the sim ulation pro cess. \Promoted" is a term used

b y O P N E T

T M

to allo w a v ariable to remain unsp eci�ed un til sim ulation run time

where is is declared.

The stats no de p erforms all of the registration, and statistics collection of eac h of

the pac k et in terarriv als as w ell as the service p erformance. This is then passed on to

the resource allo cation pro cess (in this case dynamic allo cation) where the CA C

rules discussed in Subsection 4.5.2 are implemen ted. There is signi�can t in teraction

b et w een the allo cation and stats no des to record all instances of the tra�c 
o ws.
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Figure 4.17: New O P N E T

T M

No de Diagram for Dynamic Resource Allo cation.

As men tioned previously the stats no de p erforms the registration pro cess for the

collection of information on eac h of the attempted connections. This includes record-

ing the failed or blo c k ed attempts and the determination of the a v erage transmission

times for the data tra�c classes.

Constituting eac h of these no des are individual pro cess mo dels that describ e the

discrete ev en t pro cesses that o ccur. It is in the pro cess mo dels that the functionalit y

of the allo cation pro cess and the CA C rules is implemen ted. The pro cess mo dels are

coloured P etri nets that ha v e pre-de�ned state transitions. The t w o t yp es of states

exist, forced (green) and unforced states (red) as can b e seen in Figure 4.18. F orced

states execute their en try and exit pro cesses immediately follo wing transition to the

state. Unforced states execute their en try states up on transition to the state and

remain idle un til a suitable exit ev en t o ccurs. A t this time the exit pro cess of the

unforced state is p erformed. All state information and executables are implemen ted

using the C-programming language. A simpli�ed pro cess mo del for the statistics

collection can b e seen in Figure 4.18.

In Figure 4.18 the pro cess sits idle in the init state b et w een arriv al, completion

or deallo cation pro cesses. Up on arriv al of tra�c from one of the ideal generators (as

seen in Figure 4.17) the pro cess transitions to the appropriate initiation state (i.e.

V1 init , D1 init , V2 init or D2 init) . This then b egins the setting of parameters

for the p erformance logging. F ollo wing initiation an access request in sen t to the

dynamic al lo c no de (this can also b e a �xed allo cation pro cess). This is p erformed
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Figure 4.18: Simpli�ed Pro cess Mo del for Statistics Generation.

in the state timetos whic h then returns the pro cess mo del to the initiation state.

The allo cation no de can then resp ond with a message notifying of the request b eing

blo c k ed (the R CV BLK transition) or gran ted (the A CCESS GRANT transition).

Up on access b eing gran ted, timers are set according to the service allo cated for eac h

connection. These timers sc hedule the completion of eac h connection. This pro cess

mo del also records the deallo cation pro cess whic h requires timers to b e adjusted

for new completion times (data services only) and main tains all of the information

collected for the analysis pro cess suc h as the v oice services that ha v e b een allo cated.

A more detailed description of the states for eac h of the pro cess mo dels can b e found

in App endix B.3.

The resource allo cation pro cess mo dels follo w the CA C sc hemes describ ed in the

Section 4.6. Eac h of the state transitions o ccur dep ending on the ev en t that has

o ccurred in the stats no de. The pro cess mo del that resides within the dynamic al lo c

no de can b e seen in Figure 4.19. The same pro cess mo del is used for the FRA

sc heme with the di�eren t allo cation pro cesses b eing de�ned in the green states.

In this mo del all resource allo cations are con trolled. Dep ending on the class

of tra�c requested the transition to the appropriate CA C sc heme will o ccur. The

CA C pro cesses describ ed in Section 4.6 are implemen ted in the forced (green) states
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Figure 4.19: Resource Allo cation Pro cess Mo del.

lab elled prio1 a , prio2 a , prio3 a and prio4 a . Bet w een allo cation and deallo caction

pro cesses this mo del resides in the wait state. Up on completion of eac h access

the forced state returns to the wait state for another initiation attempt. The time

stamping pro cess used b y the O P N E T

T M

soft w are enables an y con ten tion of ev en ts

o ccurring at the same p oin t in time to b e resolv ed. F ollo wing completion of calls a

message from the stats no de causes the transmition to the END pro cess where the

resource b eing utilised is released.

Man y sim ulation runs are required to gather p erformance information. One

sim ulation run pro duces results for one lev el of total o�ered tra�c. Hence, sim ulation

need to b e p erformed at di�eren t lev els of o�ered tra�c to sho w the transition in

p erformance from lo w to high loads. This is done b y v arying the tra�c in terarriv al

rates in accordance with the normal loading conditions initially and with v ariations

of that tra�c load whic h will b e discussed in Section 4.7. These in terarriv al rates,

and the subsequen t tra�c loading are pr omote d from the no de mo dels to b e de�ned

at sim ulation run time. This enables the reuse of the no de mo dels for v arying tra�c

loads to b e ac hiev ed more easily . A sample of the in terface for the sim ulation run time

from the O P N E T

T M

user in terface is sho wn in Figure 4.20.

A ttributes that ha v e b een pr omote d suc h as the tra�c in terarriv al rates can b e

seen in the attribute v alue column. It can also b e noted that the \normal" tra�c
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Figure 4.20: Sim ulation Run time Sp ecifying T ra�c In terarriv al rates.

loading criteria are b eing observ ed where the in terarriv al rate of class 1 tra�c w as

a mean in terarriv al rate of three seconds (i.e. C

1

=3). The sim ulation in terface also

de�nes the duration of the sim ulation time (in this case 100,000 seconds) and a

random n um b er seed (in this case 12). The up date in terv al (in this case 100) de�nes

the p erio d for writing collected data for storage.

4.7 Resource Allo cation Sc heme P erformance

This section presen ts all of the results of the mo delling and sim ulation of the FRA

and DRA sc hemes. The FRA sc heme will b e in tro duced �rst in Subsection 4.7.1

as it pro vides some initial p erformance measures and the results can b e compared

with the n umerical results from the Erlang-B form ula. F ollo wing the FRA sc heme

a DRA sc heme with class limits will b e examined in Subsection 4.7.2. T o complete

the range of options the DRA sc heme without class limits is studied in Subsection

4.7.3.

The p erformance parameters of particular in terest that will b e discussed are
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the call blo c king p erformance for all classes (i.e. a GoS p erformance measure),

the a v erage transmission rates for data services (i.e. a QoS p erformance measure)

and the a v erage queue w aiting time for data services (also a QoS measure). The

impacts the di�eren t resource allo cation sc hemes will ha v e on these parameters

will b e discussed particularly the implications in a Defence en vironmen t. A brief

summary of the di�eren t resource allo cation sc hemes p erformance is pro vided in

Subsection 4.7.4.

In addition, an in v estigation of the c hanging tra�c loads has b een p erformed

in Subsection 4.7.5. As service loads are lik ely to v ary o v er time, particularly in

Defence op erations, situations where high class 1 or class 2 loads are presen t ha v e

b een considered and will b e discussed.

Some of the early results of this researc h that is presen ted here ha v e b een pub-

lished previously in [79 ] and [78 ]. New results and more detailed discussion are also

pro vided for eac h of the sc hemes considered.

4.7.1 Fixed Resource Allo cation P erformance

The FRA sc heme has b een mo delled n umerically using the Erlang-B form ula in tro-

duced in Subsection 4.5.1. The FRA sc heme has b een implemen ted in O P N E T

T M

using the same o�ered tra�c loads and c hannel partitions. The results of the t w o

sc hemes' call blo c king p erformance can b e seen in Figure 4.21. This sho ws the case

where blo c k ed calls are dropp ed.

The results sho w general agreemen t b et w een the sim ulated and calculated results,

indicating the mo delled sc heme is op erating correctly . If the load v ariables had b een

more �nely quan tised the sim ulated results w ould b e exp ected to sho w closer o v erla y

of the t w o curv es, but this w as considered su�cien t for v erifying the initial mo del.

As can b e seen in Figure 4.21 the blo c king p erformance of the class 1 reac hes 1.5%

at a normalised load of 1. P artitioning of the a v ailable tra�c c hannels has pro vided

some di�erence b et w een the blo c king p erformance of eac h of the classes.

An alternativ e to the dropping of blo c k ed calls is the queueing of the attempts

follo wing successful completion of the access con ten tion pro cess. This mo di�cation

will enable a p olling pro cess to b e used easily as part of the m ultiple access sc heme

(discussed in Section 4.3). The size (length) of these queues in realit y will b e limited

b y either bu�er size or the sensitivit y of the tra�c classes to dela ys. Queued tra�c

requests w ould b e remo v ed from the queue follo wing expiry of the dela y criteria for

the tra�c class. These connections could then b e considered blo c k ed. Only data

tra�c classes ha v e b een mo delled with blo c k ed calls b eing queued as they ha v e more
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Figure 4.21: Fixed Resource Allo cation Blo c king P erformance.

tolerance to dela y than the v oice services. F or the sim ulation pro cess ho w ev er, no

limit has b een placed on the queue size whic h will result in long dela ys at the higher

tra�c loads. The probabilit y of data tra�c b eing queued can b e seen in Figure 4.22.
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Figure 4.22: FRA Sc heme with Blo c k ed Calls Queued.
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The queueing probabilit y has b een compared to the blo c king probabilit y (where

blo c k ed calls w ere dropp ed) of the FRA sc heme. Of most in terest here is the queue-

ing of the class 2 tra�c. This indicates all a v ailable c hannels are utilised and queue-

ing dela ys will increase prop ortionally as o�ered tra�c load increases. This is a

highly undesirable scenario and can b e seen in Figure 4.23. Class 4 exp eriences

similar problems but has no sp eci�ed minim um service guaran tee so this is not a

ma jor problem. The results for these classes will ha v e no a�ect on the blo c king

of the v oice classes (Class 1 and Class 3) hence these ha v e not b een included in

Figure 4.23. The mean transmission times for the class 2 and class 4 services w ere

90 seconds and 900 seconds resp ectiv ely . These results corresp ond to the minim um

service resource allo cation. The lev els of o�ered load sho wn in Figure 4.22 ha v e

b een increased as impro v emen ts o v er the FRA sc heme are exp ected to b e pro vided

b y eac h of the DRA sc hemes. All subsequen t results will therefore consider up to

an o�ered load that corresp onds to 1.2 times the original normalised load for FRA

where call blo c king for class 1 w as 1.5%.

F or the queued sc heme a call service parameter of imp ortance is the a v erage

queue w aiting time. The queue w aiting time is also an imp ortan t indicator of the

e�ects of the di�eren t resource allo cation sc hemes. It is de�ned as the time from

failed admission (end en tering the queue) to the time the transmission is started.

The a v erage queue w aiting times for the FRA sc heme can b e seen in Figure 4.23.
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Figure 4.23: Av erage queue w aiting times for Class 2 and Class 4 tra�c.
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Minimal queueing dela ys are exp erienced un til the call arriv al rates b egin to

exceed the mean queue service time whic h is a�ected b y the amoun t of minim um

service rate able to b e allo cated to the class. This is true for b oth class 2 and class 4

tra�c. The class 4 tra�c exp eriences these signi�can t dela ys from m uc h lo w er loads

due the n um b er of a v ailable tra�c c hannels and the larger transfer sizes. Once the

queueing pro cess starts the queue w aiting time increases v ery fast.

4.7.2 Dynamic Resource Allo cation Sc heme

P erformance with Fixed Class Limits

This subsection describ es the p erformance of the DRA sc heme where limits are im-

p osed on the maxim um bandwidth that can b e allo cated to an y one tra�c class.

The p erformance of this sc heme will b e compared to the FRA sc heme from Subsec-

tion 4.7.1. The DRA sc heme can dynamically v ary the resource allo cation of users

allo cated within the class as de�ned within CA C rules and the bandwidth allo ca-

tion pro cedures describ ed in Subsection 4.5.2. These classes no w ha v e the additional

service parameter of maxim um service lev el that w ere de�ned in T able 4.8.

As indicated in the Subsection 4.7.1 the data calls can b e queued rather than

dropp ed in the initial CA C pro cess. The call queueing probabilit y for the data

services using the DRA sc heme with maxim um class limits can b e seen in Figure

4.24 compared to the queueing dela ys for the FRA sc heme.

The blo c king p erformance of the DRA sc heme is compared to the FRA sc heme

for the same data tra�c classes. The DRA sc heme p erforms b etter than the FRA

sc heme. This is due to higher a v erage data throughput that can b e negotiated in the

DRA sc heme. F or class 2 tra�c this is eviden t for all lev els of o�ered load. Queueing

probabilit y of class 2 o ccurs at higher loads, due to the capabilit y to allo cate more

than the minim um service guaran tees.

The blo c king p erformance of the DRA sc heme (with data queueing) and the

FRA sc heme where blo c k ed calls are dropp ed has also b een compared. This can b e

seen in Figure 4.25.

The biggest b ene�ciary of using the DRA sc heme is eviden tly the class 2 tra�c.

This has had its blo c king p erformance increase to b etter than the class 1 service.

This can b e attributed to the higher data throughputs making more e�cien t use of

the resources. V oice class p erformance is unc hanged.

The data transmission time is the time to complete the full transmission of a

data service. This w as a �xed v alue for the FRA sc heme as eac h class w as allo cated

its minim um service guaran tee. The data transmission times for the FRA and DRA
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Figure 4.24: DRA Sc heme with Maxim um Class Limits.

0 0.2 0.4 0.6 0.8 1 1.2
10

-3

10
-2

10
-1

10
0

Normalised Load

B
lo

ck
in

g 
P

ro
ba

bi
lit

y

class 1 DRA
class 2 DRA
class 3 DRA
class 4 DRA
class 1 FRA
class 2 FRA
class 3 FRA
class 4 FRA

Figure 4.25: DRA Sc heme with Maxim um Class Allo cation vs FRA Sc heme.

sc hemes this can b e seen in Figure 4.26.

The DRA has large impro v emen ts o v er the FRA sc heme for the reasons dis-

cussed. The gains from allo cating higher bandwidths at lo w er loads has enabled the
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Figure 4.26: Class 2 T ransmission Times.

DRA service to gracefully degrade to the minim um service guaran tee at appro xi-

mately a normalised load of 0.95. It should also b e noted that these results ha v e

not in v estigated AR Q proto cols whic h will ha v e some impact on these dela ys, but

c hanges to the dela ys b et w een the sc hemes will b e minimal.

The class 4 tra�c transmission times can b e seen in Figure 4.27.

As can b e seen eac h of the data classes ha v e signi�can t impro v emen ts in trans-

mission times, particularly at lo w loads where few er users class 4 data services are

activ e, whic h increases the a v erage throughput for the class.

The queue w aiting times using the DRA sc heme with maxim um class limits can

b e seen in Figure 4.28.

The queue w aiting times sho w the loads where data call in terarriv al times b e-

come higher than the queue completion rates. This results in the steep increase in

queue w aiting times sho wn in Figure 4.28. Suitable queue lengths will b e a critical

factor that is determined b y the tra�c service requiremen ts. As class 2 services are

exp ected to b e more \in teractiv e" they ha v e more sensitivit y to dela ys, hence the

higher QoS requiremen ts. In an op erational net w ork this class will therefore ha v e a

shorter queue size than the class 4 service. No attempt to de�ne a queue size has

b een made in this thesis, and this is p erhaps an area for future researc h.

An in teresting observ ation that sho ws the impacts of the resource allo cation

sc heme on the di�eren t tra�c classes is a measure of the initial allo cation lev els.
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Figure 4.27: Class 4 T ransmission Times.
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Figure 4.28: Av erage Class 2 and Class 4 Queue W aiting Times.

This indicates ho w the resource allo cation sc heme is di�eren tiating b et w een the

classes relativ e to their QoS requiremen ts. The rate of c hange of these giv es a guide

to load lev els and t ypical QoS that is exp ected relativ e to the other classes. The
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results of this can b e seen in Figure 4.29.
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Figure 4.29: P ercen tage of Maxim um Allo w able Allo cation at Initiation.

The relativ e p erformance for eac h of the tra�c classes is directly related to the

tra�c class p erformance guaran tees from Subsection 4.5.2. This sho ws the relativ e

p erformance of the classes based on their maxim um service guaran tee. It giv es an

indication of ho w w ell the CA C sc heme is negotiating the initial accesses. It indicates

that when using the dynamic sc heme with class limits the class 1 and class 2 tra�c

degrade their QoS m uc h more slo wly than the class 3 and class 4 services.

4.7.3 Dynamic Resource Allo cation Sc heme

P erformance without Fixed Class Limits

This subsection describ es the p erformance of the DRA sc heme where the limits

imp osed for maxim um class bandwidth are remo v ed. The p erformance of this sc heme

will b e compared to that for eac h of the sc hemes discussed in Subsection 4.7.1 and

Subsection 4.7.2. This sc heme again uses the CA C rules de�ned in Subsection 4.5.2

whilst applying the dynamic resource allo cation to the individual connections in the

classes. This sc heme also uses the parameters de�ned in T able 4.8. The in v estigation

of the DRA sc heme in this subsection will b e follo w ed b y a summary of the sc hemes

in Subsection 4.7.4. In Subsection 4.7.5 an in v estigation of the impacts on the DRA

sc hemes of c hanges in the tra�c comp ositions where high class 1 or class 2 loads
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exist is pro vided.

The call in terarriv al rates and a v erage holding times (prop ortional to the amoun t

of bandwidth allo cated) dictate the total tra�c load in the system. In eac h of the

sim ulations so far, the class 2 and class 3 users ha v e a v erage new request in terarriv al

times that are half that of the class 1 users. This b eing the case in the DRA sc heme

where no limits on class allo cation are imp osed, lo w er priorit y v oice class allo cation

lev els will adv ersely a�ect the blo c king of class 1 and class 2 users if they cannot b e

dropp ed. This comp onen t of the resource allo cation pro cess is outlined in the CA C

rules discussed in Subsection 4.5.2. Tw o options are considered to o v ercome this.

The �rst retains a maxim um class limit for class 3 only . The second allo ws class 3

services to b e dropp ed on the pro viso that all class 3 services ha v e b een reduced to

their minim um service guaran tees. The �rst option still p oten tially limits allo cations

to the class 1 and class 2 services particularly under hea vy loads. The second of

these approac hes w as selected as it is exp ected to pro vide an impro v ed GoS lev el for

the class 3 services at lo w loads without e�ecting the higher priorit y service classes

at loads and pro viding maxim um p erformance b ene�ts to the class 1 and class 2

services at high loads. It is also exp ected to b e b ene�cial where v aried tra�c loads

are presen t whic h is the sub ject of Subsection 4.7.5.

The p erformance of the DRA sc heme without class restrictions can b e seen in

Figure 4.30.
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Figure 4.30: Service Class Blo c king Probabilities with \normal" Loading.
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This sho ws the DRA sc heme without class limits compared to the blo c king p er-

formance of the FRA sc heme. Under the \normal" tra�c loading conditions the

call blo c king p erformance of the Class 1 and Class 2 calls using the dynamic sc heme

without limits is signi�can tly lo w er at higher tra�c loads. This is particularly the

case for the class 2 (HP data calls). The class 2 calls ha v e b etter blo c king p erfor-

mance than class 1 users at mo derate loads due to their lo w er minim um QoS lev els

(i.e. the quarter rate tra�c c hannel TCH/4). The adv an tages to the class 1 and

class 2 services at full loads are signi�can t as these ha v e consumed almost all of the

a v ailable bandwidth. Class 3 has similar p erformance to the FRA sc heme at lo w er

loads but su�ers due to the CA C sc heme fa v ouring the class 1 and 2 services under

stressed conditions. Class 4 tra�c using the DRA sc heme also has impro v ed blo c king

p erformance at lo w loads as the resource allo cation sc heme attempts to maximise

the use of the bandwidth, but also has signi�can t blo c king when the system is under

hea vy load. The impro v emen ts to the class 2 services can also b e seen in the a v erage

transmission time when compared to the other t w o sc hemes in v estigated. This is

sho wn in Figure 4.31.
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Figure 4.31: Class 2 Av erage T ransmission Times with \normal" Loading.

As can b e seen in Figure 4.31, b oth DRA sc hemes ha v e large p erformance im-

pro v emen ts compared with the FRA sc hemes. A t higher loads, the n um b er of pac k et

data tra�c c hannels (PDTCHs) allo cated increases and hence when no limit is

placed on the tra�c classes' total bandwidth, a v erage bandwidth allo cation is in-
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creased and transmission dela ys are reduced.

4.7.4 Summary of Resource Allo cation P erformance

It can b e concluded that at high normalised loads there is some b ene�t in using a

sc heme without class limits. In a Defence con text this mak es sense to ensure tra�c

of more urgen t nature is giv en b etter service guaran tees. In a commercial net w ork

this curren tly has only receiv ed mo derate atten tion, but the in tro duction of pac k et

data services to wireless net w orks will increase the fo cus on service guaran tees and

tec hniques to p erform e�ectiv e resource allo cation. Hence this researc h has some

implications in the commercial domain also.

F or the Defence net w orks it has b een discussed earlier in Subsection 4.3.1 and

Subsection 4.4.2 that certain ev en ts in conjunction with do ctrinal pro cedures will

cause tra�c loads of di�eren t classes to increase signi�can tly for a short p erio d of

time. F or this reason it is necessary to consider the p erformance of the dynamic

resource allo cation sc hemes discussed here. This will b e done in Subsection 4.7.5.

4.7.5 In v estigating the Impacts of V arying T ra�c Loads

The sim ulation pro cess has b een rep eated for a n um b er of more lik ely scenarios

where tra�c loads in a particular tra�c class ha v e b een increased. It is imp ortan t

to iden tify the impacts that c hanges in the o�ered loads of one class ha v e on the other

tra�c classes. The call blo c king p erformance and a v erage transmission times ha v e

b een in v estigated for the scenarios where class 1 or class 2 tra�c loads are increased.

In eac h case, c hange is of the order of a 150% increase in the load compared with

that used in the \normal" conditions describ ed in Subsection 4.6.2. Some of these

results for v aried o�ered tra�c loads ha v e already b een published in [79 ] and [107 ]

but man y of the results are new.

The c hanges in o�ered load has b een implemen ted in the sim ulation pro cess b y

reducing the in terarriv al rate of a particular tra�c class. This has b een made easier

b y pr omoting the in terarriv al v alues originally in the mo delling pro cess (see Subsec-

tion 4.6.3). A sample of ho w this is done in the user in terface for the sim ulation

where a high class 2 (High priorit y data) load w as applied is sho wn in Figure 4.32.

The p erformance of the DRA sc heme without maxim um class limits has b een

compared to that for the DRA sc heme with class limits. The FRA sc heme is exp ected

to p erform extremely p o orly under these circumstances. Where a high class 1 (v oice)

load w as presen t the impacts on class blo c king for the DRA sc hemes can b e seen in

Figure 4.33.
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Figure 4.32: Sim ulation User In terface Example for High Class 2 Load.
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Figure 4.33: Connection Blo c king Probabilities for High Class 1 Loads.

The p erformance under this scenario sho ws some degraded blo c king for class 1

tra�c where the DRA sc heme is used with class limits. This is the result of in tensiv e

load lev els degrading the p erformance of class 1 signi�can tly . This o ccurs b ecause
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the class limits are imp osed in the same manner as a FRA t yp e of sc heme. It should

b e noted that this is also the most demanding scenario for the net w ork, as the class

1 tra�c has a higher minim um QoS lev el than the class 2 services. The e�ects of

this can also b e seen for class 3 tra�c, where using the sc heme with class limits, the

p erformance is main tained compared to the sc heme without limits (as class 1 has

consumed the a v ailable bandwidth). The same is true for the class 4 services where a

sc heme without limits reduces the allo cation for class 4 and blo c king increases. The

DRA sc heme without class limits p erforms b etter with the class 1 services b eginning

to b ene�t from a \bandwidth hogging" pro cess where the class 3 and 4 users are

blo c k ed. The e�ects this has on the transmission time of the class 2 tra�c is eviden t

in Figure 4.34.
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Figure 4.34: Class 2 Av erage T ransmission Dela ys with High Class 1 Loading.

The class 2 tra�c p erforms p o orly (i.e. has longer transmission times) when no

class limits are used but this is still a ma jor impro v emen t o v er the dela ys exp erienced

b y the FRA sc heme. In the DRA sc heme with limits the class 2 tra�c p erforms

w ell in terms of its QoS, but this is at the exp ense of the increased blo c king of the

class 1 tra�c.

This exp erimen t has b een rep eated for the scenario where a high class 2 tra�c

load is imp osed. The impacts of this on the blo c king p erformance are sho wn in

Figure 4.35.

In this case some of the p oten tial problems asso ciated with ha ving no class
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Figure 4.35: Connection Blo c king Probabilit y with High Class 2 Load.

limits b ecome more eviden t. As exp ected, at all loads there are signi�can t gains

in the p erformance of the class 2 tra�c. This \bandwidth hogging" results from

an increased allo cation of the PDTCHs. This has resulted in few er TCHs a v ailable

for the class 1 (or equiv alen t of the GSM v oice tra�c) and hence its p erformance

has b een degraded somewhat. Figure 4.36 sho ws the impact on the class 2 a v erage

transmission time.

The transmission times of the class 2 users are again signi�can tly impro v ed when

compared to the other options. Ho w ev er, this has in tro duced a problem for the class

1 tra�c: its blo c king probabilit y is increased. As the initial requiremen ts stated

that the GSM services cannot b e degraded, this is unacceptable and mec hanisms to

o v ercome these problems need to b e considered. This and some other issues will b e

discussed in Chapter 5.

4.8 Summary

This Chapter summarised dev elopmen ts in the area of pac k et data comm unications

in the cellular mobile and satellite systems. A comprehensiv e in tro duction to some

of the literature on the GPRS system has b een pro vided, as in tegration of v ery

similar services has b een considered as essen tial for satellite-PCS systems.

Existing researc h in the area of resource allo cation has also b een review ed as
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Figure 4.36: Class 2 Av erage T ransmission Times with High Class 2 load.

net w ork access and allo cation pro cesses are k ey factors e�ecting the system p erfor-

mance, particularly in a Defence en vironmen t.

A n um b er of new resource allo cation sc hemes ha v e b een analysed. This has

in v olv ed signi�can t dev elopmen t of new connection admission con trol and resource

allo cation pro cedures that will b e able to in terface with some of the approac hes

b eing considered for future dev elopmen ts.

Mo dels ha v e b een dev elop ed to in v estigate the impacts of di�eren t resource allo-

cation pro cedures in these net w orks. These in v estigations ha v e sho wn that dynamic

resource allo cation sc hemes will p erform m uc h b etter than an y �xed resource allo-

cation sc hemes in terms of call blo c king and a v erage transmission dela ys.

A dynamic resource allo cation sc heme with maxim um class bandwidth limits

and a dynamic resource allo cation sc heme without class limits w ere considered.

In general, the dynamic sc heme without maxim um class bandwidth limits o�ered

b etter p erformance for the higher QoS classes under hea vy tra�c loads. Eac h sc heme

o�ered impro v ed p erformance for all tra�c classes at lo w and mo derate loads. In

eac h of the cases discussed in Subsections 4.7.2, 4.7.3, 4.7.5, the lo w er priorit y classes

(3 and 4) ha v e p o orer blo c king p erformance under hea vily loaded conditions. This is

necessary to pro vide adequate GoS and the QoS guaran tees for the higher precedence

class 1 and 2 calls. The p erformance of Class 4 users has b een degraded in these

sc hemes. Services for class 4 users are exp ected to b e queued un til o�-p eak p erio ds.
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When tra�c mixtures v aried signi�can tly (high class 1 v oice or class 2 data

tra�c) the dynamic sc heme without a class bandwidth limit has the p oten tial to

allo cate the total a v ailable bandwidth to a particular class. This giv es some merit

to the setting of a maxim um class bandwidth allo cation lev el (otherwise class 1

p erformance can b e degraded).

Placing limits on the class bandwidth lev els increases the a v erage transmission

dela ys, but minimises the e�ects on class 1 calls particularly when high prop ortions

of class 2 tra�c are requested. The opp osite is also true when there is a high class

1 v oice load. The results ha v e sho wn this degrades the a v erage transmission time

(the most imp ortan t QoS measure) for class 2 but not the blo c king p erformance.

The dynamic allo cation sc hemes sho w a dramatic impro v emen t in the a v erage

pac k et transmission dela y for b oth data class 2 and class 4 as compared to the �xed

allo cation sc heme.

Under hea vily loaded conditions the dynamic resource allo cation sc heme without

an y class bandwidth limits, allo ws the \hogging" of bandwidth. This has the p oten-

tial to degrade the class 1 connections. Accurate load sensing tec hniques or tra�c

predictions could b e used b y the allo cation sc heme to con tin ually up date class limits

and guaran tee a high GoS to class 1 connections at all times. This is a sub ject of

in terest for further w ork.
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Chapter 5

Conclusions, Recommendations

and F urther W ork

The w ork presen ted in this thesis has addressed sev eral of the fundamen tal problems

faced for in tegrated mobile-satellite net w orks. The signi�can t con tributions and

their p oten tial impact in the area will no w b e discussed.

5.1 Conclusions

Chapter 1 in tro duced some of the problems for mobile comm unications in the De-

fence en vironmen t and highligh ted some of the trends in the commercial w orld that

ha v e p oten tial uses for Defence op erations. Ev olving requiremen ts ha v e sho wn the

p oten tial use of in tegrated satellite and PCS net w orks. Arc hitectures and a range

of net w orking options to ac hiev e this ha v e b een considered.

Ev olving LEO/MEO Satellite and PCS systems ha v e b een considered in Chapter

2 as candidate net w orks for future Defence op erational net w orks. Chapter 2 dis-

cussed the migration from the 2G to 3G cellular mobile systems that will in tro duce

an extended range of services particularly in the area of mobile data comm unica-

tions. This material w as presen ted in the con text of p oten tial Defence applications,

and supp orted the assertion that there can b e signi�can t gains from using these

t yp es of net w orks in the Defence en vironmen t. Chapter 2 also discussed the limita-

tions of do ctrinal ev olution and the c hanging w a ys to do business that are di�cult

barriers to o v ercome. Ho w ev er it has b een noted throughout that the gro wth of

IW and information op erations will con tin ue and acceptance of this in do ctrine is

inevitable.

Included in the considerations for alternate arc hitectures w ere a n um b er of satel-

lite net w orks. Some of the so v ereign t y issues in relation to op eration of the net w orks
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will remain but this can p oten tially b e remedied b y dev eloping appropriate pro ce-

dures for use of the net w ork.

Due to the suitabilit y of the LEOS arc hitectures, further in v estigation of the

curren t and planned LEO/MEO PCS t yp e systems w as p erformed. These studies

indicated that few of these net w orks alone had the p oten tial to pro vide the services

that w ould required in the near future. Most w ere based on circuit switc hed tec h-

nology with limited assurance for GoS or QoS p erformance measures. The Iridium

system has b een iden ti�ed as o�ering an arc hitecture that w as based on a TDMA

frame structure and a top ology capable of pro viding a suitably robust net w ork.

Whilst b eing based on pro viding circuit switc hed v oice calls, its features w ere iden-

ti�ed as b eing w orth y of further in v estigation from the p oin t of view of in tegration

with the GSM based net w orks.

Chapter 3 has pro vided an in tegration scenario for the a LEOS-GSM system.

This has required signi�can t c hanges to the radio in terface of the in tegrated net w ork

and mo di�cations to the GSM signalling pro cedures to minimise the impacts of the

additional propagation dela ys asso ciated with the satellite net w ork. It has b een

sho wn that the set-up dela ys in the in tegrated net w ork are no w comparable to

the GSM system. A signi�can t capabilit y required for Defence op erations is the

pro vision of priorit y and precedence in accessing the net w ork. T o accommo date

these requiremen ts, alternate access pro cesses for the mobile stations with di�eren t

precedence lev els ha v e b een dev elop ed. These ha v e b een sho wn to pro vide signi�can t

enhancemen ts in call set-up dela ys for priorit y 1 and priorit y 2 users and these

degrade gracefully as o�ered loads increase.

In Chapter 4, an enhanced range of pac k et data services is in tro duced in to the

in tegrated net w ork describ ed in Chapter 3. This follo ws the migration of the circuit

switc hed GSM services to w ards the pac k et data services o�ered b y the GPRS. An

arc hitecture for the Defence use of a GPRS-LEOS net w ork has b een prop osed. This

is capable of pro viding data comm unications to mobile users within Australia and

o�-shore. As the in tegrated LEOS-GPRS net w ork remains signi�can tly bandwidth

limited compared to �xed net w orks, the e�ectiv e resource sharing b ecomes ev en

more imp ortan t when considering the p erformance of the services to users. T o

analyse the p erformance of the in tegrated arc hitecture, detailed mo dels of alternate

Connection Admission Con trol (CA C) and resource allo cation pro cesses ha v e b een

dev elop ed. These ha v e enabled the imp ortan t measures of system p erformance to b e

considered. A n um b er of tra�c classes w ere in tro duced to b e used in the net w ork.

A �xed resource allo cation sc heme and t w o v arian ts of a dynamic resource allo cation

sc heme ha v e b een studied. The �xed resource allo cation sc heme has b een used to
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pro vide a baseline for comparison of other more suitable sc hemes.

On the basis of evidence obtained b y exhaustiv e sim ulation, the �xed resource

allo cation sc heme o�ered relativ ely p o or p erformance when the mixed-service tra�c

di�ered from the \optimal" c hannel dimensioning. The dynamic resource allo cation

sc hemes pro vided impro v ed p erformance under mixed-tra�c loads. This included

b oth the GoS and QoS p erformance measures of call blo c king p erformance and the

a v erage pac k et transmission dela y . The a v erage pac k et transmission dela ys (not

including the access and propagation dela ys) using the dynamic resource allo cation

sc hemes are within the limits prop osed b y ETSI for the terrestrial GPRS standard

[1], as sho wn in T able 5.1. The access dela ys, t

a

, and propagation dela ys, t

p

, ha v e

b een determined from the results obtained in Subsection 3.6.2 and Subsection 3.6.4

for the priorit y 2 users. T o determine the absolute transmission dela ys, b oth access

and propagation dela ys m ust b e added to the transmission dela ys.

P ac k et Size 128 o ctets 1024 o ctets

Mean

Dela y

95% dela y Mean

Dela y

95% dela y

Cellular

GPRS

t

a

= 5 s ,

t

p

= 0 : 1 ms

C2 a v erage

pac k et trans-

mission dela y

(seconds)

0 : 5 1 : 5 2 7

C4 a v erage

pac k et trans-

mission dela y

(seconds)

Unsp eci�ed

LEOS-

GPRS with

DRA t

a

� 5s,

t

p

� 60ms

C2 a v erage

pac k et trans-

mission dela y

(seconds)

0 : 2 0 : 8 1 : 6 6 : 4

C4 a v erage

pac k et trans-

mission dela y

(seconds)

Unsp eci�ed

T able 5.1: P ac k et data service comparison.

Call blo c king p erformance is also impro v ed using the dynamic resource allo cation

138



sc hemes. The resource allo cation sc hemes' p erformance has also b een in v estigated

where tra�c loads v ary signi�can tly , i.e. high loading of a particular tra�c class.

Placing limits on the maxim um class allo cations reduces the 
exibilit y of the dy-

namic sc heme, and, lik e the �xed resource allo cation sc heme, it can only b e designed

for a particular t yp e of class loading (optimal c hannel dimensioning). The results

ha v e iden ti�ed the imp ortan t tradeo�s for allo cation and deallo cation pro cesses that

need to b e considered when dev eloping an appropriate resource allo cation sc heme.

These results ha v e sho wn that mixed service priorities in an in tegrated LEOS-GPRS

comm unications net w ork are feasible and ha v e signi�can t p oten tial for some future

Defence applications.

5.2 Recommendations and F urther W ork

This section pro vides some recommendations for further dev elopmen t of the resource

allo cation sc hemes discussed. It also discusses some issues for the future, including

some p oten tial Defence requiremen ts and a range of options of p oten tial in terest to

enhance the resource allo cation pro cesses.

5.2.1 Resource Allo cation

The resource allo cation sc hemes in tro duced ha v e sho wn signi�can t impro v emen ts

for a range of priorit y classes and a n um b er of tra�c classes. Whilst the study

of these t w o imp ortan t asp ects of the in tegrated satellite-PCS net w orks has b een

treated in separate c hapters, the com bination of these dev elopmen ts is an imp ortan t

capabilit y for pro viding higher service capabilities based on b oth the user priorit y

and the tra�c class. Using a p olling t yp e of access sc heme in the resource allo cation

pro cess the t w o di�eren t di�eren tial service capabilities can b e accommo dated. A

functional diagram of this implemen tation can b e seen in Figure 5.1.

The priorit y of the user has b een view ed in terms of pro cesses that can en ter

the priorit y queues based on the CA C rules. T o o v ercome some of the \bandwidth

hogging", additions to the resource allo cation sc heme migh t include some mec ha-

nism to pro vide activ e load sensing to minimise the p oten tially negativ e e�ects on

higher classes when lo w er class loads increase for a p erio d of time. The load sensing

mec hanism can c hange the allo cation rules, p ossibly to restrict some accesses or

drop lo w er precedence calls if necessary .

Whilst the results sho wn for the resource allo cation sc hemes ha v e tak en in to ac-

coun t a v ariet y of services, further researc h could usefully include hando v er tra�c
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Figure 5.1: Com bined Precedence and Resource Allo cation Sc hemes for the In te-

grated Net w ork.

in to the resource allo cation sc heme. Hando v er of a call in progress is giv en a higher

degree of imp ortance and ideally w ould nev er result in an established connection

b eing dropp ed. The inclusion of three higher priorit y classes to the resource allo-

cation sc heme is a lik ely solution and a n um b er of mec hanisms of ac hieving this

are p ossible. T aking this in to accoun t will no w result in sev en tra�c classes sho wn

b elo w in order of priorit y:

1. GSM v oice hando v ers

2. High priorit y class 2 hando v ers

3. Lo w priorit y v oice call hando v ers

4. New GSM v oice requests

5. New class 2 data requests

6. New lo w priorit y v oice requests

7. Lo w priorit y data connections

The inclusion of these additional groups will increase the lev el of total tra�c

and in tro duce additional signalling, whic h will p oten tially further degrade the p er-

formance of classes 4 and b elo w. If these tra�c classes are treated individually this

will further complicate the resource allo cation pro cess of an y mo v able b oundary

sc heme.
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5.3 Dev eloping a Suitable Op erational

Arc hitecture

In the Defence en vironmen t, there are also some inheren t securit y arc hitecture issues

that need to b e addressed particularly in the paging broadcast allo cation mec ha-

nisms. In the curren t arc hitecture, the announcemen ts of allo cations are done within

the TDMA frame structure and all users can b e a w are of these allo cations if desired.

F or Defence use, it is desirable that this pro cess b e protected to minimise the p o-

ten tial for in trusion and obstruction of the normal op erations of the mobile users.

The announcemen ts of accesses to the mobile stations in an out-of-band fashion can

b e used to remo v e a signi�can t prop ortion of the k ey signalling comp onen t from the

tra�c. This enables additional protection to b e added to the forw ard (broadcast)

comp onen t and w ould ensure mobile stations w ould receiv e this imp ortan t informa-

tion. This can include the increase of p o w er or error protection for Jamming or IW

margin to limit the e�ect that an y hostile user ma y ha v e on the access. This will ne-

cessitate some c hanges to the MS terminal receiv e comp onen ts, but additional p o w er

requiremen ts from the mobile station will b e limited as this w ould not require trans-

mit p o w er. Using the arc hitecture discussed in Chapter 3, an out-of-band (OOB)

signalling/paging c hannel is required to ac hiev e these impro v emen ts. An example

of a revised arc hitecture can b e seen in Figure 5.2.

Figure 5.2: Revised Candidate Arc hitecture with Protected OOB Signalling and

P aging.

F or a short term deplo ymen t with smaller co v erage area and a limited user base,
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and based on solely a single-nation force comp osition, the use of an in tegrated LEOS-

PCS net w ork ma y pro vide an o v erly costly and insecure solution for some op erations.

In this scenario an option that in v olv es smaller in v estmen t and is p oten tially more

secure is the replacemen t of the LEOS comp onen t with a UA V to pro vide co v erage of

the battlespace. Giv en the Line of Sigh t (LOS) nature of the net w ork and the similar

propagation en vironmen t the usage of the mo di�ed signalling pro cedures, precedence

capabilities and 
exible resource allo cation sc hemes can pro vide the mobile users

with a C4ISR capabilit y far sup erior to curren t op erational systems.

5.4 Multiple Access Issues

F urther dev elopmen ts in the area of m ultiple access are inevitable with the prolif-

eration of 3G systems. Chapter 4 discussed sev eral v arian ts of PRMA proto cols

that w ere dev elop ed for wireless m ultiple access. The PRMA sc heme uses a discon-

tin uous uplink frame structure whic h do es not utilise all the a v ailable bandwidth.

F urther dev elopmen ts of the PRMA sc heme ha v e included the PRMA++ and Ad-

v ance TDMA (A TDMA) proto cols. These remo v e gaps b et w een the uplink timeslots

and enables them to b e allo cated as tra�c slots in m uc h the same manner as pro-

p osed in the resource allo cation pro cesses in Section 4.5.2 for the dynamic resource

allo cation pro cesses. The timing of allo cation ac kno wledgmen ts is critical to the

A TDMA pro cess, in a fashion similar to the second generation systems with the

additional capabilit y of assigning timeslots on a p er frame basis rather than for the

duration of a call. The sc heme uses reserv ation (R) slots and tra�c (I) slots and has

an additional fast ac kno wledgmen t (F ak) timeslot in a frame as sho wn in Figure 5.3

[110 ]. On the do wnlink side ac kno wledgmen t (A) slots are accompanied b y tra�c

slots and a single fast paging (FP) slot.

The A TDMA sc heme is in tended to tak e adv an tage of v oice activit y b y allo cating

v oice circuits on a basis of the talk-spurts. An air c hannel in terface (A CI) iden ti�er

can b e set in the R-slot to request additional bandwidth to b e allo cated. Mobiles

con tin ue to monitor the A slots for their allo cations. Data tra�c can b e sen t and

ac kno wledged. Sp eec h is main tained in a bu�er un til suc h time as the timeslots are

allo cated or the dela y has exceeded the maxim um tolerable dela y for sp eec h (up to

20ms)[110 ].

The A TDMA sc heme has the problem of not b eing able to guaran tee a v ailabilit y

to the v oice tra�c when large accesses ha v e b een assured to data tra�c. P oten tial

problems when dealing with a v ariet y of tra�c classes suc h as v oice, real-time (R T)

142



Figure 5.3: PRMA++ F rame structure.

and non-real-time (NR T) data particularly where tra�c loads in tensify . These re-

sults con�rm some of the outcomes from Chapter 4, Section 4.7 where high loads

w ere applied to the net w ork.

A Blo c k Reserv ation Time Division Multiple Access (BR TDMA) is prop osed in

[111 ] that attempts to supp ort b oth v oice and data using b oth a reserv ation pro cess

and a non-reserv ation mo de. This supp orts b oth R T and NR T tra�c. In this

scenario it is p ossible to allo cate v oice (R T) tra�c o v er a n um b er of timeslots in

m uc h the same manner of the existing GSM net w orks, without losing the abilit y to

statistically m ultiplex the v arious services. This sc heme will result in some increased

data dela ys, but this is inevitable if the R T service guaran tees are to b e assured.

This t yp e of m ultiple access sc heme also has functionalit y similar to the A TDMA

sc heme and could b e used to examine v arian ts of the resource allo cation sc hemes

prop osed in Chapter 4.

5.5 Alternate Approac hes to CA C and

Resource Allo cation

The in v estigations of alternate CA C and resource allo cation sc hemes in Chapter

4 has highligh ted that in a bandwidth constrained en vironmen t, there are some

imp ortan t problems to b e faced for the managemen t of tra�c and optimal use of

the a v ailable bandwidth. This raises issues that are more far reac hing than those

raised b y the in tegrated LEOS-GPRS net w ork that has b een in v estigated here. In

fact, all wireless and satellite net w orks are inheren tly bandwdith limited and require

negotiation of bandwidth and service lev els.
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In �xed net w orks the demands for increased utilisation of the resources are lim-

ited, as the a v ailable bandwidth far exceeds that of the wireless net w orks. As re-

quired capacit y increases, additional net w ork infrastructure can temp orarily miti-

gate these problems. T ra�c 
o ws in commercial net w orks also ha v e di�eren t c har-

acteristics and p oten tially require few er c hanges to the CA C and resource allo cation

pro cesses.

In the Defence en vironmen t these 
o ws are lik ely to b e extremely burst y and

dep end on the temp o of an op eration. In wireless and satellite Defence net w orks the

constrain t on the bandwidth a v ailabilit y will remain for the forseeable future and

with adaptation of �xed applications for the mobile en vironmen t there is certainly

scop e to further dev elop the approac hes discussed in Chapter 4.

A n um b er of approac hes ha v e merit for further in v estigation of this application.

Solutions to the resource allo cation problem where tra�c 
o ws are unpredictable are

particularly of in terest. The approac hes that app ear most relev an t to the problem

are applications of genetic algorithms and game theory . P oten tial uses of these will

no w b e discussed.

5.5.1 Genetic Algorithms

As has b een sho wn in Chapter 4, Subsection 4.7.5, the v ariation of tra�c 
o ws from

the \normal" loading conditions caused the p erformance of some classes of tra�c

to b e degraded. This indicates that under some conditions the CA C and resource

allo cation sc hemes can require c hanges in the rules and conditions for admission and

allo cation to ensure that selected p erformance criteria are still catered for b y the

net w ork. T o explore the options for sets of admission rules one p ossible tec hnique

a v ailable is the use of genetic algorithms [112 ]. Genetic algorithms can b e applied to

determine the p erformance of sev eral di�eren t sets of rules, giv en di�eren t mixtures

of tra�c 
o ws. An example of rule searc hing and the optimisation pro cess can b e

found in [113 ]. Using in telligen t agen ts, options can b e dev elop ed automatically to

cater for these di�eren t tra�c loading conditions. This reduces the requiremen ts for

h uman in terv en tion in the net w ork but will require signi�can t researc h to p erfect.

Some imp ortan t factors that will require in v estigation are: the sampling in terv al

for collecting the tra�c statistics and the determination of the p oin t where c hanges

in rules need to b e implemen ted. Ov er time, as the tra�c mixtures v ary the estima-

tions of the optimal allo cation pro cesses will degrade from the optimal solution. In

a system suc h as the in tegrated LEOS-GPRS net w ork, these c hanges are lik ely to

o ccur relativ ely frequen tly as the v oice tra�c has b een assumed to b e of 3 min ute
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duration and the higher class of data tra�c will also b e burst y in nature. This w ould

in tro duce some signi�can t c hallenges to the implemen tation and accuracy of suc h

a sc heme. Another p oten tial researc h issue for the use of genetic algorithms in the

Defence en vironmen t is where the v alue of information v aries o v er time. This w ould

require the searc hing pro cesses to b e ongoing and ha v e a mec hanism to include these

c hanges in the generation of new rules.

5.5.2 Game Theory

An alternativ e approac h to the resource allo cation problem is the negotiation of QoS

p erformance measures. This can b e mo delled as an application of game theory where

tra�c classes and users with di�eren t priorities comp ete for resources. The problem

of priorit y and tra�c classes can b e treated as a com bination of a co op erativ e game

for tra�c within a class and a non-co op erativ e game b et w een the tra�c classes.

The non-co op erativ e game rules will b e de�ned b y the CA C and resource allo cation

pro cesses.

Minimising the p oten tial losses in the net w ork can b e ac hiev ed b y �nding a game

theoretic equilibrium p oin t. The equilibrium p oin t represen ts the op erating p oin t in

the net w ork where on aver age minim um losses will o ccur in terms of QoS. This p oin t

is referred to as the Nash equilibrium [114 , page 47]. This approac h could minimise

these losses but do es not necessarily maximise the utilisation of the net w ork, and

this w ould b e an imp ortan t area for further study .

One approac h to mo delling a resource allo cation pro cess using game theory has

b een presen ted in [115 ]. This uses the virtual paths in an Async hronous T ransfer

Mo de (A TM) net w ork to de�ne the tra�c 
o ws and the QoS requiremen ts of the

tra�c. In a more bandwidth constrained en vironmen t and with tra�c 
o ws v arying

signi�can tly it presen ts a v ery in teresting problem of attempting to maximise the

utilit y of a wireless Defence net w ork. This approac h will �nd the p oin t where losses

on a v erage are minimised (i.e. the equilibrium p oin t) but under some circumstances

this ma y not b e acceptable for longer p erio ds of time. A p oten tial problem of using

this approac h is that it do es not facilitate an y c hanges to the CA C and resource allo-

cation rules. Hence where rule c hanges ma y seem essen tial, suc h as extreme loadings

of a tra�c class, an alternativ e set of rules cannot b e in v ok ed. P erhaps when used

in conjunction with genetic algorithms these tec hniques can ac hiev e a compromise

b et w een high utilisation and lo w losses o v er a v ariet y of loading conditions in a

Defence net w ork.
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App endix A

Analysis of Access Dela ys and

Precedence

This app endix supplemen ts the n umerical results from Chapter 3. It summarises

some of the analysis of the Slotted Aloha (S-Aloha) m ultiple access sc hemes discussed

b y Abramson in [116 ][117 ][68 ][118 ], b y Kleinro c k in [69, pages 362{375][76 ] and [75 ]

and Sc h w artz in [119 ].

A.1 Channel Throughput

The S-Aloha m ultiple access sc heme uses a time slotted c hannel, with access based

on a con ten tion pro cess for the c hannel. Collisions that o ccur require retransmission

attempts. F ollo wing the con ten tion pro cess the net w ork can notify of successful ac-

cess. Another v arian t of the sc heme can detect a collision from other users' attempts.

Collision detection pro cedures are made more di�cult in wireless and satellite net-

w orks as c hannel errors can b e mistak en for collisions and inappropriate actions in

the access pro cess can o ccur. F or this reason, collision detection is not used in this

discussion.

Dimensioning of timeslots is generally determined b y the in tended applications.

F or larger information transfers the slots will b e of a longer duration than those for

a circuit whic h carries only short burst y transmissions.

All timeslots will b e of the same duration. The load G is measured as a function of

the n um b er of total accesses p er timeslot, whic h dep ends on the arriv al distribution

of the o�ered tra�c. F or the S-Aloha case of v oice tra�c discussed in Chapter 3,

the tra�c is considered to b e of P oisson distribution hence the probabilit y of no
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additional accesses in a particular p erio d, p

o

, can b e expressed as [69 , page 364]:

p

o

= e

� G

(A.1)

The throughput S , of the net w ork is the a v erage n um b er of successful retrans-

missions p er slot. If the sum of all o�ered tra�c G is a pro cess generated b y a v ery

large p opulation of users then the throughput S can b e sho wn to b e:

S = Gp

o

(A.2)

Then the throughput of the net w ork is a function of the o�ered mean o�ered

tra�c G in the slotted c hannel. This pro vides the familiar result [117 ]:

S = Ge

� G

(A.3)

The S-Aloha sc heme assumes a pac k et exp eriencing a collision will ha v e a random

retransmission in terv al, K suc h that the retransmission attempt is equally lik ely to

o ccur in the slots follo wing the failed access (i.e. slots K � ( K � 1) ; :::; K � 1 ; K after

the initial transmission). F rom the results obtained in [75 ], the p eak throughput

lev els for v arious v alues of K tends to con v erge for K > 15. F or smaller v alues of

K , the throughput of the c hannel falls.

T o accoun t for the random retransmission p erio d K , the system throughput, S ,

can b e expressed as [69, 371]:

S = G

q

t

q

t

+ (1 � q )

(A.4)

where, q is the probabilit y that a new access attempt is successful and q

t

is the

probabilit y that a retransmitted attempt is successful. These probabilities can b e

expressed as:

q =

�

e

� G=K

G

K

e

� G

�

K

e

� S

(A.5)
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and

q

t

=

�

e

� G=K

� e

� G

1 � e

� G

� �

e

� G=K

G

K

e

� G

�

K � 1

e

� S

(A.6)

In general, b ecause they are nonlinear, equations A.4, A.5 and A.6 cannot b e

solv ed for S in terms of parameters G and K . Ho w ev er, if K approac hes in�nit y ,

the expressions for q and q

t

are reducible. A go o d appro ximation for q

t

when K is

large is [69 , page 372]:

q

t

�

K � 1

K

e

� G

(A.7)

Observing the results of this assumption in Figure A.1, it b ecomes clear that the

results do con v erge to e

� G

as K b ecomes large.

Figure A.1: Probabilit y of Successful T ransmissions q and q

t

vs K for V arious O�ered

Loads G .

Note also in Figure A.1 that as o�ered load G increases the probabilit y of suc-

cessful transmission reduces signi�can tly (appro ximately 30%) b et w een o�ered loads

of 0 : 3 and 0 : 8 accesses p er slot for high v alues of K . It can also b e seen that for

initial transmission attempts q , the probabilit y of success con v erges m uc h so oner

158



than the retransmission pro cess q

t

. The fast con v ergence of the q for di�eren t v alues

of K can b e seen in Figure A.2

0 0.5 1 1.5 2 2.5 3
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Offered Traffic (accesses per slot), G

P
ro

ba
bi

lit
y 

of
 S

uc
ce

ss
 (q

)

K=1 

K=4 

K=15 

Figure A.2: Con v ergence of Probabilit y of Success q vs K .

The appropriate selection of K will ha v e a more imp ortan t impact on the retrans-

mission probabilit y of success q

t

. This will e�ect the o v erall throughput signi�can tly .

Throughput S is sho wn in Figure A.3 for v arious v alues of K .
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Figure A.3: Throughput of S-Aloha for V arious K

0

s .

As tra�c loads increase to a p eak throughput lev el at 1 access/slot, the through-

put steadily increases. P eak throughput is ac hiev ed at 1 access p er slot. The the-

oretical maxim um of e

� 1

� 0 : 37 is ac hiev ed at this tra�c lev el. These results can

b e extended to determine the a v erage access dela ys for the S-Aloha t yp e of m ultiple
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access sc hemes. The a v erage dela y D in units of seconds can b e expressed as [119 ]:

D ( G ) = m

�

1 +

1

2

+ E

�

R +

1

2

+

K + 1

2

� �

(A.8)

where m is the slot p erio d, E = e

� G

� 1 represen ts the impacts of the collision

pro cesses q and q

t

, G is the o�ered tra�c, R is the roundtrip propagation dela y and

K is the mean random retransmission p erio d (in slots). The expression for D ( G )

sho ws the asso ciations b et w een retransmission dela ys (the con tributions from the E

expression) and the dela ys asso ciated with the slotted nature of the c hannel (i.e. an

initial dela y of a timeslot follo wing access plus on a v erage an additional dela y of half

a timeslot w aiting for the next timeslot). Figure A.4 sho ws the relationship b et w een

the a v erage access dela ys D and the throughput for v arious v alues of K .
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Figure A.4: Av erage Access Dela ys for S-Aloha T yp e System.

Figure A.4 sho ws the e�ect on access dela ys of selecting a high mean retrans-

mission p erio d K . Whilst there are some additional dela ys for high v alues of K at

lo w o�ered tra�c lev els (where throughput is lo w and dela y is lo w), setting a lo w

v alue of K compromises the p eak throughput lev el as sho wn in Figure A.3. Hence

there is an in teresting tradeo� required in the selection of K . This needs to b e done

according to the system access requiremen ts and in particular the exp ected duration

of p eak tra�c arriv als.

The ratio b et w een the o�ered tra�c lev el and the throughput of the priorit y

class using the S-Aloha c hannel i.e. G=S , determines the a v erage n um b er of times a

transmission m ust b e sen t b efore success. Where transmission attempts in the slot-
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ted c hannel fail, retransmission attempts are required. Hence, the a v erage n um b er

of retransmission attempts N

R

can b e represen ted b y [76 ]:

N

R

=

G

S

� 1 (A.9)

Figure A.5 sho ws the e�ect that lo w v alues of K ha v e on the mean n um b er of

retransmissions ( N

R

) that are required b efore successful access is ac hiev ed.
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Figure A.5: Mean Num b er of Retransmission A ttempts for V arious V alues of K .

It is eviden t that it is imp ortan t to set limits on the n um b er of retransmission

attempts allo w ed in a S-Aloha system. Figure A.5 sho ws that for lo w K v alues the

mean n um b er of retransmission attempts increases at m uc h lo w er lev els of through-

put whic h is directly related to the lev els of o�ered tra�c. Setting lo w er v alues

of N

R max

is one mec hanism that can b e used to reduce congestion in the access

pro cess, but this can compromise the p eak throughput of the c hannel if loads close

to 1 access p er slot are exp ected.

A compromise needs to b e reac hed b et w een a v erage pac k et dela ys and the prob-

abilit y of collision up on retransmission. Simply selecting a lo w er v alue of K to

reduce access time is ine�cien t. The throughput lev els will drop signi�can tly if this

is main tained for an y signi�can t p erio d of time. T o pro vide an impro v emen t in access

dela ys, the lev els of o�ered tra�c in the access c hannel m ust b e limited. Separating

particular groups from common access p oin ts in a net w ork is one mec hanism that

can b e used to implemen t this.
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A.2 Mo di�ed GSM Access Dela ys

The access pro cedures in a GSM net w ork use a v arian t of the S-Aloha sc heme dis-

cussed in App endix A.1. The di�erence in the GSM system is the dela y b et w een a

timeslot in a frame that has b een allo cated for the access pro cess, i.e. the Random

Access CHannel (RA CH).

In Chapter 3, a mo di�ed v ersion of the S-Aloha m ultiple access sc heme is pro-

p osed for the In tegrated LEOS-GSM system. This w as done to separate the access

pro cedures of some of the precedence classes in order to maximise the services of

the higher precedence classes. T o pro vide assured access, the highest priorit y user

class has b een completely remo v ed from the con ten tion pro cess. Imp ortan t factors

to b e discussed are access dela ys and dropping whic h is exp erienced when classes

exp erience to o man y retransmission attempts. Subsection A.3.1 will pro vide the

analysis of the prop osed priorit y 2 services. Subsection A.3.2 pro vides analysis and

discussion of the sc heme for the priorit y 3 and priorit y 4 users.

A.2.1 Priorit y 2 User Access Pro cess

Figure A.6 sho ws the mo di�ed access pro cesses prop osed for the in tegrated LEOS-

GSM access.

Figure A.6: Prioritised GSM Access for Priorit y 2, Priorit y 3 and Priorit y 4.

The priorit y 2 users ha v e t w o p oten tial access p oin ts p er frame as a half rate

access slot has b een pro vided. This requires some mo di�cation of the MS to pro vide

a burst that is half the duration of a standard GSM burst. This requires a reduction

in the pa yload size to main tain an adequate guard p erio d based on the di�eren tial

dela ys that can exist in the LEOS sp ot b eam. Figure A.7 sho ws the timing issues

in the TDMA frame structure.

An imp ortan t factor for consideration when using the LEOS system is the roundtrip

propagation dela y , R . It can b e seen in Figure A.7 that this roundtrip time is not
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Figure A.7: Prioritised Access Timing Issues.

an in tegral n um b er of frames or bursts, hence the analysis of the mo di�ed sc heme

m ust b e treated di�eren tly . There are t w o cases for consideration in the calculation

of the access dela ys for this priorit y class.

The �rst is where R is greater than the frame p erio d T

N

, the second is where

R is less than T

N

. The frame p erio d T

N

and the roundtrip time R in
uence the

analysis b ecause excessiv e roundtrip dela y can cause the next p ossible transmission

p erio d (or ev en p erio ds) to b e excluded from the retransmission attempt(s) whilst

w aiting for ac kno wledgemen ts. This has b een depicted in Figure A.7. This results

in a mo di�cation to the analysis of the access dela ys so that the propagation dela y

is included in the calculations of D for eac h access attempt. The dela y w aiting

for this next appropriate timeslot is 2 N � 1 slot p erio ds, rather than the a v erage

dela y exp erienced due to the slot structure (on a v erage this is represen ted b y the

�rst

1

2

comp onen t in Equation A.8). This no w b ecomes

N

2

slots of dela y on a v erage.

The resulting expression for the total access dela y for incorp orating the propagation

dela y is:

D = m

�

1 +

N

2

+ R + E

�

(2 N � 1) +

N K + 1

2

��

(A.10)

where m is the slot p erio d, N is the n um b er of slots in the frame, E = e

� G

� 1,

G is the o�ered tra�c, R is the roundtrip propagation dela y and K is the mean

random retransmission p erio d (in slots).

The dela ys ha v e b een deriv ed from the results obtained from [119 ],[118 ] and

[75 ]. F or the priorit y 2 users the access dela ys dep end on the roundtrip propagation

dela y compared to the frame p erio d T

N

and as the priorit y 2 class has t w o retransmit

slots p er frame the dela y comp onen t asso ciated with the retransmission parameter

K e�ectiv ely b ecomes K = 2. Expressions for the t w o options are sho wn in (A.11)
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and (A.12).

F or R > T

N

,

D

P C 2

= m

"

1 +

N
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(A.11)

F or R < T

N

,

D

P C 2

= m

"

1 +

N

2

+ R + E

"

( N � 1) +

N (

K

2

2

) + 1

2

##

(A.12)

where K

2

is the mean random retransmission p erio d (in slots) for priorit y 2 and

the other sym b ols ha v e the same meanings as in (A.10). F or a LEOS system under

consideration in Chapter 3, 4 propagation dela ys will b e exp erienced on a v erage

whic h equates to a propagation dela y of appro ximately 120ms (where lo w elev ation

angles are exp erienced). As this in v estigation uses the mo di�ed frame structure

where T

N

is 40ms, Equation (A.11) is appropriate for this case. The resulting access

dela ys for the priorit y 2 user can b e seen with resp ect to the other priorit y classes

in Figure A.8.
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Figure A.8: Prioritised GSM Access for Priorit y 2.

F or the scenario where a more priorit y 2 precedence group users require access,

the loading in the access pro cess increases. T o sho w the e�ects of increased loading

on the priorit y 2 user group the o�ered tra�c for priorit y 2 users has b een increased

b y 200%. The results of this are sho wn in Figure A.9.
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Figure A.9: Prioritised GSM Access for Priorit y 2 with Ov erloaded Class Use.

The p erformance of this user group's access dela y can b e seen to degrade as

o�ered loads increase. Nev ertheless, the priorit y 2 group still main tains a call setup

adv an tage o v er the priorit y 3 and priorit y 4 groups.

A.2.2 Priorit y 3 and Priorit y 4

The access dela ys for the priorit y 3 and priorit y 4 users are based on equation A.13

using retransmission parameters K

P C 3

= 4 and K

P C 4

= 12. This follo ws the Priorit y

Based F ast Access (PBF A) approac h prop osed in [27 ].

D

P C 3 ; 4

= m

�

1 +

N

2

+ R + E

�

(2 N � 1) +

N K

3 ; 4

+ 1

2

��

(A.13)

where K

3

and K

4

are the mean random retransmission p erio d (in slots) for

priorit y 3 and priorit y 4 resp ectiv ely and the other sym b ols ha v e the same meanings

as in Equation (A.10).

The resulting access dela ys for the priorit y 3 (high priorit y) and priorit y 4 (lo w

priorit y) users can b e seen in Figure A.10 for three di�eren t v alues of K .

The results in Figure A.10 sho w only small di�erences in access dela ys for the

t w o lo w priorit y cases K = 12 and K = 15 ev en at high o�ered tra�c loads. The

higher priorit y group do es b ene�t from the shorter a v erage retransmission p erio d.

An additional case has b een included where hando v er pro cedures for the priorit y

3 and priorit y 4 accesses are treated as additional access tra�c. This can b e seen
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Figure A.10: Prioritised GSM Access Dela ys for Di�eren t V alues of K .

in Figure A.11. This is sho wn with a normalised load whic h is used to represen t

the pro jected n um b er of users within a priorit y group. These w ere in tro duced in

Chapter 3 Section 3.6.1.
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Figure A.11: Prioritised GSM Access Dela ys for Priorit y 3 and Priorit y 4.

The dela ys exp erienced b y the class 4 users are no w degraded more signi�can tly .

The hando v er tra�c is adv ersely e�ected b y the increased usage of this user group,

but these are essen tial to b e main tained as in terrupted calls are extremely undesir-

able.
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The collision probabilities ha v e b een determined based on the expressions in

Equation (A.5). Collision Probabilities deriv ed from q

t

for eac h of the precedence

classes are sho wn in Figure A.12. Using the ratios of o�ered tra�c that ha v e b een

de�ned in Chapter 3, Subsection 3.6.1 the collision p erformance has b een calculated.

As the priorit y 2 group is small, and they use the mo di�ed access pro cess the o�ered

tra�c is lo w er whic h assists in making collisions less lik ely .
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Figure A.12: Collision Probabilities Using the Mo di�ed Sc heme.

It can b e seen in Figure A.12 that priorit y 1 users ha v e v ery lo w probabilit y

of collision. It has not b een considered to b e exactly zero b ecause this class can

still exp erience signi�can t c hannel losses that can result in the MS in terpreting

this as a collision during access. Priorit y 2 users ha v e a larger collision probabilit y

but this is con tained b y use of the alternate retransmission pro cesses. Hence this

class exp eriences signi�can tly less collisions than priorit y 3. Tw o cases ha v e b een

considered for priorit y 3, one with and the other without hando v er tra�c b eing

considered as part of the o�ered tra�c in the class. In the case where hando v er is

considered, collisions are exp erienced more frequen tly due to a 175% increase in the

o�ered tra�c lev els. T o remo v e p oten tial congestion problems the PBF A approac h

reduces the maxim um allo w able n um b er of retransmissions for priorit y 4. All access

dela ys can b e seen in Figures A.8 and Figure A.9 sho wn earlier.
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A.3 Call Dropping

Call dropping in the access and setup pro cess o ccurs when a user exceeds the n um b er

of allo w ed retransmission attempts. This will tend to o ccur once the o�ered tra�c

lev els exceed a mean lev el of one access p er slot. Using the a v erage n um b er of

retransmissions required, giv en b y Equation (A.9), the call dropping probabilit y

for the priorit y-based sc heme has b een determined. This assumes that the a v erage

n um b er of retransmission attempts will ha v e a normal distribution with standard

deviation of � . The outcome can b e seen in Figure A.13 for � = 0.25.
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Figure A.13: Access Dropping Probabilit y .

It is eviden t in Figure A.13 that there is hardly an y dropping of the highest

priorit y classes as eac h of these classes ha v e a signi�can tly lo w er probabilit y of

requiring additional retransmissions. The priorit y 4 classes exp erience dropping of

access attempts at relativ ely lo w loads ev en when compared to the priorit y 3 class.

A p oten tial mec hanism to minimise some of these losses that can b e asso ciated with

c hannel losses is discussed in Section A.5.

A.4 Go o d Channel T ransmission Pro cess

Chapter 3, Section 3.6.2 in tro duced the p ossibilit y of using Go o d Channel T rans-

mission (GCT) tec hniques to impro v e successful access probabilit y i.e. minimise

the probabilit y of losses due to c hannel errors. Using this approac h, dela ying trans-

mission during times when fading is signi�can t will prev en t unnecessary bac k o�
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pro cedures and remo v e the p ossibilit y of confusing c hannel error losses with pac k et

collisions. These t yp es of approac hes ha v e b een discussed in [27 ][120 ] and [121 ].

Using statistical parameters from [121 ], estimates of the distributions for Ra yleigh

fading ha v e b een tak en in to accoun t in the calculations of access dela ys in the RA CH

in the in tegrated arc hitecture. This can b e used to obtain a suitable expression

for the access dela ys due to p o or c hannel conditions. The e�ect of using GCT ap-

proac hes will b e noticed in the additional N

R

timeslots that a transmission is dela y ed

and that few er access transmissions fail due to c hannel errors. The lev els of fading

can b e termed lo osely as deep fading 3 � , mo derate fading 2 � and the most lik ely or

median v alue � . T o sho w the di�erence b et w een t w o p ossible scenarios consider the

follo wing t w o cases: � = 0 : 02 represen ting a 
at terrain en vironmen t and � = 0 : 15

represen ting an en vironmen t where signi�can t tree atten uation is presen t.

The probabilit y of one of these fading states P

F

o ccurring can b e expressed as:

P

F

= 1 � P f r � r

o

g (A.14)

where P f r � r

o

g is the probabilit y of a fade whic h is the in tegral of the Ra yleigh

Probabilit y Densit y F unction (PDF)[108 , page 94] from r = 0 to the p oin t of in terest

r

o

. F or the cases of the 
at terrain and tree atten uation the probabilities of the

mobile link exp eriencing the three c hannel conditions are sho wn in T able A.1.

� =0.02 � =0.15

Median 85% 61%

Shallo w F ading 13% 25%

Deep F ading 2% 14%

T able A.1: Probabilit y of Exp eriencing F ading Conditions for Flat T errain and T ree

En vironmen ts.

The resultan t Ra yleigh probabilit y densit y functions are sho wn in Figure A.14.

This giv es an indication of the di�eren t scenarios that can o ccur. In tegrating

o v er r eac h of the densit y functions sum to one. In the tree atten uation case there is

higher probabilit y of exp eriencing larger fades due to the larger standard deviation

� whic h results in a more disp ersed PDF o v er a the range of r . A threshold will

b e required to decide when a fade is signi�can t enough to require a broadcast on a

con trol c hannel to w arn users of the access c hannels that the RA CH is su�cien tly

degraded to restrict access. The impact c hannel sensing has on dela ys can then b e
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Figure A.14: PDFs of Flat T errain and T ree En vironmen ts Cases.

factored in to the a v erage access dela y o v er a longer p erio d of time as is done in [27 ].

These factors b ecome more relev an t when op erating at lo w er elev ation angles where

m ultipath e�ects are signi�can tly w orse.

F or the case of 
at terrain atten uation (i.e. � = 0 : 02), the e�ects of a GCT

approac h on the S-Aloha access dela ys can b e seen in Figure A.15. These dela ys

ha v e b een determined using the mo di�ed frame structure that has b een prop osed.
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Figure A.15: Access Dela ys for GCT Approac h Using V arious V alues of K .

The comparison b et w een the GCT approac h and the S-Aloha approac h can b e
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seen in Figure A.16.
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Figure A.16: Access Dela ys for GCT Approac h Compared to S-Aloha.

It is eviden t from Figure A.16 that at lo w er o�ered tra�c lev els, the additional

dela ys created b y the GCT approac h is noticeable. Ho w ev er at these lo w er o�ered

tra�c lev els, the dela ys are less imp ortan t than the p oten tial dropping due to more

sev ere fading conditions. The results from the alternate v alue of � = 0 : 15 compared

to b oth the S-Aloha access dela ys and the GCT approac h with � = 0 : 02 can b e seen

in Figure A.17.

It is eviden t from these results that under more sev ere fading conditions, the

GCT approac h can assist in minimising the c hannel losses and this will help in

reducing the congestion that c hannel losses cause.
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App endix B

Pro cess Mo del Description

This App endix is in tended to pro vide additional detail of the mo delling pro cess

summarised in Chapter 4. The O P N E T

T M

pac k age has b een used for mo delling and

sim ulation. This App endix explains the pro cess mo del descriptions of the imp ortan t

no des in the sim ulation. Section B.1 describ es the reasons for taking this approac h,

and explains the breakdo wn used to simplify the mo delling pro cess. Section B.2

in tro duces the no de mo dels and Section B.3 describ es the ma jor pro cess mo dels

that ha v e b een used to monitor the sim ulations and to mo del the resource allo cation

sc hemes describ ed in Chapter 4.

B.1 Mo delling Pro cess Breakdo wn

The mo delling of the complete in tegrated LEOS-GPRS net w ork w ould require a

extreme amoun t of mo delling e�ort and w as considered to o big a task to complete

in a timely fashion. The mo delling of all radio in terfaces, signal measuremen ts,

in tersatellite links and hando v er pro cesses w as a daun ting prosp ect and one that

could not b e guaran teed to b e a suitable represen tation of the actual pro cesses

undertak en in the net w ork, whic h in this case w as an Iridium net w ork. Placemen t

of man y no des represen ting MSs w as also a p oten tial problem.

A simpli�ed mo del of the net w ork resources w as considered suitable for compar-

ing the resource allo cation sc hemes that ha v e b een prop osed in Chapter 4. This

streamlined the mo del dev elopmen t pro cess and enabled the researc h to fo cus on

the resource allo cation issues rather than some of the di�cult implemen tation issues

for mo delling LEOS net w orks that ha v e b een discussed.
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B.2 No de Dev elopmen t

Figure B.1 sho ws the no de lev el diagram used to mo del the in tegrated LEOS-GPRS

net w ork. No des in teract with one another via the logical links that can b e seen

b et w een them. The in teractions are de�ned within the underlying pro cess mo dels of

eac h no de. The no de diagram consists of sev eral tra�c generators (no des designated

b y an I ), a statistics no de ( stats ), t w o queue pro cesses q

0

and q

1

and a resource

allo cation no de (in this example it is the dynamic al lo c no de).

Figure B.1: Dynamic Resource Allo cation sc heme with Queueing of Data Classes.

All tra�c (the total o�ered load) w as determined to b e deriv ed from the ideal

tra�c sources that are represen ted b y the I no des in Figure B.1. These tra�c

sources sp ecify the o�ered tra�c load in terms of the in terarriv al rate. The tra�c

generators w ere not used to determine the duration distributions as this w as done

in the stats no de. The separate tra�c generators are used for eac h of the prop osed

tra�c classes in the in tegrated LEOS-GPRS net w ork. This enables the tra�c classes

to b e mo di�ed easily without e�ecting the other classes.

The stats no de has the essen tial role of recording all connection parameters of

in terest in the in v estigations. This w as e�ectiv ely a station k eep er to p erform c hec ks

throughout the sim ulation runs to ensure the in tegrit y of the results. T o implemen t

the station k eeping this no de generates a signi�can t n um b er of ev en ts in the pro cess

mo dels to ensure all allo cation and deallo cation pro cesses o ccurred correctly and the
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statistics w ere recorded. These cause some increase to sim ulation times. Throughout

the sim ulation pro cess the running a v erage dela ys and blo c king p erformance w ere

monitored within the stats no de. The running a v erages enable the parameter v alues

o v er long sim ulation runs to b e observ ed. Decisions to �nish sim ulation runs w as

based on the time to reac h to within 5% of the steady state v alues.

The queues q

0

and q

1

w ere used to queue the data tra�c classes if resources w ere

not a v ailable. These enabled statistics suc h as the queue length to b e extracted at

the end of the sim ulation run.

The al lo c ation no de p erforms the Connection Admission Con trol (CA C) c hec ks

and p erforms the re-allo cation pro cesses as de�ned b y the sc hemes under test. It

receiv es messages from the stats no de to notify of b oth initiations and completions

of connections.

B.3 Pro cess Mo del Dev elopmen t

Pro cess mo dels describ e the discrete ev en t pro cesses that o ccur within a no de mo del.

These implemen t the coloured P etri net mo dels that represen t the net w ork pro cesses

and decisions. The ev en ts that can o ccur can result from an y c hange in conditions

that can o ccur in the comm unication net w ork. The ev en ts and the transitions to

other states of the net w ork are de�ned b y the mo deller based on the requiremen ts

for the sim ulation.

This section describ es the pro cess mo dels for the no de mo dels describ ed in Sec-

tion B.1 for the in tegrated LEOS-GPRS net w ork. These are discrete ev en t mo dels

whic h ha v e rules for transitions de�ned b y the di�eren t criteria. Green states repre-

sen t forced states and red states represen t unforced states. F orced states complete

all executables up on en try to that state. Unforced states complete initial executables

follo wing transition to the state, but require an additional ev en t to o ccur to lea v e

the state. Up on this ev en t the unforced state can ha v e executables to complete but

this is not essen tial.

B.3.1 A l lo c ation Pro cess Mo del

The resource allo cation pro cess mo del pro vides the functionalit y discussed in Chap-

ter 4, Section 4.5 whic h de�nes the alternate resource allo cation sc hemes. A diagram

of the resource allo cation �nite state mo del can b e seen in Figure B.2. This pro cess

mo del de�nes the ev en ts that will o ccur in the Earth Station Con troller (ESC) of

the in tegrated net w ork. The for the resource allo cation sc hemes the CA C rules are

175



implemen ted within the forced states prio1 a , prio2 a , prio3 a , and prio4 a . The

state transitions in this mo del are used for eac h of the resource allo cation sc hemes

in v estigated in Chapter 4. Alternate allo cation sc hemes use di�eren t v ersions of the

prio1 a , prio2 a , prio3 a , and prio4 a states. The implemen tation of the states uses

the C programming language.

Figure B.2: Resource Allo cation Pro cess Mo del.

The pro cess mo del remains in an idle state un til a v alid transition ev en t o ccurs.

This can b e an allo cation request or a termination request. Up on receiving requests

for allo cations from the stats no de mo del, the Allo cation pro cess mo del transitions

to the appropriate state. This transition is de�ned b y the sp eci�ed ev en t that

has o ccurred. The CA C and resource allo cation pro cedures are p erformed if the

ev en t is a new connection arriv al. In the case of the dynamic resource allo cation

pro cesses the sc hemes discussed in Subsection 4.5.2 are used. F or the �xed resource

allo cation sc heme the simple CA C rules from Subsection 4.5.1 ha v e b een used. If

the transition ev en t is a call termination, the Allo cation pro cess mo del transitions

to the END state and deallo cation pro cedures are p erformed. Up on completion of

the forced (green) states, the pro cess mo del returns to an unforced state and w aits

for the next transition ev en t.
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B.3.2 Stats Pro cess Mo del

The stats pro cess mo del p erforms man y of the c hec ks necessary to v alidate the

pro cesses b eing undertak en in the resource allo cation pro cess mo del. Figure B.3

sho ws the full stats no de diagram discussed in Chapter 4, Subsection 4.6.3. The

simpli�ed pro cess mo del sho wn in Subsection 4.6.3 is the same v ersion of this pro cess

mo del with some of the v alidation states (the man y unforced states) remo v ed. The

remo v ed unforced states w ere imp ortan t for the mo deller to ensure correct op eration

of the mo del but are p eripheral to the pro cess of observing the functionalit y of the

pro cess mo del and for this reason they w ere remo v ed.

Figure B.3: stats No de Pro cess Mo del.

This mo del includes man y states that are used to detect errors in the pro cess

mo del transitions. The errors in transitions p oten tially o ccur when dev eloping the

mo dels and ev en ts o ccur whilst the pro cess mo del is in a state other than the one

exp ected. This causes errors that require debugging. The states used for detecting

errors are the unnamed states with the pre�x st x . Use of these states and the

transitions to them is helpful to v erify the op eration of the pro cess mo dels. The

V1 init , D1 init , V2 init , D1 init , states are used when a message is receiv ed from

the ideal generator signifying a new tra�c access. This state generates a connection

pro�le that includes an iden ti�er and connection size or duration. These states
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transit to the time-tos state that sc hedules the request (for sending the A l lo c ation

no de) to ensure t w o ev en ts do not o v erlap in time, whic h w ould cause signi�can t

problems in the allo cation no de.

T ransition to the st 14 state o ccurs when access has b een gran ted b y the A l lo-

c ation no de. This ac kno wledgemen t enables the amoun t of allo cated resource to b e

used to determine completion times for that particular connection. An ev en t is then

sc heduled for this completion time. This pro cess is rep eated for all connections. A

transition to the r emove state is an ac kno wledgemen t that the resource allo cation

pro cess has blo c k ed the connection. This up dates the imp ortan t connection blo c king

statistic when this transition o ccurs.

T ransition to the de al lo c state o ccurs when c hanges to the allo cated resources

o ccurs for a particular connection. F or the data classes, this requires re-calculation

of exp ected completion times. The sc heduled completion time in terrupt is up dated

to ensure the ev en t for the particular tra�c connection is link ed correctly . The

c al l in state is used when a connection is completed. This up dates the statistics for

the a v erage QoS statistics.
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