
SPACE DIVISION MULTIPLE ACCESS PROTOCOLS FOR A

SATEI,LITE S:WITCHED COMMUNICATION NETIilORK

A thegis subnltted in ñ¡lf1lnent of the requirenent for Lhe degree of

DOCTOR OF PHILOSOPHY

in the

Deparbænt of Electricat and Blectronic trgfneerlngt

The UnlversitY of Adelaide

Ko King-Tin, B.E. (Itons)

December 1982

by



a

t)
î

9)-

frr

?
û

K

i

l ì

r- w\
ì

te

I

il

w



TO I'fy MoTHER, AND

IN ME,IORY OF MT FAÎHER



Page iv

TABLE OF CONTENTS

Absfrac t

Statenent

Acknowledgements

Publicabions

List of Symbols

1. Introduction

1.1 Traffic lbdels and ServÍce Requirenents

1 . 2 Hardware Considerations

1.1 Synchronization

1.4 Mlltiple Aecess Protocols for a Satellibe packet
Comunication Network using a Global Bean

4.1 Fixed Assignment Scheæ
4.2 Random Aecess Scherne
4.3 Dtstnibuted Control Demand Assignnent Schene
4.4 Centrally Controlled Denand Assignnent Scheme

1.5 Review

2. Terrestrial Network Design

1 Terminals to Stations OptÍmization
.1 Definition of the Terminals to SbatÍons OpLinizatÍon
.2 Discussion on OptinÍzabion
A. Station lpeation Problen
B. Terminal Layout Problen

2.2 Spotbeam Coverage Opti-mlzatlon
2.2.'l Definiüion of the Spotbeam Coverage OptimÍzafion
2.2.2 Dlscussion on Optinization

2.3 Conelusion

3. Spaee Division lfultiple Aecess Protocols

3.1 Fixed Assignrent, Up1ink and Downlink (FA) Protocol
3.1.1 Frane Strucbure of the FA Protocol
3.1.2 Delay Structure of the FA Pnotocol

xv

xiii

xvl

xvtr-

xviil

1-1

1-3

1-4

1-6

1-7

1-8
1-10
1-11
1-1 3

1-1 4

2-1

2-1
2-3
2-5
2-5
2-6

2-7
2-7
2-O

2-12

3-1

3-4
3-4
3-6

1.
1.
't.
1.

.1

.1

2.
2
2

3.2 Demand Assignmenf Uplink and Fixed Assignnent Downlink 3-6
(DA-FA) Protocol

A. Centrally Controlled wÍlh SaLellite Link 3-8
B. Centrally Controlled with On-bcard Controller 3-8
C. Centrally Controlled with Tenr,:strial Link 3-g
D. Distrlbuted Control 3-g
3.2.1 Frame Structurre of the Dist.ributed Control DA-FA Protocol 3-1,l



Page v

3.2.2 De1ay Structure of the Distributed Control DA-FA
Protocol

3.3 Denand Asslgnment Upltnk and Downtink (DA) protocol
3.3.1 Frame Sbructure of the DA protocol
3.3.2 Delay St,ructune of the DA Protocol

4. Delay Analysis

4.1 oata Detay Analysis
4.1.1 Data Arrival Process

2 SchedulÍng Delay
DerLvation of E(Û) ano var(û)
Derivation of E(i) and var([) Uy tne Root Finding lbühod
Derivaùion of E(L) and var(L) ¡y Ure Integration tÍeLhod
Calculation of E(DS) uslng a ti/G/1 eueuing lbdet
Conclusion for the Scheduling Delay

4.
4
4
4
4
4

2.1
2.2
2.3

3-1 1

3-13
3-14
3-16

4-1

4-1
4-3

4-5
4-6
4-8
4- 10
4-13
4-14

4-15
4-16
4- 18
4-19
4-20
4-22

4-23

4-24
4-25

4-26

5-1

5-1

5-8
5-8

5-12

5-14
5-15

5-16
5-19
5-22

5-23

5-24

5-26

2.4
2.5

4.3 Reserwation Delay
4.3.1 Reservation of E(Y)
4.3.2 Derivat,ion of E(Dg)

A. u=l
B. u>1

4.3.3 Conclusion for the Resen¡ation Delay

4.4 Expansfon to a l'tuIùiple TernÍna1 IVpe Network

4.5 Voice Connection Delay
4.5.1 Voice Schedullng Delay

4.6 Concluding Renarks

5. Buffer AnalysÍs

5.1 Buffer Requfrements and Blocking probabilities

5.2 Voiee Ilaffic Bufferlng Requirenents
5.2.1 Blocking Probabttify of the Voice 1?affic Request

Buffer
5.2.2 Blocklng Probabillties of the Sending and the

Receiving Statlon

5.3 Data Ilafflc Buffering Requlrerents
5.3.1 Blocking Probability of fhe Data 1?affie ltutbtplexing

Buffer
A. Flxed Assignrent Protocol
B. Demand A^ssignnent Protocol
c- Denand Assignnenù uprink and Fixed Assignment Downrlnk

Protocol
5.3.2 Blocking Probability of the Data Traffic Demurtiprexing

Buffer

5.4 Buffering Requirenents for an Acknowledgement System

5.5 Concluding Remarks

and var(T)
and var(D*)



Page vi

6. Perfornance ComDarisons 6-1

6-1
6-2
6-4
6-6
6-12
6-15
6-20

6-23

6-23

6- 31
6-32
6- 41
6-tt2

6- 45

T-1

T-2
7-3
T-3
7-4

7-8
T-8
7-8
7-10
7-13

7-18
7-18
7-19
7-20

7-24

8-1

6.
6
6

1 Delay-lhroughput Comparisons of the SDMA protocols
.1.1 Channel and Control Channel 1?rroughput
.1.2 Delay-Î:roughpuü Comparisons of the SDMA protocols

A. Varying Ïbaffic Characberistics
B. Varylng Protocol Paramet¡rs
C. Varying lbtwork Paraneters
D. Concluding Renarks on the Comparisons of the SDMA

Protocols

6.2 Conparlsons with othen Global Bean Coverage ìfuItip1e
Access Protocols

6.2. 1 Delay-Iì:roughput Conparisons

6.3 Buffer Performances and conparisons of the sDMA protocols
6.3.1 Buffer Perfornances of the SDMA protoeols
6-3.2 Buffer Perfornance comparisons of the sDMA protocors
6.3.3 Dem.rlt,Íplexing Buffer Perfornances

6.4 Conclusion

7. Sinulation

7.1 Diseussion on Sinulation
7.1.1 The Simulabion Language - SPURTZ6
7 .1.2 Simulation I'Ícdel
7.1.3 Accuracy of the Simulation Results

2 Results of the Slmulatlons
.2. 1 Reserr¡atÍon Delay
.2.2 Seheduling De1ay
.2.3 M¡lbtplexing Buffer Blocktng probabÍIlty
.2.4 Denr¡lùiplexing Buffer Blocking probabiliùy

3 Resulüs Obtalned by the Extended Sinr¡altion l,lode1
.3.1 Effects of the Arrival Process
.3.2 Prioriüy Sysùem
.3.3 Other 0bservations

7.4 Conclusion

8. Conclusion and Suggesüions for Futur"e Researrch

AopendLx 1 carcualtlon of the Average and bhe variance of the
Queue Size with Integration l4ethod

Aopendlx 2 Expressions for the Average l,lessage Delay of various
GIobaI Beam Network Protocols

Appendix 3 Publlcation

Eollogue - l¿ws and Paradoxes

Re fe renc e s

7.
7
T

7
7

T.
7
7
T



Page vii

2.1.1

2.2.1

3.0 . 1a

3.0 . 1b

3.0.2

3.1.1

3.1.2

3.1.3

3.2.1

3.2.2

3.2.3

3.3.1

3.3.2

3.3.3

4.3.1

5.1.1

5.1 .6

5.1.7

5.1.8

On-board controller fr¡nctional block diagram for
integrated trafflc using bhe FA Protocol

5.1.2 Earth station f\¡nctional block diagran for integraüed. traffic using the FA Protocol

5.1.3 Earth stabion functional block diagran for lntegrated
traffic using the Acknowledgement FA protocol

5.1.4 On-board controller functional bloek diagran for
integrated traffie using the DA Protocol

Lisb of Figures

A star connection

Solution procedure of the Reduetion l,lethod

Demand assignrnent/me ssage sr¡ltched

Demand assignmenL/|uLne division multiple access

Signal-time diagran

Frane structur€ of a FA Data Protocol

Frane structure of a FA Integrated Tnafflc Protocol

Signal-time diagram for a FA Protocol

Frane structure of a Distributed Control DA-FA Data
Protocol

Reservation channel

Frame struetune of a Distributed Control DA-FA
Integrated 1þaffie Protocol

Frarne structur€ of a Cenbrally Controlled DA Data
Protocol

Control subframe

Frane structure of a Centrally Control_Ied DA Inlegrated
lraffie Protocol

Reserr¡ation delay

Earth station f\rnctionat bloek diagram for integrafed
traffic using the DA Protocol

Earth station functional block diagran for integrated
traffic using the Acknowledgeænt DA Protocot

On-board controLler functional block diagran for
lntegrated traffic using bhe Distributed Contnol
DA-FA Probocol

2-2

2-1 1

3-2

3-2

3-3

3-5

3-5

3-7

3-12

3-12

3-12

3-',t5

3-15

3-15

4-15

5-2

5-2

5-3

5-3

5.1.5 On-board controller functional bloek diagrarn for 5-4
integrated trafflc using the Acknowledgenent DA protocol

5-4

5-5

5-5



5.1.9 Earth station ftnctlonal block diagran for integrated
brafflc using the Dlstrlbuüed Control DA-FA Protocol

5.1.'10 Earth station fi¡netional block diagram for integrated
trafflc using lhe Acknowledgement Dfsbributed Control
DA-FA Protocol

Page vili

5-6

5-6

5-9

5-1 1

5-1 1

5-13

, 6-6

6-8

6.13

6-14

6-14

6-1 6

6-1 6

6-17

6-19

5 .2.1

5.2.2

Voice trafflc sùate transition diagram

6.1.3 Reservation delay perfornance for both the DA and DA-FA
Protocols

6-8

6.1.4 Scheduting delay perfornance for both the DA and DA-FA 6-9
Protocols

6.1.5 Delay perfornance comparison of the DA Protocol r¡ith
dlfferent average rÞssage lengths

6-10

6.1 .6 Delay perfornance comparison between the DA and DA-FA
Protocols for a franelength of 0.4 second

6-11

6.1.7 Reser¡¡ati-on delay performance for both the DA and DA-FA L11
Protocols for a franelength of 0.4 second

6.1.8 Schedutfng delay perfornance for both the DA and DA-FA
Protocols for a franelength of 0.4 second

6-12

Blocking probablliby of the voice request buffer versus
buffer size for 50 clrculùs

5.2.3 Blocking probability of the voice request buffer versus
buffer size for 5 circuiüs and 1 clrcult

5.2.4 Blocking probablllty of the sending and the receivlng
staülon versus totåI offer.ed üraffic with 50
connecting ternlnals

6.1.1 De1ay perfornance conparfson of bhe SDMA protocols for
a rÞseage length of one slot

6.1.2 Delay perfornance comparison between the DA and DA-FA
Protocols

6.1.9 Reservation delay perfornance with the burst size (u)
as a parameter

6.1.10 Delay perfornance comparison between the DA and DA-FA
Protocols with two dÍfferent franelengths and an
average nnssage lenglh of three slots

6.1.11 Resen¡ation and scheduling delay eomparisons between
the DA and DA-FA Protocols with two different frane-
lengths and an average r¡essage length of three slots

6.1.12 Delay versus nunber of zones for the SDMA protncols

6.1.13 Delay versus nunber of statlons for the DA Protocol

6.1.14 Oe1ay vensus nunber of stalions for the DA-FA Pnotocol

6.1.15 Delay vensus transponden capaclty with a fixed input



Page ìx

6.1.16 Oetay versus transponder capaclty wtth a flxed
throughput,

6- 19

6-25

6-25

6-26

6-28

6-28

6-29

6.34

6-35

6-35

6-37

6-38

6- 38

6-zg

6-40

6- 40

6-42

6.2.1

6.2.2

6.2.3

6.2.4

6.2.5

6.2.6

6.3. t

6.3.2

6.3 .3

6.¡.q

6.2.s

6.¡.0

6.3.7

6.3.8

6.3.9

6.3 . 10

6.3.11

Delay perform.nce conparl_son with the global bean
protocols for a rþssage length of one slot

Delay perfornance comparison r¿ith the gl_obal beam
protocols for an average Itþssage tength of three slobs

Delay perfornance comparison with the global beam
protocols for an average rÞssage length of ten sLots

Delay versus nunber of statlons

Delay versus transponder capacLty with a fixed input

De1ay versus transponder capaciby wlth a fixed
throughput

Data m¡lt,iplexlng buffer blocking probabitity versus
buffer size for the FA Protocol with the channel
throughput (S) as a paraneter

Data m¡lùiplexing buffer bJ.ocking probabitity versus
buffer size for ùhe DA Protocol wÍth the channel
throughpub (S) and station nunber (s) as paraneters

Data m.¡IÈlplexing buffer blocking probabllity versus
buffer size for ühe DA-FA Protocol wiùh bhe channel
throughput (S) and station nunber (s) as parameters

Data m.¡Itiplexing buffer blocking probability versus
buffer size for the FA Protocol with bhe average
nessage length (1/e ) as a paraneter

Data n¡ltiplexing buffer blocking probablllty versus
buffer size for bhe DA Protocol with the average
tressage length (1/e ) as a paraneter

Data m.rlt,iplexing buffer blocklng probablllty versusbuffer size for the DA-FA protocol with the average
nessage length (lte ¡ as a paraneter

Data mrlüiplexing buffer blocklng probabll_ity versus
nunber of statlons (s) for the DA protocol wÍth the
buffer size (g) as a parameter

Data m¡ltiplexlng buffer blocking probabtlity verzus
number of stations (s) for the DA-FA protocol with
the buffer size (q) as a paraneter

Data n¡Itiplexfng buffer blocking probability versus
buffer size for the DA-FA Protocot with the number
of zones (K) as a paraneter

Conparison of data uultiplexing buffer blocking
probabillty versus buffer sj_ze for the SDMA protocols

Data demultiplexing buffer blocking probability versus
buffer size wl-th two different arnival rates ( À )

6- 43



Page x

6.3. 1 2 Data derrult,tplexlng buffer blocking probabiliby
buffer size wtLh the average nessage 1ength
as a parameter

6.3.13 Data denult,iplexing buffer blocking probabitity
buffer size wlth the dem¡ltiplexing ehannel
(c¿) as a parameter

versus
(tte ¡

versus
rate

6-43

6-44

7-5

7-9

7-9

7- 10

T-',t 1

7-1 1

7-12

7-12

T-14

7-15

7-16

7-16

7.1.1

7.2.1

Flowchart of PROGRAM SIM

Conparlson of sim¡Iated and calculated values of the
reser.vation delay perfornance for a nessage
length of one slot

7-2.2 conparison of simulated and carcuratæd varues of the
reseruation delay perform.nce for an average
nessage length of thr"ee slots

7.2.3 conparÍson of sinurated and calcurated varues of the
scheduling delay perfornance for a nessage
Iength of one slot

7.2.4 conparison of simutated and calcurated values of ùhe
scheduling delay perforrnance for an average
message length of three slots

7.2-5 conparison of simurated and calcurated values of the
scheduling delay performnce for an average
nessage length of ten slots

7 .2.6

7 .2.7

7.2.8

Conparlson of sinulated and calculated values of the
nult,iplexing buffer blocking probability verstrs
buffer size for a throughpub of 0.45

Conparison of sinulated and calculated values of the
nult,iplexÍng buffer blocklng probability versus
buffer size for a throughput of 0.25

Conparison of simulated and calculated values of the
nultiplexing buffer btocking probability versus
buffer slze for a throughput of 0.75 but different
average rÞssage lengüh

7.2.9 Comparison of sin¡Iatæd and calculated values of the
demrlt,iplexlng buffer blocking probability versus
buffer slze for a throughput, of 0.45

7 -2.10 conparison of slmurated and carculated values of the
denrlt,lplexlng buffer blocking probability versus
buffer size for a bhroughput of 0.75

T-2-11 conparison of simulated and caleurated values of the
denult,iplexing buffer blocking probability versus
buffer size for a throughput of O.T5 but different
average message length

7.2 -12 Sim.¡lated de¡nurtiplexlng buffer blocking probabirity
versus buffer size for different demultiptexing
channel rates

7-17



rage xi

7.3.1 Simulated reser"r,ratlon delay perfornance in a dual
prlorlty system with a single slot nessage

7.3.2 Simulated resen¡ation delay perfornanee in a dual
priorlty systen with an average læssage length
of three slots

7.3.3 Sinulated reservation delay perfornance in a dual
priority system with an average rnssage length
of ten slots

7.3.4 Slnr¡lated scheduling delay perfornance in a dual
priority system with a single slot nessage

7.3.5 Sinu1aùed scheduling delay perfornance in a dual
priority system with an average nessage length
of ùhree slots

7.3.6 Sinutated scheduling delay perfornance i¡ a dual
priority systen wlth ¿rn average rÞssage length
of ten slots

7-21

7-21

T-22

7-22

7-23

T-23



Page xll

List of Tab1es

1.0.1 Cosü conparl-son of nultiple spotbeam system and
conventLonal satellites for the 10 year perlod
of 1987-1996

6.1.1 Sensfttvlties of the SDMA protocols

7.2.1 95f confldence inten¡al of a siur¡lated uulùiptexfng
buffer blocking probabillty for a buffer slze of one

7.2.2 95f confldence fnterval of a slnulated denulttplexlng
buffer blocking probability for a buffer size of one

7.3.1 Conparlson of sim¡lated results between three dlfferent
arrlval processes having an average rrÞssage
length of thr.ee slots

1-3

6-22

7-13

7-15

7-19



Page xiii

ABSTNACT

lhls study indicates that the use of nultiple spotbeam antennas in a

satellite swttched connunication network ls a viable reùhod of allevfating

the problems of overrcror¿ded frequency spectrun and orbital space. the

spotbeam coverage allows high energy concentration, frequency re-uge and

Jan proof operatLon, and the satæIl1te switchlng provides the appropriate

bean connectfons. These teehniques are particularly appropriate for ñ-¡ture

donesùlc satellite conmunicaùlon, especially for low trafflc density,

nobile, narftime or direct to user applicatlons.

three possLble data nrltiple access protocols suiùab1e for a space

division and satellite switched communication network, knovm collectively

as the Space Dlvision ttrltiple Access (SDMA) protocols, have been

investigated. Ttrey are Flxed Assignment (FA) Protocol, the hybrfd Demand

Assignnenù uplink and Fixed Assignnent downlink (DA-FA) Protocol and the

fully Denand Assignnent (DA) Protocol. Taking the neüwork characteristics

i-nto consideratlon, DA-FA Protocol is nost advantageous when operatfng wibh

distributed reservatÍon control, nhile DA ProtocoL is best with central

resen¡ation control with the controller located on the satellite. The

reservation channel is accessed wlth a Tine Division Multiple Aceess

Protocol. ltreir extenslons to integrated data and voice traffic arte al-so

indfcated, where the data üraffic utllises nessage switching and the voice

traffic circuit swltching.

The problems of optfunal location of stations and spotbeam coverages

ar€ nodelled by facillly locabion and set eovering solutions respectlvely.

A detalled delay analysis is presented for an arbitrary compound arrival

process. Two new analytical solutions are developed for calculation of the

scheduling delay and the reservation delay with various reser¡/ation burst

slzes. fn order to avoid the caleulation of a large nunber of complex

roots fron a transcendental equation, an Integration l"þthod r¿hlch ls
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essenbially lndependent to the capacl-ty, is derÍved for the scheduling

delay caleulation. A solution has also been developed for the calculation

of reservaülon delay under an envl-ronment of synchronous batch ouüput. Tt¡e

two resulùs have been verlfied by sinulat,l-ons. Tt¡e nultitpJ-exing and

demultiplexing buffer requirenents for a sysbem with and without

acknowledgenent have been solved using a constant and nonconstant outpuü

nodelr and thelr perfornances ar€ well correlated wlth the slnulation

results. Conparisons of the delay and the buffer perfornances are made

betr¡een the three SDMA protocols and other global beam data packet nultiple

access protocols. The results indÍcatæ ühat the DA Protocol has the best

delay and buffer perfornances arcngst the three SDMA protocols, and the

delay perfornance approaches that of bhe global beam nrltiple access

protocols in the region of high throughput. Relationships and possible

tradeoffs between the perforrnalrcêsr the terestrial network and protocol

parameters ar€ also discussed in deta1I.
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1. INMODUCTION

Iìc llrst comer.clal sat¡Iltte comunlcatlon servlcer INTELSAT It

becane operagLonal ln Aprll, 1965 and sat€t1lte comunlcatlon ls conslder"ed

to have reached a oature phase by 1971 wfüh Èhe operatlon of INTELSAT IV.

Tlre latter spacecraft rælghs ?30 Kg ln orblt and provldes two 4o dianeter

spoÈbeans as nell as global coverages. lllth the prollferatfon of data

comunLcatlon, the denand for a hlghly rellable and dlstance lndependent

Ilnk such as Èhe satel.Ilte channel, ls lncr.easlng. Furtherrcre the Èrend

torrards a cheap dLrect to user satelllte Ilnk has lnvlted mre Lnnovatfon

ln the foltowlng two ar.eas. Flnst, lnpr.oved or new technology ls needed to

provlde lor cost earth statlons, and to oyerconte the acute problens of

over.er.owded orbltal space and fÞequency specbrun. Second r suJ.table

nultipLe eccess protocols are r.equlred fn order to utilfze the satelLlbe

channel as effectlve as posslble. Ho$ever ùhe latter üask is conpllcated

by the dlverslby of user trafflc chanacterlstics and servlee requl-renents

(see Sectlon 1.1 ).

Tbe use of a satclllte sr¡ltched m¡ltlple spoùbean network has the

potentlaL to overcone the problens of over.cr.onClng ln orbltal space and

frequency spectrun. Iü pernlbs frequency r€-use Ln each spotbean covênaget

sl.nee lnterference ls avolded through physlcal separablon of ths coveraget

(space dtvlslon). Hence the recomended protoeols operaBlng tn s¡ch an

envlronænt are knorm as Space Dlvlsfon ttrltlple Access (SDMA) protocols.

T?re requlred nunber of spacecraft ca¡r be reduced lf the following harll¡rare

ls avaflable :-

fully scannable spotbeans;
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2. swlÈohablc transpondcrs;

3 lntærsatelllte llnk.

Such facllltles shift the conpJ.exlty fron bhe earth to the space

segænt. ÎÌre flnanclal galn of a space dlvLslon netr¡ork has been studied

by Fordycc and Stamlnger [fOn 79] an<l sumarlzed ln Table 1.0.1. Tt¡ey

have slronn a grreatær than 50f reductfon ln cost over conventlonal space

technology (see Sectlon 1.2 for hanÑare conslderablons).

Ttre added advantage of a mrlt,lple spotbean antenna ls lts hlgher

effective lsoüroplc radiated po¡rer (EIRP) due to the lncr.ease ln satelltte

transnltter antenna galn as the resolubion becones finer. Sueh ar¡ lncnease

ln EIRP car¡ be ublllzed elther by a reductlon ln earÙh statlon antenna slze

or an lncrease ln channel capaclty. In elLher case sueh a benefltr and the

slngle fr.equency operatlng feaslbiliby, poputarlze dlrecb to user satelllbe

comunieatlon by r.edualng tts eosÈ. In addftlon the diffleulty of

unauthorlzed receptlon and Jamlng are slde beneflts of a u¡ltlple spoÈbean

network.

Hor¡ever ln sueh a netuork, stablons can only be connected by

synchr"onlzlng thclr transnlsslon wlth the bean switching on-boanl the

satelltte. Tlrls lncr.eases the conplexlby of bhe nrltlple access protocols

and necessltatæs the naintenance of precise network synchronf.zatlon. It ls

to bhe problens of protocol ar.chltectur.e and perfornanee analysls that tllls

thesls ls addressed.

Sectlon 1.3 gfves a brlef descrlptlon of a feaslble synchr"onlzation

technlque for a spaee divlslon netnork. Sectlon 1.4 r"evfews the avallable

packet comunlcatlon m¡ltlple access protoeols for data traffic uslng a

global coverage. Soæ of the deslred features are adapted by the spaee

dfvlston orltlple acccss protocols. Flnallyr Sectlon 1.5 exanlnes the

penspectlves and revlews the work ln thls dlssertatlon.
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Source : IFOR 79]

Table 1.01 Cosb comparison of nulbiple spotbean systen and

conventionalsatelliteforthel0yearperfod
of 1987-1996

1.1 ÎRAFFIC HODETS AND SERVICB REQUIREMEIITS

lllth the dtverslby of users the space dlvlslon netnork ls proposed to

serve, the ædelllng of all the trafflc ùypes ls a difflculb task. However

attention Ls concentrated on the üwo prrevalent trafflc types¡ nanely data

and volce trafflc.

For volce lraffic operatlng ln an envlronænt of a large nr¡nber of

users, 1t 1s r"ecognlsed that the Polsson and negatfve exponenùla1

dlstrlbutlon processes provtde sufflclently accurate rcdels for thc volce

calt generatlon a¡rd circult holdlng tfne respectlvely ISTS 58]. Volce

trafflc ls extreuety sensltlve bo the variatfon of packet lnterarrlval tlne

but r.easonably tolerant to ernor and eaII request blocktag. For these

reasons, 1t ls proposed bhat clrcult snltching be used for volee trafflc ln

a space divislon network.

Space segnenb

Earth segpent

Total

0. 46

1 .04

1 .50

0. 55

2.69

3.24

Multiple sPotbeam
systen " ság"ttrt"
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Data traffic on the oÈher hand enbraces a large range of

requirenents, rangfng fnon bursby lnteraeÈlve trafflc to eontlnuous flIe

transfer. Fuoh and Jackson exanl.ned such systens and found bhelr

lnteramival ttne can be rcdelled by a ganna or a lognornal dlstrlbublon

IFUC 7Ol. Ho¡rever an arblcle by Par¡llta casted doubts on the aecepted

slnplc mdels, especlaLty on the behavlour of a ædiun speed ternlnal such

as a vldeo dlsplay un1t, Pawllta showed ühat the traffle patterns are

systen and appllcatlon dependent and can not be mdelled by any parÈlcular

distrlbuü1on [PAtl 81]. Hence the aaalyblcal rest¡Its ln thls thesls are

derived for an arbltrery arrlval process, Pawllta also lndlcated that the

tnafflc fs generally extrerely bursty. Henee æssege swltchlng ls proposed

to be used for data trafflc ln a spaee dlvlslon neÈnork.

A flxed borndary lnterleavlng fraæ structur.e ls proposed as a læans

ol servlng a network ¡Éth fntegrated data and volce traffie (see

Chapter 3). A recent analysls by Ross and Mor¡aft on such a frane structure

tndieates ibs perfornance vlablltty IROS 82].

1.2 HARDTIARE COIISIDERAÎIONS

As the satællite swltched u.rltfple spotbean network sÌtlfbs the

coÐIexlty of satelllte comr¡nlcatlon fron the earth ùo the space segæntt

the æst vltal plece of hardware ln a space divlslon network ls bhe

scannlng spotbean. Becent developnents bave lndicat¿d pnonlslng results

wtt,h the phased array antenna [Rn 80]. It ls partlcularly favq¡r.ed due to

lts excellent sidelobe suppresslon and fast srltchlng tl-ne.
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the phased array E¡nt€nna comblnelr Èhe output of an array of radiatlng

elenents to forn the deslred pattern. A feed systen dlstributes energy to

thc arrays and provldes anptftude retghblng. Dlgltal phase shlfters w?tl'ch

ane nanlpulated by a hlgh speed control unlt, alter the phases of the feed

elenenÈs ln order to shape and steer the spotbeans¡. The producecl pattern

ls anpllfled and proJected onto a large aperture rhlch focusses on a

partlcular coverage.

t{lth ever lncr.easing loglc speed, swltchlng tfine should nof be an

fssue ln the near fl¡tur.e. The current capablllty for a RF satellibe sritch

over 500 MHz bandwldth ls 50 nanoseconds wibh 50 db lnput/output isolatlon.

If RF ls converted to IF rlth on-board processlngr a swltchlng untf wlth

less space, neight and power can be utillzed. Processlng tlne of the

conùrol unit Eay be rreduced 1f paral.Iel processlng and hardwlre loglc

nodules are used ISTE 80].

Another lnportant conslderation ls bhe technology involved in the

productlon, steerlng and tracklng of a spotbean coverage. tllbh exisülng

technology, a 600 Kn dtaneter spotbean coverage can be obtafned (ttre

boundary of s¡.¡ch coverage ls deflned by the -3db porær level). It Ì¡as been

predlcted that dranaÈle fnprovenents can be achieved withln the next trænty

years. tltth an operatfng frequency of 10 GHz and a po$er level s.¡ltable

for comunlcatlon purposes (10-8tt/cn2), a 50 Kn spotbean covenage c¿¡n be

obtalned wllh a 30 n apertur^e ln a geostatlonary orblt uslng 100 KII power

lnput or even a 15 Kn spotbeau coverage with a 100 n aperture and 10 KII

poïer lnput INOL 78].

The role of tåls secblon ls to show that although the requlred

technology for a n¡ttlple spotbean space dlvlslon network is eomplexr lb

eould be achfeved wlthln the lnnedlate fuEur.e.
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1:3 STNCHnONIZATToI

tre of the charaeteristles of e spaee divlslon network ls lts

polnt-to-polnt natur.e¡ 1.e. a transnltùing statton can only be connected

wfth a desÈlnatlon statfon vla an uplink and a downllnk beans. Hence a

transnlsslon Ls nade nlbhoub the beneflts of a feedback fron the downllnk

bean, Neverbheless a pr^eclse network tlne has to be nalntalned ln order to

synchr.onfze the statlon transnisslon and the bean swltchlngs on-board the

satelllte. the network ttne ls establlshed by the slatlons uslng a

particular synehr.onizatlon procedune sultabl-e for a space divislon network.

fn thls sectlon, one of these procedur.es ls brlefly descrlbed INUS 77] t

[sMr 78].

A coarse network tlne ls broadcast to each spotbean coverage by a

naster earüh sÈatlon or the satetltte. Further flne tunlng of the netwonk

tlme can be nade by the lltndow tþthod [St'lI 78]. A coded bursl is

transnlttlng into a pre-assi.gned Èine slot and the transnlsslon is

looped-back. Ttre locatlon of the pre-asslgned tlne slot ls estfnated wlth

the kno¡rledge of tåe propagatlon delay and the broadcast network È18e.

11re coded burst Ì¡as a perlod of the order of the wlndow lengüh. Ttte

statlon llstens to lts looped-back transnlsslon. If tt' passes through Èhe

wlndon tn lts eatlrety and ls recefved by the transnlbtlng statlonr the

flne tunlng ls eonpleted. Ho$ever ff bhe coded burst ls Èruncatedr the

statlon adJusts lts t,folng acconllngly and rrepeats the transnlsslon untll a

satisfactory accunacy is achieved. Such flne ùunlng can also be used for

the calculatlon of the varlablon ln network tlne due to sateUlte rctlon

and oseillator frequency drlft. Hence an accuratæ pr.edictlon of the

netuork ti-ne ean be obtalned in the case of nlnor otrtage.
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r.4 MULTIPLE ACCESS PRoTûCoLS FOR ! SATELLTTE PACKET CoMMUNTCATIO¡¡ NETI{oRK

USING A GLOBAL BEAT{

lfhenever ¿rn expenslve r.esour^ce ls requlred to be shared aængst a

nunber of lndependent users, a m¡ltlple access protocol or a comnly

agr^eed schene ts used to disÈrtbute the Fesour-.,ce. In a packet satel-IlÈe

comunlcatlon neüwork, the nesource ls the comunloatlon channel and the

nultlple access protocol ls the tool fon allocating tåc Fesounce.

In lhe ease of a global bean sa¿elllbe comr¡nlcatlon nebworkr the

sat€Ulte transnlts and r.ecelves slgnaL to and fron any of the statlons

wlthln lts bcan eoverage; ùher.efore connectlvlby between sùatlons wlthin

the bean coverage ts easlly obtalned. For a Beostatlonary connunicatlon

satelllte, tbe bean coverage ls approxlnately one ùhlrd of lhe earth's

surface. Another inportant characÈeristtc of satelllbe comr¡nfcatlon is

lÈs f€latfvely long r"ound trtp propagatLon delay (rtpd) of O.27 secondt

wher.e the rourd trlp ls deflned as the distanee fron ùhe earth bo the

satÆlllte and back to earËh. Thls delay lnfluences the selectlon of en

approprlate rulttple access protocol.

In orrler to accomodaÈe bursty data traffic, attentlon Ls focussed on

packe! snlt,ching. S€veral rrevle¡r papers dÍscuss nrltlple access protocols

for paoket eomunlcatlon ln detall ITOB 80], [RgI 80] ' tLAtl 791. Fron

these r"eferences, four mln categorles of sateltlte packet comrnlcatfon

nultlple access protocols rære ldentifled.

1 flxed asslgnænt scbeæ - the ehannel bandwidth ls allocated to each

statlon ln a statfe nanner.



Page 1 -8

Z. randou access scheæ - each süatlon accesses the channel ln a randon

fashlon; bhe protocol provldes a æchanisn to reduce and/on resolve

confllcts due Èo Èhe cotllslon of packeÈs.

3. dls¡ributed control denand asslgnænt sohene - lnptlcit or expllcit

contnol lnformtfon ls to be exchanged arcngst aII the statlons. The

statlons execut¿ the sane schedullng algorfthn ln order to obtaln a

co-ord lnated ne sPonse .

4 centrally controlled denand asslgnænt schene

schedule ls allocatæd by a central controller.

rel.ayed to each statlon.

- the transnlsslon

The schedule ls t'Ì¡en

Eaeh of the above schenes ls dlscussed ln detafl 1n the followlng sectÍons.

1.4.1 Flxed Asslgnnent Schere

Ilre flt xed asslgnænt schere ls the sinplest of atl the avaf lable

schenes. It parÈltlons the comunleatlon ehannel lnto elther frequency or

tlne domlns. A Ftequeney Divlslon ltuItlple Access (FDùíA) Protocol ls

obtalned by dlvidlng the frequency bandwldth lnto separate non-overlapplng

channels. Eaeh station has access to a dedlcated channel. Tlre advantage

ls lts ease of finplementatlon. Ttre disadvantages lnalude

1. poor channel utlllsatlon for bursty data trafflc;

11 lnflexiblllty ln bandwldbh re-allocatlon

hardrare;

requlres alteratlon ln
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rlt in order to avoid lnt¿rmdulatlon lnterferencer the lravelllng wave

tube (T1{T) operates fn a backoff llnear r.eglon and ls ther¡efore less

efflcient.

In the case of the Î1ne Dlvislon M¡Ittple Access (TDHÂ) Protocolt

each statlon ls scheduled to transnlt fn a shorü non-overlapplng tlne

lnterval on the sane channel. Hence, the TDIIA Protocol nequlres a frane

structur.e and the sÈatlons need a globat ttnlng æchanlsn. Tlnlng ls

establlshed elüher explleltly by a reference stationr or lnpllcltly by

neasurlng the propagatlon delay fron bhe statLon to tlre satelllte

lsCtil{ 74]. Tlre naln advantages ar€ :-

1. the capaclby asslgnænt can be taflored ùo the statlon's r"equlreænb;

1t Èhe ltll can be operated |n a r.eglon of mxlnun efflcleneyr Eince only

one statlon ls transnlbblng at any one tlne;

lil. the eonnecùlvlby between statlons ls an lntrinslc property of the IDMA

Protocol, slnce every statlon llstens and üransnlbs on the saæ

channel.

The dlsadvantages lnclude

l. poor channel uÈlllsatlon for bursüy data brafflc;

11. a nne conplex lnpleæntatlon fn conparlson wlth tàe FDMA Protocol.

Ttre 1DMA hotoeol also exhlblts a superlor delay perfornance than a

conparable sysùen uslng a FDMA Protocot IRUB 79]. The average rÞssage

delay for the 1Ð[,lA Protocol !s glven ln Appendlx 2 loe the ease of a

Polsson æssage lnput and geonetrlcal læssage length dlstributlon.
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Another quasl-stabic aecess protocol ls lhe Code Divlslon lfulttp1e

Access (CWA) Protoeol. The transnlsslon for each sÙatfon ls conblned wlth

a pseudo-random code so as to cause the transnlsslon to occupy the entlre

bandwtdùh of the transponder. The destinatlon sùatlon exbracts tlre æssage

using a eorrelablon detecÈor. Tlrc CDMA hotocot provldes crypÈograhfc

securlty and Jan proof operatlon. Honever the urlüfple ortbogonal codes

are obtafned aù the expense of lncrreased bandrldth and are ther"efore hlghly

lnefflclenf.

I¡e ualn dlsadvantage of any one of the above proÈocolsr based on the

flxed asslgnnent scheæ, is lts inablllty to accomdatc the bursÈlness of

the data braffie. Tlrus they cannot provlde an lnstantaneous nesponse to

ùhe Èrafflc requlrenent of a user nt¡lch ls ttre verly quallty Èhat a snall

user nequlres. For thls t€ascrn the randon access and ùhe denand asslgnænt

scheæs havc been exanlned.

1.4.2 Randon Aceess Schere

In the randon accelrs schene, the entlre channel ls accegsed by aII

statlons ln a nandon nanner. the two ræ1I known exanples of the randon

aecess seheæ arre lhe Aloha and Slotted Aloha Protocols. Both protocols

have been extens!.vely studled for sateltlte apptlcatlons Uy [Agn 77] and

tKLI TSII I . Tlne delay perfornance for nrlttple packet tæssages ¡rlbh

Polsson lnput assunptlon ls glven tn IBEL 80].

Ttrfs schene requlres sotre æehanlsr¡ to resolve confllcts due to the

collision of paekets. Tlre Aloha Protocol pernlts the slatlons to bransnlt

as soon as the Eessageg amive. l,lessages fron different stabions nay

overlap and destroy part on enllre uÞssages. Wtth a global bean networkt

the transnlsslon statlon detects the collfslons and the ulessages ar€
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retransnltted afber a randonlsed delay to avofd a repeated colllslon. In

bhe SlotÈed Aloha Protocol, the ct¡annel ls slotted lnto Ùine segænls and

the statlons are synchronlsed ùo transnl-t at ttre beglnnlng of a slob. Thls

ellnlnates the paekeü partlal overlaps.

Both protocols ar.e relatlvely slnpl.e to lnp1eænt ar¡d adaptlve to the

trafflc requlreænt of each lndlvldual user. Horever, they are lnhenenfly

unstabLe. RetransnLsslons cor¡Id lead to rþre retransnlsslons by

lnÈroduclng a larger nr¡nber of lnputs and ther.efore fì¡rÈher lnerease the

probablllty of colllslon. In order to nalntaln stabllltyr the naxln¡n

ehanncl throughput has to keep below 18f and 371 of tlre channel capaolty

fon ùhc Aloha and SlotÈed Aloha Protocols respectlvely. The average

uultiple packet lnssage delay for the superion. of the two protocolst

Stotbed Aloha Protocol, ls glven ln Âppendlx 2 for a Polsson channel lnput

procegs.

1.4.3 Dlstrlbuted Control Denand AsslgnnenÈ Schene

Tlre charactoristlc long round trlp propagatfon delay (rtpd) of

satelllte com.¡nlcatlon lnfluences the selectlon of denand assigned

nultlple aceessr protocols for packetlzed data comunfcatton. AII

dfsÈrlbutcd control denand asslgnnent protocols requlre the dissenlnatlon

of capaclty r.equlrerents to aII statlons. tfith bhls lnfornatlonr Èhe

statlons execute the sanc schedullng algorlthnr resultlng fn a

co<r{lnablon ln bhelr transnisslons. Hence, 1t has a olnlnun æSsage

delay of two rtpd's. The r^equlrenent of atl statlons reeelving the sane

conùrol lnfornatlon can be æt by a global bean satelllte channelr because

of lts broadeasb nature. In the following two dlstrlbuted eontrol denand

asslgnænt protocols, Inpltclt Reservatlon and Reservatlon Àloha Pnotocolt

are discussed.
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Iìe Inpllcl! Reservatlon Protocol tCRO 731 utlllses the frane concepf

in a Stotted Aloha channel. The frane has a fraælength longer than one

rtpd. Ttrc protocol uses the r"eservablon-by-use prlnclple, w?renever a

statfon successf\¡lly transnlts |n a slot, that slot !s subsequenÈly

asslgned to the successful station ln the next frane. Wtüh eaeh statlon

naintalning a htstory of usage of each sLot for ühe duratlon of one fraæt

the ldtc and the contændcd slols of the prevlous frare ar"e accessed by all

statlons tn the present frane ln a Slotted Aloha contentlon mde. The

Inpltclt Reservatlon Protocol ls effectlve for contlnuot¡s strean type

trafflc or nessages wlth long nessage length. Ig ls tnefflclenb for short

Dessages, slnoe aÈ least one slot is left vacant afber a successfuI

transnlsslon. It also has the dlsadvantage of belng unable ùo prevent a

stabion fron capturlng rcst or alt of the slots for an lndeflntte perlod.

Tlre Reservatlon Aloha Protocol IROB ?3] utlllses a separate

reservation channel for capacity r^esenratlons. The fraæ ls dlvlded fnto

data and neservatlon secttons. The r.eservatlon slots ar"e accessed by the

slotted Alotra Protocol, ild used by all statlons to send capaclty

reservatlons and acknowledgeænbs. Tlre data slots are used on a

resenatlon basls. lfhenever a æssage enters a statlonr the station

tenporarlly stores the æssage and randonly chooses one of the reser"rration

slots for the transnlsslon of tlre capaclty requesÈ. All tåe suecessfl¡I

reservatlons are necelved by türe statlons wlÙhln bhe global bean coveraget

and they npdate thelr r.eservablon eo'unt. To mlntain co"ordLnatlon ln

transnlsslon, each sÈatlon sends the status of lts gueue wtth lbg data

nessage. thts lnfornatlon ls used by the enterlng and ouÈ of co-ordlnatlon

stabions.
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lhe amunt of bandrldth asslgned to the r"eser¡raÈlon channel can be

made adaptlve to the traffic load. ThG snaller the loadr the larger Èhe

reservatlon channel. the robustness of Resenvatlon Aloha Protoeol can be

lnpnoved by a proper encoding of the reservatfon packeùs to lncrease the

probabtltty of their oorrecù receptlon by aII statlons.

Robert IROB 73] uses l{+1 large slots nlth ùhe Last slot eonverted

lnto V snall neservabion slots. In Appcndlx 2, the aYerage delay ls

calculatcd for an arbitrary size reserryatlon channel. Tt¡e nesult ls

obtalned for a Poisson æssage lnput wibh Beonetrfcal æssage lengfh

dist,ribu?lon.

1.4.4 Centrally ConùroLled Denand Àsslgnnent Scheæ

tllth a centralty control.Led denand assignænt schene and uslng a

naster earth statlon as the central controller, a nlnlnrn æsaage delay of

three rtpd's ls requlred for a capaelty r€sereaÈLon scheæ. Tlrls eor¡Id be

reduced to two rtpd's tf an on-boar.rl central controller ls used. The

advantage of thts schene ls that a slnple earbh sbatlon can be used. Tr¿o

centrally controlled denand asslgnænt protocols sultable for satelllÈe

comunlcatlon are lllustrated below.

A clrcuit oriented systen dlvldes the bandwldth tnto sDaIIer circults

ln the tLne or frrequency donaln, and the cLrcuits are asslgned on denand.

One such æthod tsrowr as ühe SPADE systen, nlrich ls used for satelllte

telephony traffic, dynanlcatly asslgns a pool of FDMA clrcults to each

active statlon. It also has a r.eservatlon channel and eaeh statton ls

asslgned with one r.eservatfon slot uslng a TDMA technlque. The requests

and the r"eleases of FDMA elrculbs are handled via the neservatfon slots.
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llre Spllb-channel Reserwatlon l,trltlple Access (SRMA) Protocol

utlllses a centrally conlrolled capaelty reservation scheæ [TOB 76]. The

channel bandwldtlr ls dlvlded fnto control and data channels ln the

frequenoy doualn, the control channel ls further dlvlded tnto resen ation

and schedullng st¡bchannels. T?re sLatlons send capaclty nequests ln the

reservatlon subchanncl r¡t¡enevcr r.equlred r and the central controller

nanager a gueue of requests and lnforns ùhe sbatlons of thelr allocated

capacity vla the schedullng orbchannel. The r.equest subchannel uses the

randou access Slotted Aloha eontenÈlon æthod. In Appendlx 2r the average

Dessage delay te derlved for a Polsson nessage lnput rlth geonetrlcal

nessage delay for the SRMA Protocol.

1.5 RHttrEl{

In the followlng ehapters, the features and thc characterlstics of

protocols operatlng in a saüeltlte swlbched mrltlple spotbean antennas

com¡nleatlon network ane exaoined. Attentlon ls focussed on bhe

polnt-to-point dat¿ eomrnicatfon, rtrlle extenslons to an tntegrated data

and volee trafflc systen ar.e also dlscussed. the space dlvlslon systen has

a slngle transponder and the spotbean coveftlges are not necessarlly

contlguous ln order to obtaln the slnplest possible space segænt. lle

earth segnent has a slnglc transnlsslon rate. Tlrc transnlsslon error ln

the control ohannel ls assuned to be negllglble, 1..e. the reservatlon

request and schedutlng lnformablon are nearly error free. Thls could be

achleved by robust r.edundant codlng. These features are chosen ln order to

hlghllght the ar.chlbectur.e and perfornanee studles of the spaee divlslon

nultlple access protocols.
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gtth slnpllfted trafflc arrlval processes, Stern eÈ al ISTE 80]

dertved analytlcal r.esults for the delay perfornance of a transponder

swltchcd spaee dlvlslon net¡.rork, wher€ the nunber of transponders 1s equal

to ttre nuuber of spolbean covetages. For bhe case of a net¡rork where the

nunber of spotbea6 eoverages ls greater than the nunber of transponderst

only slnrlatlon results ar- obtained. The enphasls of thls dlssertatlon fs

on the dctalled study on the protocol arrehlbecture, delay and buffer

perfornances under an arbitrary trafflc arrival processr uslng a bean

üe rre sfrla

swltched slngle lransponder systen. It also eonslders the topoLoBy of the
/.t' l. yt I

I neLr¡oþt<j tåe protocol paraneters and Ùhe hardrare

configuratlons ln the calculaùlon of the delay and buffer perfornances. It

ls hoped that thls nork wlIl shed soæ llght on the bean s¡tlbched space

dLvlslon network and consequently the rcre conplex conblned beau and

Èransponder swltched systen as neconnended tn ISCIIM 74].

Chapter 2 rcdels the connecblon of ttre lernlnals to earth stations at

ninlnun cost by a faclllty locatlon problen. A set coverlng solubion ls

us€d to asslgn Èhe earth statlons so as to achleve the ninlmun nunber of

spotbean coverages for a non-contlguous network.

connectlon betneen the sbaüfons ln a bean swftched space dlvlslon

netr¡ork Ls nadc by an upllnk and a dormllnk bean. Hence, the ultlple

accers protocols ean be regarded as procedur"es of allocatlng t,tte two beans

ln a tLne dlvlsfon Banner. AII the feaslble archltectur^e of the space

dlvlslon nrttlple access protocols ar"e exanlned ln Qtapter 3.

In Orapter 4, the average data æssage delay and thc average votce

connecùlon delay ar.e derived for a Rtrst Cone Ftrst Serrred dlscipllne. It

f dentlfles various conponents of the æssage delay and derlves new

analyt!.cal ælutlong r¡here approprfatæ.
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Il¡e calculattons of varloug buffer perfornances for volcet

unacknowledged and acknowledgenent data trafflc systems Ín fhe space

divlslon nrlttple access protocols are pr.esented ln Chapter 5. theLr

perfornances aFe obtalned uslng a constant and a non-constanù oubput nodel.

Comparisons of the detay and buffer perforoances arê nade ln

Chapter 6 beùræen Èhe space dlvlslon mrltlple access proÈocols and other

global bean data packet mrltiple access protocols. Relationships and

potslble tradeoffs beÈr¡een the perfornances and the terrestrLal

conflgurattons and protocol paraneters ar"e also dlscussed ln deta1l.

lhe s1m¡Iatlons tn Chapter 7 valldate the analytlcal results of delay

and buffen performances. the slnulablon mdel ean also be used to obtain

resulÈs wÌrieh are boo dlfficult to obtatn analyttcally.



?. TERRESTRIAL N T}TONK DESIGN

For a satclllte netnork utillslng a Space Dlvlslon !fuILfp1e Access

protoeol ther.e exisÈs a close relatlon bebween the protocol and bhe

temestrlaL networlt. Each of tåe t¿rnlna1s ln bhe neiïork ls connectæd to

a statlon. In ot¡r context, a terolnal co¡ld be etther a data sounce and

sink, or a voico sounce and slnk, or a conblnatlon of both. l'he nunber of

statlons, a¡rd the nunber of spotbean cove¡"ages, directl-y affects the delay

and the buffer perfornances of the protocols (see Chapber 4r 5 and 6).

I'trls chapter desorlbes bhe forur¡laÈlon, and revlews sone avallable solutfon

nethods for the problen of connecttng the ternlnals to the earth statfons

at nlnln¡n cost, and Èhe problen of asslgning the earth statlons such as to

achieve a nlninun nunber of spobbean cover"ages for a non-conbiguot¡s

netnork. The r.evLew ls by no Deans eonplete as an enoræus number of rprks

can be consuLted¡ ê.g.tBOO 771 an<l IGAR 72]. Honever 1t lndlcates soæ of

the sallent features of the solutlons of bhe suggested for¡n¡Iatlons.

2J TERI,IINâLS TO STAÎIONS OPTIMIZATIOil

lhe fncenÈlve to optlnize the rn¡nber and the locatlons of the earth

statlons ls one of econonlcs. The problen of assoclatlng a ternlnal wlth

an earbh statlon ean be reduced to bhree subproblens:-

1. deternlnatlon of the nunber and Èhe locatlons of statlonst
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2. asslgnænt of tåc ternlnals to the staülonst

3. detcrnlnatlon of a layout for the ter¡nlnaLs.

In order to focus onto the flrst tr¡o subproblens, a star connectlon ls

assuoed for tåe tærnlnal layort (Ffg.2.1.1). FurÙher extenslons of the

IayotrL are studled tn ühc ncrÈ sectlon.

F1g.2.1.1 A star connection



2.'1.1 Deftnltlon of tå-q Ternlnal! to Statlons OpÈlnizablon

TTrc following paraæters of the neÈwork a!'e assuæd loorm:-

t=1 ¡2r...rC

Paee 2-3

(2.1.1)

1 thc locatlons of the bernlnals¡ T1r

2. bhe cost c' of connectlng a terninal Ti bo an earÈh statlon E5 I

J=1¡2 ¡... ¡s

3. bhe cost d3 of establlshlng a statton aù slte J.

Tìe cost of connectlng a ternlnal to a statlon ls nornally a fr¡rrctlon of

aapaclty and distance between the end polntsi lb also lncludes the costs

of mdens and connectlons at the slatlon. Tlre cost of establishlng a

staÈlon at slbe J includes site acquisitlon, cost and mlntenance of the

statlon. Due to the llnltatlons of togical channel unLbs, llne capaclty

and buffer capaeltles, the sbatlon capaclby ls expressed in the nunber of

terntnals (k) thaÈ a statlon can accontrodate. k is the nunber of volce or

data ternlnals or e nur¡ber taking the lntegrated nature of the local

network lnto account. Ttre probleo ls to choose the nunber of statlonst

their sltes and ternlnal asslgnænts such that the cost Z ls nlnlnlsed :-

L-

t
I

l= I

s

I1j "tj *ij +
s

I dj Yj
IJ

wtrer.e xij =1 tf T¡ ts connected to E5

=0 obhcrrrise

Y3 =1 lf a statlon ls located at' slbe J

:0 othervlge

Slnce eaeh terninal m¡sb eonnect to at least one statfon

S

T xij>r
IJ

and each statlon aceomodates at mst k terninals

(2. r.2)
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xij , tYJ (2.1.3)

Tlre problen ls now to choose zero-one lntegers for xt, and V, such that 7'

1s nlnlntsed subJect to constralnts (2.1.2) and (2.1.3).

fte form¡Iatlon as statæd above ls slnllar to bhe planbr warehouse

and faclltty locat,lon problen found ln operatLons r.esearch llteratune. Ttre

exact soluÈlon eopl.oys elther exhaustlve seareh or a branch-and-bound

procedure bobh of r.¡trlch require long conputatlon tl¡es. Howeverr a large

nunber of heurlstfc (non<pttnun) yet conputable algoribhns ane avallable

[BOO ZZl. Tïe selection of the heurLstlc Centre of l{ass (CO'l) Algorlthn ls

dlscussed ln the next sectlon.

Tt¡e t¿rulnal layout roubLne ls often used as an lngredlent for fhe

heurlstlc faclllty locatton algortLhn. TÌre problen ls to flnd a tree

connecting aII ternlnals to the statlon wlth ùhe nfnlmun cost. Sfnce bhe

n¡lttdnop line constralnt ls lneorporated lnto the COM Atgorlthn durlng fhe

Èerolnal asfgnnen!, the ternlnal layout can be r.egarrled as ¿rn u¡rconstralned

Mlnlmru Spannlng lree problen for nlrlch two efflclent opÈfnlun algorlbhns

exlst. Tlrey ar.e the beap sorted Kruscal's Algorlthu IKER 72] and the

prf¡'g Àlgorlthn IPRI 5?], both of rtrich ane descrfbed fn the next sectlon.

I

t
i

l=



Page 2-5

2.1.2 Dlscussion On Ooblnizatlon

A. STATION LOCATIOH PROBLEI.I

A rcvlen artlcle by Boorstyn and Frank IBOO 771 evaluates soæ of the

avaflable heurlsttc algorlthns for the Etatlon Locatlon problen. Tl¡e

evaluatlng crLterla ane

l. the cosÈ perfornance wlÈh thc opÈtnal solutlon or other heurlstlc

solutlons,

2. the requlred conputatlon ùlne.

Tbe Centre of l{ass (C0{) ALgorltha [Mæ 77] 1s recomended due to

lnproveænt ln perfornance and conputatlon tlme. In addltiont

follorlng extenslons ar€ posslble within Cc[{ Algorfthn to t¿ilor for

requlreænts of a satÆlllte network 3-

lbs

the

the

1. provlslon for dlfferrEnt types of ternlnalst

2. provlslon for dlffer€nt types of statlonst

3. accomdate a llst of prefered statlon sltes in order to aLlow for fhe

polltlcal or sÈrategtcal lnportance of the candldatc sltes or to tâke

advantage of the establlshed temestrlal nettrcrkt

4. fneorporate a ternlnal layotrt algorlbhn.

lle CO{ Algortbhn ls dlvlded lnto four stages 3- a. elusterlngt

b. partltloning, c, Iocal optl¡lzlngr d. llne layant. Ttre clusterfng stage

replaces a group of rælghted ternfnals ¡rlbh a slngle node aE fhe

Centre-Of-Mass slte (or CO,l slte) of the group. fte nrltldrop llne

constraLnt, ûlch ls bhe naxlnlun nunber of statlons that a Ilne can

support, llmtts the cluster size. Tlre partftlonlng sÈage lnvestlgates eaet¡

of the COÈl sltes as a statlon loca!1on. It uaes a heurisblc terninal
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asslgnænt algorlthu to evaluatc thc cosÈ savlng of establlshlng a statlon

at each of the CQM sltes. This stage ls ternLnated wtren no savlng Ls mde

fon an additlonal statlon. Slnce the CGI slte nay not be on a ternlnal

sl!e, Èhe Local optlntzlng stagc selects the æst st¡fbable tpr¡lnal near

ùhe CC[.] stte as the actual statlon slbe. A llne layout algorlthn ls

lnvoked to connect alt the terntnalg 1n tt¡e assoclated clusterE to the

chosen statlon slbe. An exanple of the CCt{ Algorlthn ls given ln IMCG 77].

B. TERMINAL LATOT'T PROBLEM

1 Kruscal's Algorlthn orders alt the costs and connects the cheapest pair

of ternlnals ffrst. It conblnues this process untll all the ternlnals

aFe connected tn a tree conflguratlon. It essentfally orders the

branches and checks fâ pr"evenü a loop belng forned. Ttte orderlng

requlres n2uog2n conparlsons, wher"e n ls bhe nunber of ternlnals. The

nore efftclent heap sorÈed Kruscal's Algorlt,hn IKOR 72] requl""s n2

conparlsons. Instead of orderlng aII posslble branches, lt only orders

the r.equlred nunber.

Z. PrLn's Algorlthn [PnI 5?] connects the closesù ternlnal to the statlon

and forns a group of bno. It contlnues to flnd the eheapest connseÈlon

bet¡reen the r.enalnlng ternlnals and the group untll all tærnlnals ane

connect€d, and lt rcqulr"" n' conparlsons.

PrLn's Algorlthn ls chocen her^e for lts efficlency arid slnpltclLy ln

nachlne codlng.
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2.2 SPOTBEAI{ COVERACE OPTII,IIZAIIOII

In a cont!.guoua space divlslon network, bhe spoÈbean coverages fill

the enÈlre terresürlal network and everT statlon is asslgned bo a coverage.

However, eertaln advantages can be galned by a non-contlguors netwonkr ê.8.

reduced nunber of feedhorns and protocol overhead; and for soæ

appllctlons, a non.'contlguot¡s network ls rcre zultabl-e¡ ê.$. mblle or

naritlne tmfflc. In bhls sectlon, rlth a glven set of sÙatlon locatlonst

the pr.oblen of associatlng bhe sbatlons wtÈh the nlnlmun nunber of

coverages fon a non-contlguous space dlvlslon neùwork under certaln

covenage anee constrai.nts, 1s nodelled by a set-coverlng problen; and a

strategy is suggested for lbs solutlon. It ts belleved that such rcdelllng

had not been r-vealed fn any publfshed work.

2-2-1 IÞftnltlon of the Spotbean Ooverage ootlnlzablon

gnce the statlon sltes ane known, the sltes are asslgned to a set of

spoùbean coverages such that the r"equlred number of coverages ls ufnlnlsed.

lhls probleu ls slnllar to an eærgency servlce facfllty locatlon problen -

a speclallsed set<overing type problen. The slnllarlby betveen these two

problens ls bhe obJective of the optlnlzatlon taklng lnto aecount the

naxinun separatlon dlstance between the populablon (statlons) and the

eærgency senice faelllty (centre of spotbean covcrage).

l'he obJectlve of Èhis optinizatlon ls to assLgn the J-th statton (Ej )

to tlre q-th spotbean cover.age, wtrlch 1s repnesented by the locatlon of the

neenbrer of tbe spotbean Gn; such that



Page 2-8

1 the total number of the spotbcan coverages (z) ls ninlmizedt

2. aII sùatlons ane covered by at, least one spotbeant

3. bhc dlstance FU(Jrq) be¿ween E3 and Gq fs less than the pernltted

distance furrctlon F¿'i ln the case of a clrcular spotbeam coveraget

the dlstance betrrcen Érny sÈatlon and the centre of coverage ¡n¡sü be

Iess than the radlus of tàe clrcle.

The above r.equlrenenb leads to the fornulatlon of the q-th feaslble set

Nq t-

[q = t: lra(j,q) s F¿-] (2'2'1)

Hher€ eeQr Q=1¡2¡...;s'

ther.e exlsts s' candldate coverage centres, as the centre of coverage Day

differ fron ùlre statlon sLtes. Requlreænt 1 and 2 can be sbated as a

set-coverlng problen and its ælutfon ls gfven by an lnteger llnear prograB

[GAn 72] 3-

nln z= *q (2.2.2)

such that

J=1 ¡2¡...¡S'

rlrcrre rq = 1 lf coverage centre ls on slte q

=0 otherr¡lse

ajq=1 tfJeNq

=0 otherwlse

xq c¿rn also be speclfled at the beglnnlng of the optimlzatlon to

s'
I

q=1

S

I- .:q xq )
q=r

I

account declsl-ons based on past experlenee'

take lnto
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2.2.2 Dfscusslon 0n OoLtnlzaton

tùerc exisbs e nunber of exact solutfons for the set-covering

problen. However, for a large network (s or s') 100)r such æthods becoæ

lnpracÈlcaI. Ttre follorlng strategy ls suggesbed by Toregas et aI

¡TOR ?31. Roth's Reductlon l.lethod IROT 69] ls used to produee an optlnal

solutlon Ln mst cesell; otlrervlse, a cyctlc natrlx nay be produced' In

such a easte, a parùlal æIuùlon set (Sn ) ls obtalned wlbh a new natrix

[a,_J of reduced dtnensfon st X sr', where .jq 1" the eleænb of the sblll
Jq

actlve cyellc natrlx. The orlglnal problen ls now ¡aduced fo

nln zr= I
qe (Q-Sn)

T
qe (Q-sn)

uln zz= I
qe (Q-sn)

*q (2.2.3>

such ühat

aSOxn)l J=l ¡2¡...¡31

llre optLnlza!1on (2.2.3) can nor be solved as llnear progranr 1.ê. xq ) 0

fnstead of an lnteger llnear progran rürere xn e (0rl). The rresults of bhe

llnear progftrn give three classes of soluflons !-

1.. 21 Írnd all xO ar.e lntægers, 1.€. tbe optlnal sLutlont

2. z¡ ls not an lntegert

3. zr ls an Lntegcr but ææ xn are nob.

To over.coæ ease 2, an addlblonal constrainÈ ls added to the forn¡latlon of

(2.2.3) unttl an lnteger solutlon ls obtalned

such that

*q (2.2.4'
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I
qe (Q-sn) "iqtq)l J=1 ¡2 ¡ . . . ¡ 91

I *q¿lzr7+1
qe (Q-Sp)

wher.e lzrl ts a lnteger porÈlon of the sotutlon obtalned fn (2.2.3).

For case 3, ln r?rlch z1 ls an lnteger but scrtrÉ! *q are notr an

exhausÈ1vc seanch aæng lhe alternate optinuns or branch-and-bound

techniques gUarantæes an opt,{naI soluùlon. However, ühe requlred

conputuaÈ1on ttne cor¡ld be fornldable. llre follorlng iReductfon l,|ethodn

[TOR ?31 nay noÈ alnays derlve an opÈlnal ælutlon, but lt ls efflclent.

In the case uheF€ the Reductlon tlethod falls to amlve at an optLnunr the

exhaustlve sear.ch or the braneh-and-bot¡nd algorithn ( see [10R 73] for

descrlpttons) nay be used.

Ttre Reductlon Method can onty apply lf æme nunber (b) of * q have

unlty value at optlnun. TÌren the consbralnt natrix [ar'1 can be reduced by

two stages :-

1. Slnce b of the xq erle flxed wlth Èhe value of oner soæ of the

constralnts have been satlsfled. fte b coluuts and rows can now be

ellnlnated at Èhose colums r¡trlch have unlby xq - Toregas Reductlon.

2. Roth's Reduetlon t{ethod can norr be applled to the above natrlx as 1t

Eay no longer be cycllc.

If the natrix ls not yet fi¡Lly rçduced, an optlnal solutlon nay be obtalned

fron the newly reduced natrlx of c nodes wlth addlblonal llnear

programlng. If b+e=zr the solutlon obtalned by varlous æthods ls an

opt{naI one. Other"wlse, elther an exhaustlve searrch or a branch-and-bound

algorithn ls lnvoked ùo solve the outstandlng case. Fig.2.2.1 sumnarizes

Èhe soluÈfon procedure ln a flLow chart. An exanple of bhe Reducblon Method
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Fig.2.2.1 Sclution procedure of the Reduct,ion l,tethod



Page 2-12

ls given 1n ITOR 73].

al coNclusrotl

T?rls chapter attenpts to clearly mdel the two t¿mestrial nefwork

deslgn problens, and revlews sore avallable soluBl.oa æthods. Tlre problen

of connecblng the ternlnals to ttre earth staÈlons at nlnlmun cost ls

r¡odelled by a faclllty locatton problen. Ttre heurlstlc Centre-Of-!{ass

Algorlthn ls used for the opÈlnlzatlon of statlon loeatlons and ternlnals

assignænt, because of lts efflclency, perfornanee and posslble extensLons.

Â slmple unconstrained mlnlut¡n spannLng tree solutlon - Prin's Algorlthn ls

used to optf-nlze the terresÙrlal layout problen.

Ttre probleu of assoclatlng the sÈatlons wlth the nlnlnun number of

cover€ge zones for a non-contlguot¡s'space dlvtslon network ls mdelled by a

set.coverlng problen. Thls approach ls bellevcd to be neí. The problen

c¿rn be solved by efùher exhaustlve seattch or a branch.or-bound algorLthn.

Honever, for a large neÈwork of grreater than one hundred stationsr such

tl6e consuulng algorlthns ane lnpractlcable. Tt¡e use of a reduotlve

strategy fs appropriate, and none of the examples ÈesÈed fatled to aml've

at an opÈt-nun.



3. SPACE DIVISION MULTIPLE ACCESS

-
PNOTOCOLS

tfith no on-board stonage faclllty, ùhe upllnk and the downllnk of a

nu¿lple spotbean satelltLe netnork can be rregarrled as a re-allocatable

resourte and asslgned on a

1. flxed sequencer 1.e. Flxed Asslgnnent (FA) Protocolt

2. allocatlon on denand, 1.e. Denand Asstgnnent (DA) Protocolt

3. a conblnatlon of ffxed and denand asslgnnentr 1.ê.

Denand Asslgnænb upllnk and Flxed Asslgnnent

Protoeol.

hybrld system of

downllnk (DA-FA)

T\ro forus of denand asslgnæn! protocols can be ldentffled. Tlne flrsb ls

to alloeate ùhe upltnk and the donnllnk for the duratfon of the æssage -

Derand AsslgnæntÆlessage $libched (DAll{S) (ffg.3.0.1a). In the secondr a

slot per fraæ ls allocat¿d to the caII untit tt ls tennlnated - Denand

Asslgnænt/Ttne Dlvlston lâ¡ltlple Access (DA/TD}IA) (Flg.3.0.1b).

ltrc rrelaÈlve ærlts of the two forns of deuand asslgnænt protocols

ane as follows:- for the case of the DAIMS Probocol, a tænporarlr storage

of the Ëssage ln the statlon ls requtred before lt ts senÈ; ùherreforer a

large ærsage buffer ls needed. As lhe entlre æssage ls sent ln a bursft

the averagc servlce tlne ls glven by

ayerage servfce ù1ne = averege tæssage length / bandwldth

0n thc other land, the DAIIDMA hotocol ænds a ftxed arcunt of lnformtlon

fron the t¿rninal Eo bhe sbatlon per fraæ. It reduces the nequlred

Eessage buffer lengbh, slnce only a segænt of the æssage ls sent ln each

frane. Henee, the DA/MS ProtocoL ls rcre sultable for trafflc with a shorb

nessage length, r?rlle the DA/TDMA Protocol a long æssage ì-ength. The

disadvantåge of the DA/TDMA Protocol !s lbs long servlce tlne.

averageaverage service tlme : 
'.r.b.-r of assigned slots per frame



Page 3-2

A- ASS16NED

m- MEASURE0

F-'---1

A

STARTIN6 SLOT

LENGTH IN NUMBER OF SLOTS

Flg.3.O. 1a Demand assignment/nessage swltched

2 aaaaa m

A

A-ASSIGNED STARTING SLOT

m-MEASURED LENGTH IN NUMBER OF SLOTS

Fis.3.o.lbDenandassignneni../l..ínedlvÍsionmultipleaccess

Both forns of the demnd asslgnænü algoriùhns wftl be used tn the Space

Dlvlslon ìt¡Ittple Access Protocols descrlbed tn bhls bhesls'

rn thls chapter, vanious space Dlvlslon t{¡lttple Access (sD}rA)

protocols an<t thetr fraæ and delay strucutunel ar€ exaolned ln detail' In

deslgnlng the SDHA protocols, lb ls assuned that each statlon nalntalns

pr.eclse fraæ and slot tLnlng and lnows lta propagatlon delay fron bhe

sat€tllte. THo lndependent randon eonponents of the delay strucuture catr

be ldenÈlfled (Fis.3.0.2) :-
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1 23 t, 5

1

Dp Ds rtpd l--
1. MESSAGE ARRIVAL
2 REOUEST TRANSMISSION
3.SCHEDU LE RECEPTION
4. MESSAGE TRANSMISSION
5. M ESSAGE RECEPTION

Fie.3.0.2 Signal-time diagran

Resenatlon lÞlay (Dq) - the duratlon bet¡¡een the arlval of a E€lssage

or a notlficatlon of tlre lnpendlng æssage tnto a statLon and the

subnisslon of a capaclty request for Èhc æssageo A delay c¿¡n occur

slnce only a flxed nunber of capaelty requests are carrled by each

reserryatlon burst and bhe capaclty nequests al€ seryd by a deflned

dlsclpllne.

2. Schcdullng lÞlay (DS) - the duratlon betreen the sendlng of the

cepaclty rrequest and the beglnnlng of bhe æssage transnlsslon' ll¡e

capaclty allocatfon sÈrategy and tåe trafflc volure det¿rnlncl thc

value ot the schedullng de}ay. Ttrls fncludes the llne requlned to

relay the schedullng lnfor¡oalton forn Èhe controllen to the ¡equestlng

statloa.

In our analysls, tbe schedullng delay caleulatlon for the Èwo Deoand

Assignnent fornats of Message Sr¿ltched (DÂ/MS) and Îlne Dlvlslon !'ú.¡Itlple

Aceess (DAllDtlA) ar.e slnllan, slnce the scheduling delay ls deflned as the
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duratfon betH€en ùhe sendlng of the r"equest and the beglnnfng of the

nessage transnLsslon.

!! Flxed Assl¡nænt upllnk and Downllnk (FA) Protocol

Tlre slnplest m¡ltiple access protocol for a u'rlttple spotbean neùwork

ls to have the upltnk and bhe downllnk swlbctrlng through a flxed sequence'

Thc advantage of sqeh protocoL ls lts s!-npltclty ln tnplerentaton on bobh

the earth and space segnents. AIso, lts regularlby ls ldeal for contlnuous

tnafflc such as voÍee brafflc. The dlsadvantages include low channel

uÈtllsatlon for bursty data brafflc and dlfflculby ln reallocatlng capaclty

lf there ls a varlatlon ln the trafflc patbern'

3.1.1 Frare Structure of the FA Protocol

In the case of the FA Protoco!, t'he uptlnk and the downllnk anE

srltched tlrrough a flxed sequence. The fraæ l¡as a flxed sbrucùu¡e' For

full connectlvity, each statlon n¡st possess K segænts of equal or

dlfferent duratlon wlthln the frane, one for each spotbean eoveragc and K

ls the totåI number of sgotbean cov€nages or zones fn bhe tcgestrial

network. For stabllttyr each segnen! m¡st contafn a capaclÈy larger than

lhe expectæd carrled trafflc. tllbh s statlons tn the network, the fram

contalns K x s segments, 1.e. the frane fs dependent on lhe topologlcal

fornallon of bhe earbh segænt. Tt¡e structurre Eay be arranged Èo allow Lhe

dally or seasonal varlatlon fn lhe trafflc paütern, 1'e' a quasl-statlc

asslgnnent. The frane struetur€ of a FA Protocol fon data comunicatlon fs



Page J-5

sho¡m |n F1g.3.1.1. Thc synchr.onlzatlon Ls ualntalned by tåe looped-back

synchr"onlstLon bursù r¿hfch ls sent by bhe sùatlon lnto lbs own zorte. In

addltlon, a naster earÈh statlon perlodlcalty sends Èhc neÈwork bine to aII

staùlons ln the netrork.

z$.lE 1 Zü,E K

2 t

Fig.3.1.1 Frane structure of a FA Data Protocol

DATA lorcE DATA

1 1 2 K

vortE

1 2 K

1 2 K 1 1 ?

32

K 2

Fig.3.l.Z Frame structur€ of a FA Integrated Ï?affic Protocol

For an lntegrated data-volee proÈocol wlbh the volce trafflc

utltlslng cLneult swltehlng, bhe voice subfraæs lave a snaller length (f.r)

and regularJ.y lntersperse rlth bhe data wlfhin Èhe fraæ (Ffg.3.1.2). The

hlgher effeeùlve fraæ rate of the volce subfraæs pertlts the utlllsatlon

of a snaller buffer and a fraæIength (f) of grcater than a rour¡d t'rlp

propagatlon delay (ntpd) without an exorbltant overhead.

K21I1 1K2 K2
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3.1.2 Delay Structure of the FA ProtoeoL

The delay structur"e of the Flxed Assignænt (FA) Protocol ls slnflar

to lhe delay strucutune of the Tlne Dfvlslon lüItlple Access (IDMA)

Protocol., sl-nce ln both protocols a flxed amunt of capaalùy ls asslgned to

a staÈ1on per fraæ. In thc FA Protoeol, each statLon u¡st contaln K

queues of buffers, one for each zone. Ilhen a æssage or a notlflcatlon of

lnpendlng æssage enters a statlon, lbs destlnaton ls lnterrogated and fhe

nessage or the capaclty requlreænb ls stored tn the approprlate queue by a

deflned dlscfpllne ê.S. Flrst Coæ Flrst Served (FCFS). The statlon

then ratts for lts turn to transnlt, a pr.e-asslgned nunber of slots are

sent fron each queue to ühe correspondlng zone at the approprlat¿ blne.

Tlre dlsefpllne on qua¡e poslblonlng, and the t,raffLc volune deternfne the

waltlng ttne of each æssage, 1.e. the sehedullng delay (DS). Ttre delay

sÈrucuturne ls shown ln F1g.3.1.3, the average delay E(D) per æsssa8e and

Its varlance ar€ glven by

E(D) = E(Dg) + rtpd (3.1.1)

var(D) = var(Dg) (3.1.2)

w?rere rÈpd:round t,rtp propagatlon delay

æ. Denand Âsslgnuent Uollnk and

Protocol

RLxed Asslgnnent Downtlnk (DA-FA)

A hybrtd systen of denand assignæn! upllnk and ffxed asslgned

downllnk c¿rn be used to lnprove the efflcfency. The denand assignnent

upllnk ean be operated ln elther a ressage swltehed or a TDMA node. SÍnce

¿he traffic ls expected to be bursty ln natur.e, message swfbchfng 1s used

ln the proposed DA-FA hotocol. The lnefflc iency of the channel

utlllsatlon ls eaused by the difference between the asslgned eapactty and

the actual trafflc. tllth the DA-FA Protocol, the capaclty ls allocated on
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rtpd I

l

1 MESSAGE ARRIVAT
2 MESSAGE rnar.isiìlsslon
3 MESSAGE RECEPTION.

FiS.3.1.3 Signal-t,ine diagram for a FA Protocol

a zone-bo-zone basls rattrer than a statlon-to-station basls as ln the FA

protocol. fire channel uttllsatlon ls lnproved due to the sÈatlstical

nulblplexlng of all tlrc sbations wlthln a zoîe. Fron the space segænt

potnt of vler, both the r¡pllnk and the downllnk are stil swlÈchlng thnough

a flxed sequence. Henee tfie fnane structur€ ls agaln dependent on the

trafflc pattern. the average delay ls glven by

40, l,r,'l l'"" :rcir(.î'"' /

E(D) = !(DR) + E(Dg) + rÈpd 7o' 't'"'i i: (3'2'1)

wlbh ühc delay structur.e sho¡m ln F1g.3.O.2. All the statlons wlthln a

zone aFc ¡ow coqetlng for the allocatcd zone eapaclty. Hence a control

nechanll¡ 1s requlred for the upllnk transmlsslon. Tlrere exl-st four

posslble alternatlves :- A. centrally contnolled with satelllte llnkt

B. centrally controlled ulbh on-board controller, C. centrally conbrolled

with temestrlal. ltnk and D. distributed eontrol. Each of the

posslbllltles wltl now be exanlned fn detall.

f
2

'l

Ds
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A. Oentratlv conlrolled rtth satelllte llnk

Ilrc slnplesÈ ln lnpleæntatlon of alt Ehe DA-FA Prolocols ls a

centrally conÈrolled protoool vla a satetllte ltnk. The fraæ ls dlvlded

lnto tvo s€ctlons :- the conùro1 and the lnformtlon. Let ô be Ùhe

bandwldttrr asslgnænb of the lnfornation sectton, let ll¡¡ be bhe nu¡nber of

data slots allocat€d for trafflc orlglnatfng forn zone k and destlned for

zone J; wtrlÌe Èhe r¿hole conürol sectlon is further divlded lnto the

reservatlon and the schedullng subfrares. A naster terrestrlal statlon ls

asslgned for eaeh zone. Once a ræssage enters the statfonr a resenraÈlon

bursÈ eonslstfng of a certaln nunber of capaclly requests ls subnibted fron

the statlon to the naster sbatlon vla the reseruatlon subfraæ after a

reservatlon delay (D¡). The naster statlon recelves all the nequests fron

the zone after a round trlp propagatlon delay. The r"esutbant schedule fs

sent off vta the schedullng strbfraæ. Tlre schedullng delay (DS) lncludes

two round trlp propagation delays, as Èhfs ls the mlnlnun tength of tlne ln

wtrlch a request can be sent to the mster gtatlon and a schedule r¡ecelved

by the r.equestlng sgatlon. Synchronizablon ls nalntalned through the

looped-back reærvatLon burst. The advantage of streh a protocol ls lbs

sinpllclty fn lnpleæntatÍon. Tlre disadvantages lnclude the requlred

over,head on the satellltc llnk and the lengthy relay of the neservatlon

request and tranmlsslon schedule-

B- Centmllv con?rolled wibh on-boald
--

controller

To r.educe the transulsslon tl¡e of the r.esewation and the schedullng

lnformtlon, one cq.¡ld place the central. controller on-boar{ bhe sate}llte.

Henee e Dre conplex spaeê segænt ls requlred. Exactly the saæ

operational procedure as ln the case of a mster terrestrlal statlon with

satelllte llnk can be used, but the scheduling delay contalns one rourd

trip pr.opagatlon delay on!.y, since ùhe rrelay fon bobh the r"eservatlon

request and the trans¡lsslon schedule ar"e now ¡educed by half.
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C. Centrally con?rolled wÍth terrestrial llnk

A ùerrestrLal control llnk can be used t,o exchange control

lnfornatlon streh as capaclty requlreænts, transnlsslon schedules and

network rynchr.onlzatLon. A naster t¡rrestrlal statlon r¡t¡loh has e

terrestrlal llnk rlth all the statlons withln bhe zone ls assigned to each

zone. Such a llnk ls feaslble, slnee a sufflclenbly soall spotbeau

cov€rage ls envlsaged. It has the advantages of r^educlng the nequired

propagatlon tlne of the control lnfornatlon and tnposlng no ovcrtread on the

satelllte channel. the dlsadvantage 1s the addiblonal cost lncurred ln the

terresbrlal control neÈ¡nrk. The delay ls glven by

E(D)=E(R)+E(DS)+rtPd

wherç E(R) |s tfie everage reservatlon delay requlred by the adopted

terrestrlal eonùrol nebwork and the schedullng delay E(DS) does not contafn

any co@onent of r"ound tnlp propagatlon delay (rtpd) between the sfatlon

and bhe sat¿Iltte.

D. Dfstrlbuted control

In bhts protoeol, each statlon sends lts r"eservaÙlon bunst and

receLves ùhe capaclty rrequests fron all the stations wlfhln the zone

through thc looped-back control seeblon. The üransnlsslon scheduLe 1s then

deterolned by each statlon lndlvldually. By executtng ttre saæ schedultng

progre¡, a unlforu transnlsslon schedule can be obtalned. Synchronlzablon

ls mlntelned by çre looped-baek r.eæn¡atton bursÈ. Ttle disadvantages of

thls pr.otocol arre the requlreænt of a m¡e co4lex earth segænt and a

control overt¡ead. fte advantaget a¡''e that a less couplex space segænb ean

be us€d and bhe schedutlng delay contalns only one round trip propagatlon

delayr âs only the capaclty requests ar.e relayed to the statlon via the

sat€lltte channcl.
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Iìe crltcrla rtrlch govêr.n ths selectlon of the eonbrol rechanlsns

lnclude !-

1. thc avallablc technology and the netrork costt

2. thc delay nequlreænù of ths trafflc.

lllth Èhc flrsL crlterlon ln an ever changlng state, the pr^esent conparlson

ls based on the delay penfornance. the centrally controlled protocol by a

uastcr tærrestrlal staÈfon vla the sat¡lllte llnk has an urduly large delay

because of bhe addltlonal relay of r^eservatlon r.equests to the naster

terrestrlal statlon and transnlsslon schedule bo bhe requestlng statLons.

Ttre r.eservatlon delay of the centrally controlled protocol by a mster

tcrrestrlal statlon vla the terrestrlal llnk fs nebwork dependentr a¡rd no

absolute coqar!.son of the delay perfornance ls posslble. Hoïeverr lt ltas

the potænttal of belng ttre besb protoaol lf one could afford the addltlonal

cosÈ orf tÌre control network. Tlre dlstrlbuted control protocol has a¡r equal

or bett¿r deLay perfornance than the centrally controlled protocol wlbh

on-board controller, slnce ühe forær enþys a larger lnfornatlon sectlon

bandHldth asslgnnent. Tlre dlstrtbuted eontrol protocol requlres a mrc

coplex earth segnent rt¡tle the protocol wlth an on-board controller

requlres e Dre eonplex space segænt.

glth such vlews !n nlnd, the dlsÈrlbuted control protocol 1g selecÈed

to lllusùrate ühe delay performnce of the hybrld protocol of a denand

asslgnænt uplfnk and a flxed assLgnænt downllnk. HoreYer, the æthods of

calculaÈlng ttre reærvatlon and thc schedullng delays ane co@on to all the

descrlbed DA-FA protocols.
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3.2.1 Frane Structure of the Dlstrlbutcd Control DA-FA Protocol

Iìe fnaæ structur.e of the distrlbutcd control DA-FA Protocol

conslsts of a eontrol and an fnfornatlon secÈlon. F1S.3.2,1 shows ùhe

fnare structurre of a data netnork. A regular assessoent of Che capaclty

requlreænt of each statfon ls needed. Hence, a flxed asslgnnenÈ TDMA

Protocol 1s used for the nesenratlon channel. ThG s reservatlon sLots arte

Iooped-back Èo the sendlng zon€ ln order to mlntaln the network

synohr.onlzaülon (F19.3.2.2r. A uaster earth statlon perlodlcaLly sends a

c€rse nebnork tine to aII sgetlons tn the network. Each reservatlon burst

conslsts of certain nunber (u) of capaclty rnequests and a synchronlzatlon

norrd. For the stablllty of the reseFratlon channel, u m¡st be gneater Èhan

the average nunber of requests that ane expected to enter bhe statlon.

For a¡r lntegrated data-volce brafflc protocoÌ, wlth ühe volce Èrafflc

utiltslng cfrculb swlt,chlng, the volce subfraæs ar^e r"egularly fnterspersed

wlth the data wlthln the frane (ffg.3.2.3). Each of bhe volee subframes

conslsts of a certaln n¡nber of volce glots. Thls conflguratlons pernifs

Èhc utlllsatfon of a suall buffer and a long fraæIength.

3.2.2 Delay Struetur^e of tlre Dlstrlbuted Control DA-FA Pro?ocol

tlhen a æssage enters the statlon, lt ls tenporarlly s0ored ln a set

of buffers. After e FeseFyatlon delay, a capaclty requesÈ ls sent wlth a

reservatlon bursÈ wtrlch contalns at msb u capaclby requests. Ttte

reservatlon subfrane ls looped-back to the orlglnatlng zoîe. Afber the

receptlon of capaclty requests fron aII the statlons withtn the zoner each

statlon lndependenÈIy executes the sane schedullng algorlbhnr resultlng ln

eoærdlnat,lon ln transnLsslon schedule. Ttre æssage ls sent fron Èhe

buffers to the correspondlng zoîe after a schedullng delay wttlch ls
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deterulned by tha trafffo voluæ and thc schedutlng algortbhn' Tl¡e

schedutlng delay lncludcs onc round trlp propagatlon delay as thLs ls the

ulnluun length of tlnc 1n wtrich a request can be rctayed to ovelY statlon

ln the zone. Ttre detay sÈrueture ls slrllar to F1g.3.0.2. the avera8€

delay p€r nessage E(D) and bhe varlance var(D) ane glven by the follorlng

equablons.

(3.2. 1 )

(3.2.21

E(D) = E(DR) + E(Ds) + rtPd

var(D) = var(D*) + var(Dg)

3g1 DE{AllD ASSICNtlEtll UPLIIIK AND DOIINLINK (DA) PROmCOL

Tl¡e next loglcal extenslon of the nrlùlp1e access protocol ls fo

allor boüh bhe upllnk and the downllnk to be asslgned on deEnd. Ttle

channel utlllsatlon ls lncr.eased sfnce ?he entlre capaclÈy ls statlsùlca1ly

nrlfiplexed arcngst atl the statlons ln the netrork. The penaltLes one

pays for such an lnproveænt are an lncr.ease ln both the control overùead

and the cotrplexlty of the control æehanfsa.

Il¡e Èo ùhe nature of th€ u¡ltlple spotbean covenagest a statlon can

only r.ecefve r¡trat ls dlrectcd to It wlrereas distrlbuted control requlres a

coqr.ehenslvc knorrledge of the lnstantaneous netnork capaclty requlreænt.

llence, ùhc approach of a central eontroller vla a sat¿lllte eontrol llnk ls

adopted. The controller assesses all requesbs and transnlts bhe allocat¿d

transmlsslon schedule to the r.equestlng statlons. Ttrts schedule ls also

used to eo<rdlnate the swltchlng of tlre upllnk and the downllnk beans.

The sate1llte ls an ldeal Loeatlon for such a trafftc controllen, slnce lt

i.s the only node 1n the network wtrlch has a conpnehensive knowledge of the
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trafflc r.equ!.rements. The alternative 1s to appolnt a uaster terrestrlal

statlon and suffer an addlblonal propagatlon delay'

3.3.1 Frane StrucÈure of the DA Protocol

In a n¡Itlpte spoùbea¡¡ cenlralty controlled Deuand Asslgnnent (DA)

protocol, part of lhe capaclty of the satelllte llnk ls allocated to the

control æchanisn. TÌre frane structul€ of such a protocol eonsists of

conbrol and lnfornatlon secblons (Ffg.3.3.1 ). Tlre control sectlon

(F1g.3.3.2) consists of

r.eservatlon subfrane - Èhe conbroller regularly assesses the capaclby

requlrenent of each statlon vla the ¡eservatlon cbannel' A TDMA

Protocol ls used by bhe subfrane because of lts slnpllclty fn

lnplenentatlon and fts regularLÈyt

2, schcdullng anbfrane - bhls ls used by the controller Èo lnforo bhe

statlons of thelr alloeated transnlsslon schedule'

T1¡e neÈwork aynchronlzatlon ls nalntalned by the Looped-back reservation

burst and the tlnlng dlssemlnatlon by the controller. Each burst oonslsts

of a certaln nunber (u) of capaclty requests and a synchronlzatlon word.

Agaln for r.eservatlon channel stablllty, u n¡st be grtater Èhan the

expected lneonJ.ng requests.

Ttre lnfornablon sectlon for a data netr¡ork conslsùs of N data slots.

For an lntegrated data-volee trafflc protocol wtth the volce trafflc uslng

clrcult snltchlng, the voloe subframes ar^e r"egularly interspersed with the

data wlthln the fraæ (Flg.3.3.3). lle hlgher fra¡p rate of'volce

subfraæs pernlts the utttlsatlon of a s6alL buffer and a long overall

fraælength.
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3.3.2 Deley Structurne of the DA Protocol

tlhen a @ssage enters the statlon, lb ls tenporanlly stored tnfo a

queue of buffers. For a pnlorlty queue, the orderlng of the æssages Eay

be shuffled. A capaclty nequest ls subnltted for the nessage after a

rescrvatlon dclay E(DR). TT¡c controller r^ecelves the capaelty requests

fron all thc statlons and l€rves then uslng e deflned dlsclpllnc

(e.g. FCFS). Iìe lransnlsslon schedule ls senb via the schedullng

subfrare. The capaclty atlocatlon sÈrategy and the channeL congesÈ1on glve

rlse to the scheduting delay. Ttrc scheduttng delay lncludes one round trip

propagatlon delay as lt ls the mlnl.uuu length of tlue that a reques0 and a

schedule can be relayed betrrcen the sbaÈ1on and the satelllte. A

conneeùlon ls made r¡hen the nessage arrlves at the satæIllte 1n

synchronlzatton with the on-board swlÈcblng. The delay strucur^e ls agaln

slnllar to Flg.3.0.2, sfnce DR and DS ane statlsùlcaIIy lndependent

varlables. The average delay per Eessage E(D) and bhe varlance var(D) are

glven by the followlng relatlons. . lr", ,J'ã I.

E(D) = E(DR) + E(Ds) + rtpd (3.3.1)

var(D) = var(\) + var(Dg) (3.3.2)



4. DELAI AIIALYSIS

lllth the Spacc Dlvlslon lfutt,lp1e Aecess protocols, Lwo outstanding

features arre obserwcd :-

1. the u.¡ttlple reservatlon carrying facllltyr and

2. the large data capaclty.

In ordcr to acoomdatc both featur.es, ner ætlrods trave been devcloped for

thc delay calculatfons. tll thc requlred detay calculatlons for the Space

Dlvlslon lfuItlplc Access pr.otocols ane pnEsentcd ln thls cbapter.

4.1 DATI DELAY ANALYSIS

For Þmand Àsslgnænt (DA) and the hybrtd Flxed Asslgnænt

upllnk-IÞnand Asslgnnent donnllnk (DA-FA) Protocol descrlbedr the strucÈure

of the æssage delay conslsts of two sÈatlstlcally lndependent varlables :-

the r.eservatlon delay and the schedullng delay. For the ease of tåe Flxed

AsslgnænÈ (FA) Protocol, thc detay conslsts of tåe schedullng dclay only.

Ttre calculatlon of the average æseage delay for varlous Space Dlvlslon

ltrlltpte Access (SDMA) pr.otocols r.equLres dtfferent sets of paraætersr but

the calculablon æthods ane coørn to att protocola. In thls chapterr thc

average values of thc üwo dclay conponents are derlved.

lhen a læssage entars a sùaùJ.on, |t ls tenporarlly stored. A

capaclùy request ls subnlÈted for each æssage after a neser"vatlon delay

(fo) whlch 1s dcflned as the duratlon between Èhe urssage arrival and tùe

lnstant ?hat the r.equest ls s€nt. A delay can oceur slnce only a flxed

nunber (u) of reservatlon nequesÈs ls carrled by each reser¡ration burgt and

lhe r.equests ar.e senved on a Flrsù Coæ Flnst Ser¡re (FCFS) dlsclpllne. the

trafftc contnoller recelves thc capacLty r¡esonratlon flon the stabions and
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serves thcu uslng a deftned dlsclpllnc. Thc allocatlon strategy and the

channel congestlon glves rlse to the schedullng delay (Dg)r whlch ls

deffned as thc durablon betr¡een the sendlng of the oapacl.ty request and the

beglnning of the æssaga transntsslon, In bhc case of tåc DA Protocol¡ the

schedullng delay effcctlvcly lnoludes one round trlp propagatlon delay

(rtpd), as thls ls the nlnl.nun tength of ttne ln nlrlch a requesL and a

schedule can be r.elayed to and flon the satelllbe. In the case of the

DA-FI Protocol, one rtpd ls the nlntnun length of !1æ tn which a r^equesb

c¿¡n bc r.elayed to eyery statlon tn the zoîe. Tl¡e average data æssage

delay E(Dd) ls glven by

E(Dd) = E(DR) + E(Ds) + rtpd (4.1.1)

Ttre data arrlval process and the duratlon of the schedullng delay

have been dLscussed by IRUB 79]. A solutlon for the schedullng delay Is

derlved by ftndtng a set of conplex r.oots for a transcendental equatlon.

Ttrls technlquc ls lltus0rated tn Sectlon 4.2.2. However¡ the coryIexlty of

the solution lncreases as the capactty lncrreases. A slnpler æthodr rlrich

ls essentlally lndependent of capactty, derlved by Ko and Davis IKO 82] t

tKO 831 ls present€d ln Section 4.2.3.

A new calculatlon æthod for thc r-servation dêIayr for Èhe cas€ of

nultlplc request per r.eservaùlon burst, ls derlved ln Sectlon 4.3. Ttre

facillty of urltiple r.equests ls required for a long fnaæ to ensure the

stabltlty of the reservatlon channel¡ 1.ê. bhe request transmisslon n¡st

be gr.eater or equal to the ncquest arrival. In Sectlon 4.4, the result for

a single ternlnal type ls expanded to a o¡IÈlple ternlnal type netr¡ork.

In Sectlon 4.1 .1t a generallsed æssage arrival processr wttlch ls

used for the derivatlon of schedullng and r"eser¡ration delayr !s descrlbed.

Slnpllffcatlons of thc delay calcutaÈlon can be nade ff a coupound Polsson

arrlval prcceess with geoætrleal æssage length dlslribuatfon ls assuned.
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4.1.1 Dat¡ Arnlval Process

Let An be bhe numben of nessages generatcd by the network ln bhe n-üh

frane, a¡d [Arr¡ n21] ls a sequence of independenb ldenbloal dtst'rlbuÙed

(1.1.d.) randon varlables Soverned by the relatlons :-

a¡= h(Arr=k)r k>0

and T âk= 1

A(z) =
k lzlste¡ z

[€t n(k) = Pr(l-th æssage length = k slots)r

and the z-transforn of {n(k)r k71} is

'l-

=Qk

llre z-transforn or ghe generatlng ñrrrctlon of [a¡r k>0) ls :

0
I

l¡=

H(z) = n(k) z l" | ..1

F\rrtherrcre, let n3 be Èhc J-th æænt of the æssage Ìengfh and Ãr. the

trafflc (tn nunber of sloüs) SGneratcd by thc nebwork Ln the n-tb fraæt

whcrs a sroÈ conslsts of a flxed nunber of bits' (Ãn, n>l) ts an 1'1'd'

sequenc€ governed by

ã¡ = Pr(Ãrr=k)

I
i

|ç=

k
I .io{t ) 

"1
k>1

I1

and âo=3o

"io(t ) = 1-th fold self convorutlon of n(k).wherre

For lhe n-th frane
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llre z-transforn of [ãkr k>0]

âk= 1

,k

ftth the above deflnltlon of a¡, lb can be shown Ehat

Ã(z) = AIM(z)]

0
ï

k=

aki
k=0

Ã(z) =

(4.1.2)

Fon the partlcular case of a Pofsson rÞssage arrlval process, A(z)

becoæs

A(z) = exp[-¡,( 1-z\] (4.1.3)

where À = âvêpÊge nunber of æssage arrlvals for ühe netnork per frane.

If the æ$lage has a georetrlcal æssage lengtb cllstrlbutlon, M(z) becoæs

M(z) =& (4.1.4)

nhcre l/Q = average æssagc length ln nunbcr of slots

X=l-e (11.1.5)

Under such clrcuustances, the paeket arrlval pnocess ls a conpound Polsson

lnput proccss rlth

- À(l-z) (4.1.6)f12) = exp l-Xz
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4.2 SCHEDULINC DELAY

TIre dat¡ schedul.lng dclay (DS) ls deflned as the duratlon betwcen thc

aendlng of thc capaclty requcsÈ and the beglnnlng of thc nessage

bransntsslon. It !s caused by the channel oongesÈfon and allocatlon

sünatcgy. L^gt the n-th rescrryatlon group (Gn) be Èhc set of capaclty

reseryatlons mde rlthln the n-th fraæ, the reservatlon wtrlch wlll seFve

flrst apng a r.esenatlon group ls dcslgnatcd as the group leader. TIle

group size process (Crr, n>l1 1s a sequcnce of 1.1.d. randon varlables rLth

dlst,rtbutlon {S¡} glven by

B¡ = Pr(Grr=k) k>l n>Î

a¡
1 ao

Ttre nunber of sloÈs eontålned ln Gr, ls denoted by õrr. [õn, n>1] fs a

sequence of 1.1.d. randon varlables wlth the followlng dlstrlbuflon 3-

Ën = Pr(õrr=k) k>l n>l

ãk

Î¡e n-bh æssege schedulfng Oefay öf, 1n nuaber of slots, can be expr"essed

as the sun of bwo randon varlables !-
-cDfr:Lrr+ll'

rtrer.e Lr, ls ùhe waltlng tl¡e of the n-th gr.oup leader ln nunber of sloÙs;

and it, Ís thc raltlng t,tne of the æssage beyond lts gr"oup leader ln

nunber of stets. Ûr, ts scrrrice dlsclpllnc dependent, a random sel'rrlce

dtsclpltne ls assuæd for the analysls.



Tt¡e assoctatcd z-transfornst anê

nz

t.lrc averagc sch€duting delay - E(Dg) 3-

E(Ds)=E(û)+s(Û)
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(4,2.1)

fndependent varlables, uslng the

(4.2.2)

n>l

L(ù = Ir,
0
i

n=

ri( z) = i ûr, "'n=0

iñ:
n=0

Dg(z)= zi

SincE i' and Èr, ans süatlsùlca1ly

deflntttons of ofl ana Ds(z),

örtz) = i(") È(z)

4.2.1 Derlvatlon of E(ll) and var(tl)

[¿t us consfder an i.l.d. sequence of group slze {Grrr n>l} and the

assoclated dfseretc tlne renerral polnt process {Crr, n>l} t

vn-
fI
I Gj
Ij

1.e. C' repr^esents ùhe leader of thc n-fh group.

tllth randoa s€rvlce nlthln e gnoup, the tlne elapsed between e randonly

selected dlscr.ete tlnc unlb n and the pr.ecedlng group leader (nrr) Blves bhe

nunber of nessages pr.eeeding tåe n-th nessage 1n lts or{n group. Fron

renenal theory, the ltnlblng dlstrtbutlon of nn always exists

( [ COHJ 69 ] pp. 1 1 4 ) a¡rd ls ldentlcal wlth the eorne sponding sta tionary

dlsbrlbutlon of thc renenal process rnr n)1.
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g( z) = n[]r( z) I

- I - A[M(z)]- E(A)[1 - M(z)]

By r^epeatedly dlfferenttating f(z) and seLtlng z=l¡ the ne¿rn and the

vaniance can be obtalned

lzlst (4.2.3)

(4.2.4)n(n)=ilffi-'l

lf E(43) . -

var(ri) = jt^,-^î, [#-'] *-î[H]-
(4 .2.5)

wÌrere n ls Èhe J-th mænl of the æssage lengùh. As a partleular caset

the co4ound Potsson packet arrlval proe€ss lrave a slupllfled æan and

varLance expresslon 3-

E(fr) = h (4.2.6)

À

var(l{) = 2e2 lz-e+x/6) (4.2.7)



Page 4-8

4,2.2 Declyêëgq gl E(il) 34a var([) [ thc Root Flndlns ]fethod

Tlre walllng tlne of the group leader Lr, ls a l'hrkov process governed

by bhe necurr€nee relatlonshlP

í -f¿ +û -r,.f n>l (4.2.8)
"n*1 -'nnnïr

wher.e [*]+ = nax(O¡x)

i.ê. \.,-1 ls the dlffenence bebneen h#' and the group LnterarrLval tlne

- Tn*l. To evaluate lhe steady state dlstrtbutton of Ç, let the queue

size prior to Èhe n-th frane be deflned as \. (Xrrr n>11 ls governed by

the recurrence relatlonshlP
--LXn*l : [Xr, + Ãrr - tt]' n)l (4'2'9)

wher.e N = nunber of slots 1n a fraæ

f irr, n>t l conresponds to {Xrrr n>1} at the beglnnlng of the fÞane at wt¡leh

blne soæ neservatlons ar.e mde. Tlre distrlbutlon of the sanpllng process

(tn) ls a geonetrlcal distrlbu?lon - a æmryless oocurrence.

k-1
Pr ( trr=kl{) = ( t -a o) ao - k> 1

Henee, i' and X,' have an ldentical steady stat€ distrlbutlons from bhe

Rener¡al lheorea ([COtt¡ 69]pp. 102).

1.ê. i("¡ = x(z) (4'2'10)

To solve (4.2.9), consider the sequence [Bnr n>1] - where B' denot¿s ùhe

queue slze after bhe amlval of bhe n-th reserwatlon group.

(4 .2.1 1 )

(4 .2.12)

1.e. Br, = Xr, + Ç
Hlth (4.2,9), B' has a necurrenee rrelatlonshlp

Bnrt = [Br, - r]++ Ão*,

t{lth (4.2.10),

it") = B(z) ti,þ)

To ffnd B(z) ¡ the followlng generablng functlons

analytlc ln the reglon of l" I 't "na It l 'l .

I
k=0

(4.2. r 3)

defined. They ar€

B(z) = Pr(Brr=k) zk

ane
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B(zrw) = i
n=0

Brr( z)rn

Now (4.2.12, has a stablonary transitlon equatlon

Pr(Brr=a I nrr-r=u) = h(Ãrr=a-tb-Nl+)

and 83(z) can ba obtalned by n¡Ittplytng the above equatLon by zaPr(Brr-r=b)

and suoulng ovcr the lndlces a and b. AgaLn, B(zrv) can be obtalned by

nr¡Itlplytng Bj (z) ¡v i a¡rd suo orer J.

Bo(z),N * 'Ã(,, i!: (,N - ,b¡"6{')
B(zrr) = N

z - wA(z)

where c6(w) = Pr(B j =u)wj

B(zrw) can bs calculated [KoN 72] as :

NBo(z) z + w(z-t)A(z)

ï
=0j

N

x
BoIz¡(w)J z - zr(w)N

l
j I 1 - zi&r) t=r zi (w) - z. (w)

r1:
B (z,w) =

t{lrh

B(z) =

ïlth (4 .2.13),

or

N
z - wA(z)

B(ù = *li (t-¡r)B(z,w)

r#)
(4.2.14)

(4.2.15)

(4.2.16)

L(ù =
N-E 1-

Ã(r) - zN

wher.e zr are rootg of tåe equaÈ1on

A(z) -z
r-rN Ã- 

I

N

N-I
l

r=l
l":zl
It-rt)

:0

h)=o
Tlre mænts of L(z) ar.e easlly obtalned by dlffcrrentiattng (4.2.15)t



Ã(2) (r) - N(N-l)
2LN - E(A) l

N-+I
r=l

I
l-.r,

I

It
L r-zr
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(4.2.17)

(4.2.19)

(4.2.19)

or
- var lÃ)E(L) = ,tN-iCtT -

var(L) = $*l*- r .

E(L) =

B(z) =

N-
I

r=

u1Ãz¡ - ¡z
2[N - E(Ã) ]

(4. 2. 18)

Ore can obtaln the average schedullng delay lf the conplex roots for

(11.2.16) ar€ known. They can be calculat¿d by tlre Ne¡rton-Raphson l'þUhod,

but the nunber of caLculatlons lner.eases as the tt¡nber of data sloÈs ln a

fraæ (N) lnereases. A ncw and slnpler æthod rhlch 1s essenÈlally

lndependent to the value of N ls presented tn the nexb sectlon.

4.2.3 Derlvatlon of B([) and van(È) Þf, the Integratlon l{ethod

Equatlon (4.2.14) can be rewrlttcn as

N-1
I

r=l

z-zr
l-"t

Slnce B(z) ls regular and bq¡nded withfn the unlb clrcler lzl.1.
can be expr.essed as

(.j N-z
B(z) =

N-1

-1
I ui
=Q

N

bj ("J

t-"NÃ-1 (r)

I
j=0

-z )
_Nf-

-z " Ã(z)

-Àt -L-z " A(z)

N



tn B(z) = 1¡ ¡(2) + In
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(4.2.20)

ln ö (x)

-dx

(4.2.21)

-N N;I
t-L

j=o
bj 1"j - "N¡

or B (z)
Ã(z) r-"-NÃ

v (z)
þ (z)

A

(z)

Fron Appendlx 1,

1N-

f x-zI¡¡
j=0

rher"e f ls a elrcle of radlus l+e and l"l<t.
Dtfferentlatc (4.2.21) and seÈ z=1r (see Appendlx 1)

dx

knowtng e(i) = E(B) - E(Ã)

E(B) = u(1)(t) U(r) çr)
1l_-l

IJzIt J

E(L) = c(p) dp+1"
o

(4 .2.22)

where

2\þ (I)2
p=o (4 .2 .23)

u+Jn = O(cjp) = t - "-jNoÃ(ejp) 
(4.2.24)

lle values of rf arre llsbed fn Appendtx 1, by repeatedly dlfferenttatfng

(4 .2.21 ) , and uslng

var(t) = var(B) -var(Ã)

p#o

,t,(2) (1)ú(l) - ,r(1) 11¡z

,l,Q) (r)ú(r) - ,r(1',tr' z
'Í r

o

var(i) = E(¿)
2!) (L)2 H(p) dp

(4.2.25)



where ¡¡(p) = Re
I cosp + jsinp

[,"{ffil"l,räb] )l)
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(4.2.26)

4(1 cosp ) 2

+
(1)

ü (1)
2q.,(1) (1-cosp)

_,t,(2) (i),t,(t) - .1,(l) (t't,
4,þ (I)2 p#0

(3) (1),.l.,(1)2 - 3ü
(2) (1)ú (1)4,(I) + 2q, (r) l/t6ú(1) l

(1)(t) 5 3

= [ú
p=0

Iìe valuc of S(i) and var(û) can be calculat¿d for an arbttrary

coryotrnd arrlval pnocesrr Ã(r). For lhe speciflc case of conpoud Polsson

proccss wlth geoætrlcal æssage lengbh; the valuc oî m2+n2 ln (4 .2.23) and

n+Jn fn (4.2.26) can be slnpllfled as followed:-

n+Jn=1-excosÏ-Jexslnl Q.2.271

û2*n2 =l-2eXcosy*"2x (4.2.28't

rÌ¡ere x: -À -#f?T¡# (4.2.29a)

ìÊ
Y = -lfP + , * xT- 2¡sosp

( 4 .2 .2gb)

whers Àr 0 and X ar.e as deflned tn Sectlon 4.1.1. The lntegratlon ln

(4.2.?5, can bc donc by one of thE conventlonal nuærlca1 lntegraÈlon

algorithns. SLnce the slngular parts of tåe lntegral have been reævedt

ühls lntegratlon fs straight forr¿ard.



Page 4-13

4.2.4 Calculatlon of E(D") uslnf,, a l4/Gll Queueins lú¡del

Fr¡rthcr sf¡llflcaù1on for ths calculaÈlon of the averagc schedullng

delay E(DS) ls pocslblc¡ lf Ã(z) ls a conpor¡nd Polsson arlval pr"occss and

the channel ls assuæd Èo be contlnucn¡sly avaflable wlÈh a r.educed capaclty

of ll slots/fraæ. Uslng a l1/G/1 rcdcl, the average schedullng delay ls

estlnatcd fron thc Pollaczek-Khlntchlne Forn¡la ISYS 58].

E(Ds) = [",(1+c2,tfu] ç

wher"e C= o /nl

o'=^r*?

S¿: À/(otl)

(s)

eoefflclent of varLation

vanfancc

data cbannel thrrcughput

E(Ds) =
x/0

2(N - À/e)
'zl
-l'tJ

(s)

lz-el I f
L ' l/ -

(4.2.30)f.
N

For a geoætrlcal æssage length dlsbrlbutlon, the rcænts becou

u1= 1/0 (stots )

m2=(2-e) le2 (slots2)

x/e (s) (4.2.31)B(Ds ) = 2(N - À/e)

The above sinpler r€laÈlon can only apply to a coryound Poisson amlval

processr whlle the Root Flndlng or Integrat,ton l&thods flnd the average and

the variance of the schedullng dclay for any arbltrary amlval pnocess.

Horevcrr as shorm ln Qrapter 7 , sluula0fon r.esults lndlcate that

Pollaczek-Khlntchlne Approxlnatlon is a poon estfnte of bhe ayerage

schedullng delay due to Ehe adopted assunptlons.
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4.2.5 Concluslon for tþe Sqþedq[gg Detay

Iìe schedullng delay Ls conposed of two terns !-

Lr. ls lhe raitlng tine of the group leader, the leader ls the request

whlch wlll be served flrst âmngst all requests fron the sane frane.

1

2. llr, 1.s the raltlng tlme of the nequesùs beyond its group leader.

Slnce the two terns are statlstlcally independent, the average and the

variance of bhe schedultng delay E(DS) ane proporbLonal Èo the sun of the

two respecblve averages and varlances. In the case of the Fixed Asslgnnent

(FA) Protocol, E(DS) ls the sun of tÌ¡e two averages. In the case of the

Demnd Asslgnrent (DA) Protocol, E(Dg) includes one round trlp propagatlon

delay (rtpd) r âs 1t ls lhe nlnl-uun lengùh of blne that a request and a

schedule can be relayed to and fron the satelllbe. In ùhe case of the

hybrid Denand A.sslgnrent uplink-Flxed Asslgnnenb Downllnk (DA-FA) Protocol,

one rt,pd ls the mlnlnun length of ll¡e that a request can be nelayed to

every statl.on ln the zone. Hence, lt ls lncluded ln the E(Dg). For all-

protocoLs, the varlance of the schedulLng deJ-ay Ls proporùlonal to the sun

of the two varlances.

FA : E(Ds) = {E(i) + n(ñ)}rzr (s) (4.2.32\

DA,DA-FA : E(Ds) = {E(L) + B(Û)}f/N + rtpd (s) (4.e.33¡

DArDA-FATFA : var(Dg) = {var(tl) + var(ñ)ltz/]'l.2 (s2) (4.2.34)

The value or g(Û), var(i), E(û) and var(i) for a genenarlsed arrlvar

process ane glven by (4.2.4), (4.2.5), (4.2.17) and (4.2.18) respectlvely

wlüh the latÈer bwo uslng the Root Flndfng l{ethod. The complexlty of thls

calculatlon ls depending on the nunber of slots per fraæ (N). The

Integratlon MeÈhod ls essentfally independent of N. (4,2.22) and (4.2.25)

g!.ve e(û) and "ar(i) r€spectfvely for any arbltnary arnlval process, rhlle
(4.?.27) to (4.2.29) glve the slnpllflcatlon for a conpound Pofsson arrl.val

pnoeess wlth geoætrlcaL Enssage length dlstributlon.
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I-¿ RESERVATToN pELAr

The r.esenratlon delay (DR) ls the durablon between the arrlval of a

Eessage, or a notfflcatlon of an Lnpendlng volce trafflc caÌlr and Èhe

lnstant at r¡f¡leh a Feservatlon request ls sent for Èhaù æssage or call.

Slnce the r.equest is sênt on a Flrst Cone Flrst Sened (FCFS) basis, and a

flxed nunber (u) of control packets carrled by each control bursb ls

tranmltted by eaeh statlon. A wattfng tine ls lnposed on each æssage

before a r.equest ls sent.

Ttre r.eservaùlon delay ls a functton of the nunber of requests wttlch

have arrLved before ùhe amlval under consldcrat,ton (polnÈ X ln Flg.ll.3.1)

and the nunber of requesÈs carrled by each r^eservatlon burst (u). Ttre

total nunber of prevlously arrlved æssages consists of Lwo conponents !-

I - the rn¡nber of nessage requests leftover fron prevlous franesr {-.e

the nunber of r.equests at the beglnnlng of tùre n-th frane.

2. y - the nuober of nessage requesùs bha! have arrlved during the current

fraæ prfor to the arrlvaL under conslderatlon, Í.e. the nunber of

requests that lrave arrl-ved wiùhln the n-th fraæ and prlor to potnt X.

-wY v

n n+1

X - ARRIVAL UNDER CONSIDERATION

Y _ NUMBER OF MESSAGES LEFTOVER FROM
PREVIOUS FRAMES

y -NUMBER 0F ARRIVALS PRIOR T0 X lN THE
CURRENT FRAME

X

Fie.4.3.1 Reservation delay
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q.3.1 Derivatlon of E(Y) and var(Y)

Conslder the nunber of leftover r.equests at the beglnnlng of the n+1

fnane (Tn+l), a neeumence relatlonshlp can be establlshed :-

Tn*t = [Tr, + \r - u]+ (4'3'3)

wt¡ere [x ]+ = nax(Orx)

Ani = nunben of arrivals durlng the n-th frane lnto statlon I

u = nunber of control packeùs earrled by each conÈnol slot

TTrab 1s, bhe nunber of requests at the begfnnlng of the frane conslsts of

the lefBover requests and arrivals fron the prevlous franes ninus the

nunber of r.equests sent. The r.ecurrenee relatlonshlp of (4.3.3) ls sinilar

to the expresslon of (4.2.9). From SecClon 4.2, uslng sultable

substltutlons

s(zY) = Y(z) =

Iu-E(Ai) ]lt-"1 u-1

Ãi(z)-z!
l"-1
Lt-rrJ

(4.3.4 )

(4.3.5)

]I
r=l

Hence, ùhe solutlon

Integratlon l,þthod

llebhod 3-

can be derlved fron the Root Flndtng llethod or

as dlscussed ln Sectlon 4.2. tllth the Roob Findlng

var (Ai) r (Ai) u_1 u-
E(r)=tTu-E(AitT- z -f+ I

r=

r E(Ai) - u3
var(y) = i. +5¡ffi1e.i)l+

I I
L r-zr

E(Aî) - u2

2 [u-E (Ai) ]

(4. 3.6)

wher.e zT are the roots for the equatLon

l-zulll(z)=o (4.3.7)
l_

and Ar(z) is the z-transforn of the æssage anrival process lnto statlon 1.

For a Pofsson [Þssage arrlva]- process,

er(z) = êxp -[ri('t-z))
whers Ài = a""r"8e nEs¿lge arnlval rate lnto statlon i

2
u-l zr-r
,lt (r-zt)'



t{lth thc Roob Flndtng }bthod, E(I) and var(Y) becoæs

It

L l-"r
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(4.3.8 )

(4 .3. 12)

(4.3.13)

Ài À1 ,_.r u-E(I)=r(.,_Àn-T-i*r!

var(y) = 1, *
323Ài+3ÀitÀi-u

t
i - (uz-Ài)

2

+3(u - Ài) 2(u - À1)

(4.3. e)

uher.e zr ane the roots for

1 - zuexp[Ài(1-z)J : 0 (¡1.3.10)

lfith the unlforn trafflc assumptlon, the ayerage nunber of æssage arlvals

lnto statlon f (Ài) ls lnvcrsely proportlonal to the nr¡uber of statlons fn

the neünork.

Àt = À/o (4.3.11)

For the sluplesÈ ease of u=lr 1.€. one nssereatlon r.'equesÈ per fraæ, the

nean and Èhe vanlance of the lcftover t€quest becoæ ¡-

u-l z*
l'

'!, 
(L - zt)2

-À 4 zrl +
2
il- 6À

var(I) = 12(1 - Ài)2



4.3.2 Derlvatlon of E(Dg| and var(Dgl

Î¡e r.esenratlon delay D¡ ls a fl¡rrcblon of :-

1. I - the lefbover rrequests fron the prevlous fraæt

2. y - requests amlved wiùhfn ùhe curnent fraret

3. u - mxlnun nunber of r.equssts carrled by each reservatLon bursl.

TTrc rreservatlon delay can be expr.essed ln two dlfferent eonponentst

DR=r+w

Ttrc probabll.tty dcnslÈy turrctlon n(\lwrr) :-

P(hlrrr):A(DR-r-r)

n(\lw) = h( r=n) a(D*-r-n)

= Fo"J."

Page 4-t8

or

Knowlng

o

æ
tr
L

n=0

@

r
L

n=0

Taklng tàe Laplacc lransforn of thc above equatlont

ôto* "l(s) = 1-E(DR w)s+E(Dfr u)s2/21-...

h(r=n)Â(D*-w-r)dr

Ê(DR lr) (s) 
= P¡1¡"=n) exp-( nrry) s

E(\ lw) =
(nr+¡)Pr(r=n)

0
ï

n=

0
i

n=

=g(rlw) + w (4.3.1¡t)
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e{d lw) =
(nrry) 2Pn( r=n)

= B(r2lw) * 2E(rlr) * ,2

B(DR) = ¡t e{o*lw)rlw
o

E(Di) = l Intofrlw)<tw

var(\)=E(d)-E(DR)2

0
I

n=

Hence

Â. u=1

If each rescrryaülon burst can only oamy onc requestr 1.s.¡¡:1.

r = [y+l]

= y+l

lle value of r ls only a su@eblon of y and Y. For an arbltra4y arrlval

prooess¡ thc average and the varlance of the reservatlon delay ls the

sumatlon of the two respeotlve conponents. For a sinple Poisson ülssâge

arrlval pnocesst

E(y) = Àr(t_w)

E(y2¡ = Ài(t-r¡) + Ll{r-rl2

Fron SecÈlon 4.2 z-

(4.3.15)

(4.3.16)

(4.3.17)

(4 .3. 18 )

(4.3.19)

a

E(Y) =

Ài

2(1 - Ài)

,4
^i -rl+:r.

e(yz) = 26(1 - Ài)

after sumtlon and fntegratlont

E(DR)
I

= z(t - Ài)

1+Ài
2

var(\) =
12(1 - Ài)

(4.3.20)
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B. u>l

If tbe nunber of r.equests carrlcd by each resenratlon burst 1s greater than

one, r fs no longer a slnple relatlon. In facbt

(y+Y-1) /u for a valuc of I

f=0r1r2t...ru-l

tllth a flxed value of T,

E(rlw) = {E(vlw)*l-e(rlw)}/u

and e(ylw) = Àr(l-w)

E(1lw) = 0.{p¡(-t)+Pr(u-Y)+Pr(2u-Y)+...........}

+1. {Pr( 1 -T)+Pr(u+1-Y)+Pr(2u+t-T)+.. . . . . }

+ (u-1 ). {Pr( u-l -Y) +Pr( 2u-1 -y)+Pr ( 3u-1 -T)+. . . }

u-l u-l
= f, t x Pr(l-Y-nr¡)u(t-Y-nu)

i=0 m=0

r{her.e u( x) =0

=1

For a slnple Polsson arrlval process, e(f lw)

serles :-

Let c = exp(J2rlu)

Knowtng

t-l'l

xt0

x>1

can be wrlÈben ln a finlte

(¡t.3.21 )

l+oK+cr
2K

*e . .10
(u-1) K

=u lf K:0ru,2u¡...

otherwise=0

0

æ

J'exP( x)
m=

Pr (í-Y-rnu) = x1-Y /(i-Y)! * x i-Y*u /(i-v+u) t +



,t-21

u-1
I

1=0

Iu-
Henoc

rhere x:À1(1-w)

o

I s.
exp (0 x)

e(rle) = 
f exp(-x) T

s=0

- s . -s(1-Y)exp (0 x) 01

I
u

u-l I

u-
i

s=

USc -I u u-1
2

(-xexp ) +
I s (u-Y- 1 ) (o" - t)2 s_0 -Ict

u-I u-
=î - exp(-x) I

s=

E(1) = /lstrlw)<tw

1 ----,-.s ,-s(Y+l)exp (cr x) 0

1 as-1

I IexpÀ1(o"-t) - r ]o" 
(Y+1)

2 )ri

u-
I

s= 1 (o" - D2

E(DR) = .f 
i, + E(r

o

e(zY) = r(z) =

11_-+-
¿ tJ. Ê.v-9.t,¡,

l{) dr

(u-À1) (I-z) u-l
I

exp[-li Q-z)] - zu r=1

IexpÀ1(as-r) - I].,s (Y+1)

(o" - l)t

Slncc E(r) ls alrays posltfve, E(DR)>lø, or ùhe average nesenatf.on delay

has a nlnlnun value of half a fraælength.

llext, averaglng E(DR) over tl¡e range of I. Fron (4.3.4)r rlbh slnple

Polsson arrlval process 3-

l"-:A
Lt - ,'j

wbe¡^e zr anaà ùhg r.oots for

zu-erp-Ài(î-z)=0

lnslde the unit clrale of z.

u-1
E(r) =- + I +-

r=l "t

(4 .3.22)
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(4.3.23)

g(o"Y) = Y(os) ]T

r=1I-expÀi(o"-L) L-r,

11
--I- ZU

u-l
I

2
u(u-1)-ÀiI u-l

E(D ) I zr 2(u - Ài) 2R

u- Àít

Ài
( frane)-1

I

1r=

0
s

SI 0,Þ- I

4.3.3 Ooncluslon for the Reænatlon Delay

llre r.eservatlon delay h. fs a f\¡rrctlon of :-

T - the nunber of requests lef0over fron ttre prev!.ous fraæ,'l

2. y - the tl¡nber of requests arrlving Ln the current frane,

3 u - the nunber of requests carrled by each burst.

Exeept for thc slnplest case of u= 1, h. is nob a llnear r.elaùlon of Ï and

¡l. For ttre case of u=1, the æan and vartance of any arbltrary arrLval

process ls slnpLy a sunnatlon of the rrespective æans ar¡d varlanceE of fhe

tro conponents. However, for ùhe case of u>'l r and an arbltrarlr arrlval

pnocess, Èhe æan and thc varlancc can onty be expr.essed as Érn fnflnlbe

serl.es. For a sinple Pofsson ürssage arrlval proce$t, the æan can be

wrltÈen as e flnlüe serles ln terns of the couplex roots of a

transcendenta I equabton.
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4jf EXPAilSTON TO A MULÎIPLE TERHTNAL lrPE NEftTORK

Up unÈlÌ now, lhc dclay analysls for a slnglc tcrnlnal typc nebrork

has bcen pr.esented. For a mrltlgle tornlnat typc networkr the Ùotal

probabiltty of k arrlvals lnto thc netnork 3-

ãk .oa = h"(An rot = k)

r¿ k
*i^<t l"i1)*( I i?k

m2 (k)ai2)*..
i=l

k Jr..r( I nl^{r)ar") (¡1.4.1)
i=l

t.e. ãn rot t" a convolutlon of arrlvals fron each of the c bernlnal-types.

Ttre z-transforn of äk ao. ls slnply the u.¡Ittpllcatfon of Each of the c

lnd lvldual z-transforns.

Ã.o.tz) = Ãr{z)Ã2(z)...Ã"{z) (4.4.2)

Hence, all tåe ænenùs of a u¡ltlple ùernlnal Èypc netrrcrk arrlval can be

derlvcd fron (4.4.2).

In the partlcular case of the nrlblpte conpound Polsson lnpuÈ

proecs¡r, the arrlval process of the J-th terntnal type ls

Ã3(z) 

: ;ïïiï,(z)rl
Fron (4.4.2),

À.o. tr) = exp{-À 1 [ 1 +l 1 
( z) ] ]exp( - x 21 1 -llz(z) I ] . .exp[ -1"I t -l{"( z) I }

(z)
1.."J', (4.4.3 ¡

TÌ¡ereforc, the convolutlon of thc q¡ltrplc conpo¡r¡d Polsson arrlval process

ls anobher coupot¡nd Poisson amlval ppocess wfth mdtfled ratc and average

nessagc Length. Hence, atl the analysls for the slngle tarnlnal type

network ls stlll valld for a m¡lttpte bernlnal type network wlbh a conpound

Polsson arrlval process.

k(I
i=1

T M.
J

À.
J

e.
1nj
J

'{¡
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4.5 VOICE CONNECTION DELAY

The volce connectlon delay (Dv) ls the durablon bebween the amlval

of a volce cfrcult request tnto the statfon and Ehe lnsÈant at wttlch a

connectl.on l-s nade wlth the calIlng statlon. It conslsts of thnec

staùisÈlca1ly fndependent conponents :-

1. Ttre reeervatlon delay (\) ls the duratfon betseen the arrlval of the

volce clrcult r.equest lnto a sùation and the tnstant ùhat the requesf

ls sent. Slnce voloe and data requests are sent by the statlon ln a

Flrst Coæ Ftrst Senved (FCFS) basls¡ the average rreservatlon deley

E(h) has been dlscussed 1n Secùlon 4.3.

2. Tl¡e schedullng detay (DvS) ls the duratlon beùween the transnlsson of

bhe volce cincult request and the beglnnlng of the call. One of tåe g

duplex volce clrcuits ls allocated to the requeEt lf a vacancy exlsts.

If all elrculls are busy, the overflow r.equests are sbored fn one of

the L request buffers and bhe channel ls connecÈed nhen e vacancy

arlses, 1.e. a blocked-custoær-deIay rcdel. Ttre average schedullng

delay E(DVS) ls glven ln the next sectl'on.

3. Ttre flrst volce packet transnlsson delay of one round trlp propagatlon

delay (rtpd).

Ttre average volce connectlon delay E(Dro) ls glven by

E(Dv) = E(Ds) + E(Drrg) + rtpd
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4.5.1 Volce Schedullng Delay

The volce schedul-lng delay ls deflned as thc duratlon betwecn the

sendlng of the volac clrcult r.equest and ùhe begfnnlng of the call. If g

ls the nunber of volce clrculÈs avatlable and L thc nunber of voice clrcult

request buffers on-board the ùraffic controllerr assuæ the call has a

Polsson arrlval process wtth an average network arrlval of vo calls per

second and a negatlve exponentlal holdlng ttne dtstrlbutlon wlbh an average

of l/u secondg. The average volce scheduLl.ng delay E(DVS) ln seconds ls

glven by the detay conponent of Elre l[/ltl/g/L deLay-loss gueuelng oodel

[rH, 78] :-

L L+1olt - (L+l)o +Lp 1/u
E(Drrg) = (t-p)' ui'(A) + p (l-p) (t-pl)

(s)

^e 
/ct Erlang lpss Fornula

e
I A /jlj

j=o

A=vr¡lu offered ùrafflc

p=Alg offered trafflc per voice clrcult

v=total number of volce terminals ln the network

{r=âv€ragê caII generatl.on rate per tærninal

wher"e Es(A)
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4.6 CONCLUDINC Rtr.IARKS

In bhls chapter, the averagc data æssage detay and the average volce

connectfon delay ar.e derlved for a Flrst Oone Firsb Served dlscipllne. the

Eessago detay conslsùs of tJre sun of reservabfon, schedullng delay and one

round lrlp propagablon dclay. fn turn¡ the schedullng delay ls

proportlonal to the sun of the group leader naitlng tfne ar¡d ralÈlng t'ltr€

beyond 1Ès group leader. TIre latter quantfty has a slnple analytlcal

solutlon. Tno exacü æthods ane pnesented for the solutlon of bhc Sroup

leader ntbing blme. Ttre flrsÈ ls the Root Flnding llethodr the conplexlfy

of rdrlch ls dependent on the nunber of data slots avallable pen fraæ on

data capaclty, ntrlle the nen Integratton têthod based on a slngle

lntegratlon and essentlally independent of the data capaclty ls

lllusÈrated.

A new approach to Èhe reserrratlon delay for a u.rltiple request

carrylng burst ls derlved. It ls a ñ¡rrctlon of tlre lefbover.nessage

requests, the nessage Fequesbs arrlvlng durlng the current fraæ and the

oaxlnun nunber of requests carrled by each reservatfon burE¿. the forren

quantity has a sinllar necurrence r.elatlon to the group leader waMng tlne

of the schedu!.lng delay. Ttrer.efore, lts solutfon can be used. lflth an

arbltrary æssage arrlval pnocess, the average and the varlance of Bhe

reservatlon delay can only be expressed as an lnflnite serles. Howeverr lf

the æssage arrlval process assunes e slnple Polsson dlsÈrlbutlonr the

average r.eservatlon delay can be wrLbüen as a flnlte scrles.

To aacomdate a n^rlbiple terntnal type network, the probablHty of a

partlcular arrival fron thc netrork ls the convolutlon of the probabllltles

of arrlval fron each t¡rnlnal type tn the network. Ttre transforn of the

total arrlval process is simply bhe product of the transforns of the

lndlvidual arrlval processes. For a nultlple conpound Polsson lnpub

process, the total arrlval process 1s anobhen conpound Pol-sson process wibh
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nodtfied average arrlval ratc and rtssagc lengLh generatlng ft¡nctlon.

Hence, the analysls for a slngle t¿rnlnal bype network ls sttll valld for a

nulÈiple terninal type netwonk.

Flnally, for the volcc trafflc, the vofce connectlon delay consisÈs

of the reservatlon detay and the voice clrcuib schedullng delay. Tlre

calculatlon æühod for the resêrvatlon delay ls slnllar to the one outllned

for bhe data trafflc. In bhe case of lntegrated data and volce traffiat

the average capaclty request arrlval rate 1s the sun of the aveFage data

and volce arrlval rat¿E. The average voice clrculb schedullng delay can be

obtalned as the delay of a !4arkovtan delay-Loss queuelng mdel.



5. BUFFER ANALYSIS

To calculate thc buffer requlnenenÈs of the Space Dlviston lfultlple
Access (SDMA) protocols, softr of lts characterlstlos have to be exanined,

and speclallsed æthodg are used to overncoæ the assoc!.ated peeullarities

of tlre SDMA protocols.

In the case of volce trafflc operatlng 1n the elrcult swlùchtng node,

the re11 knornr ælutlons of blocking probablllties ntrleh use the

assunptlons of l{arkovlan lnput process and negatlve exponentlal holdlng

tine ane used. However, bhe non-constant output nature of the denand

assignænt protocols calls for the adoption of new teehnÍques. rn

addltlonr a new nodel Ls developed for the calcutatlon of buffer btocklng

probablllty for an aeknowledgement s¡rsten.

5.1 BUFFERING REQUINEMMITS AÑD BLOCKING PNOBABILITIES

Iìe funcblonal block diagrams of the on-board contnoller and the

earth sÈatlon wlth and rrlühor¡t æssage acknowledgenent for Èhe Flxed

Asslgnænt, (FA)¡ Denand Asslgnænt (DA) a¡rd the hybrid Denand Assignænt

upllnk-Flxed Asslgnnen! dormllnk (DA-FA) protocols ane shorrn in the

folloring ærles of dlagrans (Flg.5.l.l to 5.1.10). The votee call requesÈ

ls serviced by one of the vacant duplex voice clrcults, or stored ln one of

the nequest buffers untfl a vacaney arises. Tlre blocktng pnobabillty ot

the volce r^equest buffers ls dlscussed ln Sectlon 5.2.1 and glven by the

loss co4onent of bhe Mft{,/g/L queuclng rcdeI. Tlre Engset Loss Form¡Ia ls
used for the calculatlon of the sendfng and the recelving statlon blocklng

probabllftles for tbe volce trafflc in SecÈion j.z.z. For a system
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Fig.5.1.1 On-board controller functional block diagram for
integrated traffic using the FA Protocol

Fig.5. 1 .2 Earth station functional block diagran fon integrated
tnaffic using the FA Protocol
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Fie.5.1.3 Earth station functional bloek diagran for integrated
traffic usÍng the Acknowledgenenb FA Protocol

Fig.5.1.4 On-board contcoller functional block diirgram for
in legnated rraffie usÍng l.he DA Prol:ocoi
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\

Fig.5.1.5 on-board controrrer functional bloek diagram for integrabed
traffic using the Acknowledgenent DA protocol
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tnaffic using Che DA pnotocol
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Fis.5. 1.7 Earüh station functional block diagram fon inlegrated
traffie usÍng lhe Acknowledgenent DA proþcoI

Fig.5.1.8 On-boanl controLler funclional- block diagram for integrated
traffic using fhe Distribufed Contnol DA-FA Protocol
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Fig.5.1.9 EarLh station f\:nctional block diagram for integrated
traffic using bhe Disfributed Control DA-FA Protoeol

Fi9.5.1.10 Earth sbatlon fr-¡nctional block diagnan for integnated traffic
using lhe Acknowledgement Dislribr¡ted Confnol DA-FA Protocol
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requlrlng data oessagc aeknowledgeænt, a buffer ls requtred to sbore the

scheduled r-quests unùll aeknowledgenenbs ar^e recel-ved by the conùrollcr.

llte blocklng probabiltty of the scheduled data request buffer ls glven by

the loss coqonent of the l1/l'l/1/Q queuclng rcdel and ls dlscussed ln

Secblon 5.4.

For e systen wlthot¡b the requlreænt of acknorledgeænt;

nulblplexing and denrltlplexlng buffens ar.e needed fn the earth sÈatlon for

bhe teuporary storage of the lncomlng and ouùgoing traffle. Thelr buffer

analyses ar.e detalled ln Sectlon 5.3 for the FA, DÂ and DA-FA Protocols. A

retransnlsson buffer is added to thb eanth station for ¿¡n acknowledgenent

systen. Tt¡e transnibted ressage ls stored ln the reùransnÍsson buffer

untfl an aeknowledgerent ls recelved; the æssage ls then reLeased. lbe

blocking probablllty for such a buffer ls glven tn Section 5.4.

Slnce the voLce trafflc utllfses clrculb swtbehlng, the varlous

bÌockfng probablltt,fes have been extensl.vely studled ISYS 58]. The sork

here on the data trafflc nrltilplexlng buffer analyses for FA Protoeol ls a

generallsetlon of ICHU 70a] and ICHU 70b], and the DA Protoaol ls an

extenslon of IMAR 781. However, tt 1s belteved lhat the rcdelting of bhe

followlng toplcs lrave not r.ecetved any prnevlous attentlon B

the data nrltlplexlng buffer analysls for bhe DA-FA Protocol

(Sectlon 5.3. 1 ),

2. Èhe scheduled data rrequest buffer analycls (Sectton 5.4),

3. the data netransnlsson buffer analysls (Sectlon 5.q).



5.2 VOICE ÎRAFFIC BUFFERIIE REQUIREIIENTS

fhe voice braffic uslng the SDMA pnotocols ls operating

swlBchlng rcde. ltrc call stat€ transltlon diagran 1s shorm

There exlst three seperate queues wlth the followlng blocklng

3-

1. sendlng statlon blocktng probablllty (B.,rr)r

2. voLce r.equest buffer blocktng probablHty (Bvr),

3. recef.vlng statlon bloaktng probablllty (Bvj )

Results and assunptfons for the above pnobablllty studtes ar€

the folLorlng secùlons.
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ln a clrcult

ln F1g.5 ,?.1.

probabllftles

detailed ln

Since B--* , B___ and B__, ar€ staülstically independent, the totalvl-' vr vJ

blocktng probablllby (Bv ) for a caII ls glven by

8., = 1- (1-Bví)(1-Bvr)(t-n,r.) (5.2.1)

If \i, Bvr and B.r5 a¡.e snall, B.*, is glven approxfnately by the sun of the

thr.ee lndlvldual btocking probabllbles,

8., = \t * \. * B.,j $.2.2')

5.2.1 Blockfn¡ Probablllty of tåe Volce Þaffle Reouest Buffer

For a Flrst Coæ Flrsb Sened (FCFS) dlselpllne, a eall will be lost

lf aII the g volce clrcults ln the channel are occupled. However, lf a

volee braffte requesù buffer of slze L 1s added 1n the trafflc controller,

the blocking probablltty (Bvr) due to the overflor of the volce request

buffer ls glven by the loss couponent of the H/V/g/L delay-Ioss queuelng

nodeL. Such a rcdel can only be used lf the followlng assunptlons hold 3-
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FL9.5.2.1 Voiee braffie state tnansition diagran

a steady stat€ condltlon tras been neaehedt

ealls arrlye at f.andoE and the terotnals abandon the call lf all I

clncults ane busy and L nequest buffens af€ fllled, and the caller does

not nake r.epeated attenPtst

1

2

3. there exists a very large nunber of volce ter¡olnals ln the network'
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4. the probablllty of a call. arrlvtng ls lndependent of the nunber of

calls already ln progr.esst

5 all g clreulbs and L request buffers ar€ fìr1ly avallable to any

fncomfng callt

ó. call holdlng ÈLoes ane exponentlally dlst'rlbut€d.

Froo ITEL 78] pp.199r

L
B.r. pllp

Es-'(A) * n,ff,
= teãi(n) * Ll-r p=1 $.2.3')

whert E*(A )=
¡8 Erlang loss Form¡Ia

j=o AJ/J !

A=vurlu offened trafflc
p=h,/g offered t'rafflc pcr voice clrcuit

v=total nuuber of volce Èernlnals ln the nefrprk

o:avenage n¡uber of calls generabed by each terninal/sec

1/u=average call holdlng bine

For the caæ of no volce trafflc request bufferr 1.e- L=0

Bvr = Eg(A) (5.2.4)

See Fig.5.2.2 for a plot of B.r, versus buffer slze with offered trafflc as

a paraæter and a totåI of flfty clrcuLts, ad F1g.5.2.3 shors the sere

plob for a totol of five elrcults and one clrculÈ.
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5.2.2 Blocklng Probabllltles of the Sendlns and the Recelvln¡ Statlon

As a llnlÈcd nunber of volce terninals arc connected to each stattont

thc lncoutng call aml.val procesr fron the netnork and the orbgolng call to

the net¡rork can no longer be assuæd randon, slnce ¿rn engaged terninal

eannoÈ be a sounce or a destfnatlon of a call. TTrs blocklng probablllty of

such a lLnlted fi.ee sour.ce and slnk condltlon (< 200) ls glven by the Engset

Loss Forn¡lar ([tpl, 78]rpp.??). If Vi ls the nunber of duplex volce

clrcults avaflable at statlon 1 and vi the nunber of volce terninaLs

connectæd to statlon 1, the sendlng statlon blocking pnobablllty (B.,ri) ls

glven by the no storage l4/14/Yi/ 0/vi gueuelng rcdel.

vi-
Vi

4rr =
(s) (5 .2.5)vi

j T

Hhere (or + rr;')/u=total offered trafflc
ûr=âv€t'Elge no. of calls generated/ternlnal/second

o-=avêftIÊle no. of calls r.eaelved fron the network by a

ùerolnal/seeond

1lr=av¿tzgc call holdlng ttne

A recurrence fornrla suftable for mchlne calculatlon ls detalled Ln

tTEt 781 pp.78. A plot of B.rí versus offersd trafflc ls glven fn

Flg.5,2.4. tllth a uniforn trafflc dlstrtbutlon assuuptlon 3-

rd' = r¡ (5 .2.6)

Tl'¡e saæ relaÈl.on holds true for ùhe recelvlng statlon blockfng probabiltty

(Bvj), wtrerne the r.eeelvLng statlon J has V¡ dunlex volce clrcults and ls

connected to v¡ voiee ternlnals.
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5J DATA TRÂFFIC BUFFERING REQUIREMENTS

For a network r¡trieh does not acknowledge a r^ecclved nessager Èhere

exlst tr¡o statistlcally lndependent blocking probabilltles ln fhe earth

statlon :-

1. Þta trafflo n¡ltiplexing buffer blocklng probablllty (B¿¿)r

2. Þta trafflc den¡ltlplexing buffer blocklng probablllty (Bdm).

fìe calculablon of nlIÈlplexlng buffer blocking probabillty for the Flxed

Asslgnænt Protocol ls slnllar to the problen of a n¡lblple synchronous

constant otrbput. Chu analysed the problen of Polsson arrlvals and nrlt'lple

synchronoua consÈant otrtpuù ICHU 70al and Èhe problen of conpound Polsson

arrlvals and slngle constant output ICHU 70b]. The solutlon ln

Sectlon 5.3.1 1s a generallsatlon of these results to an arbftrary co4ound

arrlval proccss. The caleulatlon of the nrlblplexing buffer blocklng

probablllty for the Denand Asslgnrent Protocol 1s conpllcated by the

property of non+onstant output frou the sendlng statlon. Tl¡e problên ls

parÈlally ælved by lbrk and Ng tÞfAn 781 uslng a flro-Group tlethod for a

conpotrd Polsson lnpuÈ. TTre buffer analysl.s for the hybrid Denand

Asslgnænt upllnk-Flxed Àsslgnænt do¡¡nltnk (DA-FA) Protocol has rrot yet

been studfed. Tt¡c llro{iroup hthod ls adopted tn Secblon 5.3.1 for such e

purpose. In ntrat follows, all three studles ar^e extended to an arblfrary

co4otrrd amlval process.

Tlre den¡Iplextng buffer Þlocktng probablllty ls dependent on the

amunt of lncoulng tnafflc for the statlon. A destlnatlon fì¡ncblon ls used

to relate the arcunt of lneonlng lrafflc for a partlcular statfon with

respect to the totâI network lrafflc. For a unlforn trafflc destlnablon

functloa, the lnconlng trafflc ls proportlonal to the nunber of bernlnals

connected to eaeh station. A unlforn tnaffic destlnaÈlon ls assutred

because lt ls slnple to tneat mathematieally and the functlon ls guaranteed
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by tåe lar of large numbcrs for a net¡¡ork wlÈh a large nunber of tærnfnals.

CÌru has showr¡ that for a partlcular blocklng probabllltyr the unlforn

traffic dcsÈlnablon fr¡ncblon requires the snallesÈ buffer slze conpaned

wlth other desblnaùlon fl¡r¡ctlons ICHU 721. However, thc æthodolo8y for

calculaùtng tbe denrttlplerlng blocklng probablltty fs slnllar to all

tnafflc destlnatlon ñ¡nctlonr.

Iìc analysls for the above tro blooklng probabllttles ane glven ln

the next Èwo sectlons. The botal data ùrafflc blocktng probablllty (Bd) ls

glven by

B¿ = 1 - (,1-BdJ(1-B¿a) (5.3.1)

If B¿*and B¿Uare snall enoughr BU 1s glven approxlmaÈely by

B¿ = Bdrn + Bdd (5.3.2)

5.3.1 Blockln¡ Probabllltv of the Data lfaffic !tuItlplextns Buffer

Tl¡e data trafflc nrlblplexing buffer problen can be sÈated as

follows¡ glven e seù of network pananetærs, trafflc fnput and channel

ouÈput characterlstlcs, one wlshes to ftnd the buffer requlrenent such that

tts overfiLow probabillty fs acceptable. Tlrls sectlon ls furüher dlvlded

lnto thr.ee subsactlons for the buffer analysls of Flxed A:slgnæntr Denand

Asslgnænt ar¡d ttre hybrld Denand Asslgnænt upllnk-Flxed Asslgnnent

dour¡llnk Protoeols.
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A. Flxed AsslgnænÈ Protoool

TTre Flxed Âsslgnænt Protocol has a nuILtple synchronous consùant

output, 1.c. a f,Lxed nunber of data unl.bs arre taken oub froo the buffer ab

lhe beglnntng of each fraæ. the procedurne used in the calculatlon of

nultlplexlng buffer blocklng probablllty ls as follows :-

1 ealculate thc probablllty of certaln arrlvals lnto a statlon wlthln a

fraæ,

2 derlve bhe buffer state probabllltles glven bhe buffer slze and bhe

avallabLe nunber of output slots,

3. calculate the average otrtput,

4. obtafn ùhe overfLon probablllty.

To aalculate the probabtltty of the nunber of arrlvals wtthln a

fraæ, let ã(fl be the probablllty of arrlval of k data unlts lnto a

statlon wlthln a fraær and O(s) lts charactertstlc functlon. Tt¡e

charactcrlsLtc functlon fs deflned as

o(s) = a (k) exp (j sk) (5.3.3)

a(k) can be obtalned fron 0(s) by the Inverse Dlscrete Fourler I?ansforn

(IDFT) Forn¡la :-

ã(k) = +,¡, o(-2nrln)exp(j 2rrk/R) (5.3.4)

k=0r112r...¡R-1

wher.e R lc the total number of sanple polnts used to repr.esenb O(s). Tt¡at

ls, lf the charactcrlstlc f\¡rrctlon of lhc lnput procets ls knorm, the

probablllty of the nunbcr of arrlvals ean be easlly obtafned bhnough ¿rn

Inverse Fast Fourler lbansforn Routlne fon any arrlval furrctlon. For the

R-1
T

k=0
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pårtlcular cass of a conpornd Pofsson arrlval process wibh geoætrical

E€rsagc length <llsbrlbuùton, ã(k) has the followlng exprresslon :-

k)(a !, (l,l) (r,e )
I I(1-o) exp( -rr ) /t I k=1 ,2 ,. .

1

: exp(_Ài)

Èhe correspondfng characterlstlc fi¡rrcùlon ls

Õ(s) = exp{-Ài[ (t-oM(s) ] ]

wher^e @v(s) =ffi

B(x) =

(5.3.7)

Ài=avera8e no of æssage afflvals lnto st'atlon l/fraæ

0:aveËge æssagê length ln nunber of slobs

Let N be the nunber of asslgned data slobs to be used by sÈaÈlon I for lts

arrlvals, and B(x) be the buffer state probabilfty of x slobs ln Èhe buffer

at the begtnntng of the frane. For a gLven buffer slze (q)r and N.q:-

Nq
i B(J)å(x) + I
=0 j=N+l

x:0r1r2r..rq-1

rhere u( x) = 1 x>0

=0 x<0

Tlre Îlrst ter^o represenùs ¿he case wt¡ere the nunber of slots ln the buffer

at Èhe beglnnlng of the fraæ ls less than or equal to the nunber of

asslgned slots pen fraæ. Tlre sccor¡d tcrn gi.ves thc case Hlrere the sÈate

of the buffer ls greater than the rn¡nber of available slots and lhe number

of new arrivals nake up the dlffenence, together with

B(x) = 1

B(j )a(x-j+N)u(x-j+N)

k=0 (5.3.5)

(5.3.6)

(5.3.8a)
j

0

q

I
x=

hese llnear equations of (5.3.8) can be solved for B(x).

(5.3.8b)
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In the case thaÈ the nunben of avallable sloÈs per fraæ per sbablon

ls greater than or equal. to lhc buffen slze (N>q)r the values of B(x) wtll

be equal to the probablllty of the arrlvals of x unlbs of data :-

For N>q,

k=0

Tt¡e average camied trafflc can be conputæd flon the buffer state

probablllt les

E(cr ) =

q

jB(j)+N I ¡r:l N<q
j =N*1

jB(i) N>q (5.3. 10 )

B(x) = a(x)

=1-
q-I
i ã(k)

x=0r112r..rq-1

x=9 (5.3 .9 )

(5.3.11)

N

I
j=1

q

T
j=1

Ttre data nrlt,tptexlng buffer blocklng probablllty is given by

Bdr=1-E(a)/E(ß)

where E(ß) ls the avenage offered brafffc of statlon 1.

lllÈh a uniforn brafftc dlstrfbutLon assumptlon, bhe average Eessage

arrlval rate an<l the offeræd ùrafflc of staùton L can be slnpLlfled as :-

À=-"t- s

E(ß)=À1/0=À/(se)
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B. Denand Assignnent Protocol

tTre calculatlon of ttre nrlblplexlng buffer blockfng probablllty for

Èhc Deoand Assignnent, Protocol ls conpllcated by the property of

non-constant antput. The Î¡o-Group l{ethod of Mark and ¡tS tHAn 78J fs used

for the calculatlon.

llre network ls dlvlded lnto trp grìoups 3-

1 Group I be the statlon ur¡der conslderaÈlont

2. Group II be the rest of tåe statlons ln the netr¡ork.

llre overflow probablti0y can be obtalned by eonsldering tåe lnbedded l{arkov

Ctraln foræd by the buffer stat¡ probabiltties at bhe beglnnlng of each

fraæ. The procedur.e adopted ls as follows :-

1. calculate the probablltty of cerùaln arrlvals wlthln a franet

2. derlve ùhe buffer state probabllltles glven a buffer slzc and a nunber

of avallable slots per fraue,

3 obtaln the average q.¡tput for a glven nunber of avallable sloÈst

4. caleulate the average ot¡tpuù or the carrled loadr and

5. obtaln thc orrerflor probablllby.

1o calculate thc probabl[ty of bhe nunber of arrivals wlthln a

frane, Iet ãI(k) and ã11(k) bc bhe probabllltles of arrlval of lc data slots

ln a fraæ at Group I and II respecttvely a¡rd LeÈ their characterlstlc

furrctfons be o1(s) and Õ11(s) r.especblvely. ãr(k) ana ãtt(f) ean be easlly

obtalned fron Õ1(s) and 011(s) by the Inversê Fast Fourler lYansform ag

descrlbed ln fhe buffer analysis of the Flxed Asslgnnent Protoeol.
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L€t Bi(x) Uc the buffcr statc probabtllty of x sìots ln bhe buffer at

the begtnnlng of the flaæ, wlbh l avallable senrlce slots per fraæ. Fon

nathenatlcal Èractablllty, the event Bo(x) ls set to zero¡ 1.ê. no serrrlce

to Group I ls not pernlbted to occur. Such an assunpbfon ls Justifled for

a stablc systen, slnce the total trafflc ls less bhan or equal to Èhe

netrprk capaclty. However, lt leads to certaln fnaccuracy as tndlcated by

the stnr¡Iatfon r.esulbs of Clraptcr ?. For a glven buffen slze (q) and a

partleular avallable servlee untt ( l) and nunber of avallable data slobs

per fraæ (ll)r wtrc¡.e t=1¡2¡...¡N. For l<qt

nhere u( x) = 1

=0

Ttrls ts sintlar rÃ (5.3.8a)r together r¡lth

Bi (j ) ãt {"-j+i) u (x-j+1)

a=0r1 12¡...rQ-l

x>,o

x<0

Bi(x) =

q

T
j =t*l

i
I ¡i(j)ãr(x) +

j=0
(5.3.12a)

Bi(x) = I (5.3.12b)

ltrese llnear equatlons of (5.3.12) can be solved for Bi(x) for a partlcular

1. In the casê that the nuuber of avallable slots per fraæ fs gneater

than or equal to the buffer size (1>q), the values of B1(x) wilt be equal

to the probeblllty of the arrivals of x unlt of data :-

For 12q,

Br(x) = ãr(x) x:Or1¡2¡...rQ-1

q-1

= 1 - J ãr (k) x=Q (5 .3. 13)
k=0

Onee the buffer state probablLlties Bi(x) ar.e calculated for a glven buffer

slze and the nr¡nber of avallabte servlee unlts, the average antput for I

available servlce unfbs ls glven by

q

T
x=0



q

q(1) 
=

x=i*1

xBi (x)

The carrled load ls thc averagc or¡tput ovcr all velues of ft

e(o) = * c (i) all (N-í)
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(5.3.14)

(5.3.15)

ß.3.17')

I, and lb can be

i
I

x=

q

i
x=

xBi (x) + i{ f ni (x) } 1= 1 ,2, .. r 9-1
1

12q
I

N

I
i=1

N-l
P = Pr(sone servlce avaflable to Group I) : I

ïhet^e P ls a nornaLisatlon factor, and

all(k) (s.3.16)

Ttre data u.rltlplexlng buffer blocklng probablllby ls glven by

Bd, = 1 - E(crr/E('^ì

where E(íf) ls the average offered traffic for Group

obtalned

E(Ã1) = - j o, 
( 1) {o) (5.3. 18 )

tJlbh a unlforn trafflc dlstrlbutlon assunptlon, the average tnput rate of

Group I and U (Àr and Àtt) an¿ the average offer.ed trafflc to Group I ane

expr.essed as 3-

0k-

Àr==Àts

Àrr = À(s-1)/s

E(Ãf) = À/(so)
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C. Denand Asslgnnent Upllnk and Fixed Assignnent Downllnk Pnotocol

Iìe hybrld foru of thc dlstrtbuted control Denand Asslgnænt upltnk

and Flxed Asslgnænt do¡mLfnk (DA-FA) Protocol r"equlres a neÌr approach to

the buffer analysls. The upllnk capaclty is contested vla Èhe reserryaBlon

channel but Èhe dormllnk is scanning thc network fn a flxed sequence of

predeternlned duratton. Ttrc protoeol ¡.equlres each staùion to schedule

thelr ft)ssagos wlthln ùhe allocted fntcrval.

llere exÍsts tro posslble buffcr arnangeræntt ln each of tåe statlon.

Flrsb, the netr¡ork Crafflc ls dlvlded lnto K2 groups, wtrere K ls thc r¡¡uber

of zoncs ln the nebwork. For the outgolng trafffc to zone J, eaeh statlon

ln tl¡e l-th zone contests for the capaclty allocat¿d for zone I to zone J.

l{lth thls appr.oach, thc buffer blocktng probabllity ts çalculated for one

of the K separatæd queues, one for each zone. It also nequfres the

assunptLon that, the ùrafflc betræen the statlon and zone J has reached an

equlllbrlun state.

However a greater degree of statfstleal nrltfplexlng ls posslble lf

all the traffic rithln zone 1 fs assuæd to have reached a state of

equlllbrlun. In partieular, the assigned capaclty for zone I to zone J ls

greatær ùhan the offerred trafflc. Ilnder thls agsuuptlon, the upllnk can be

regarded as statlstfcally u.rltlplexed aængst all ùhe brafflc flon the

entfre zone. l{lth thts approaeh, the buffer blocking probablllty ls

ealculated for a buffer shar"ed aængst all the otrtgolng trafflc.

D¡e to the non-constant nature of thc ortgolng trafflc fron each of

thc statlons within the zone, Ttro4roup l{ethod ls agaln used to calculate

the buffer blockfng probablliLy. tllùh a unlforn t,naffic dlstrlbutlon

assunptLon, the average lnput rat¿ of Group I and lI (Àf and ÀIt ) and Èhe

ayerage offer.ed traffle of Group f ar.e as following :-

À

SIÀ
_ total network message arrivals _

total number of stations in the network
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Àrt = À(s-K)/(Ks) i lZr for large s

E(ß) = I/(s0)

and Èhe value of N ls now referrcd to the capaclty available to eaeh zonet

ll = total data capaclty per fraæ/no. of zones

5.3.2 Blocking Probabltlby of the Data Trafflc Dem¡ltlplexln¡ Buffer

In order to descrlbe Èhe avenage lnconing trafflc E(ãí) for statlon I

ln nelaÈ1on to the offered traffle ln steady sÈat€, a trafflc destlnatlon

functfon fd(f) is used ?-

f¿(r) = E(ãi)/E(Ã) !=1¡2¡..¡s (5-3.19)
S

and .X- f¿(1) = 1

l-= I

Sucb a ùrafflc destlnatlon fi¡ncblon c¿ìn only be obtalned by tnafflc

neasur€ænt, Oru found that for a glven average brafflc levelr the unlforn

destlnaÈlon furrctlon rnequires the suallest buffer slze conpared wlbh the

ll-near, sùep and geoætrlcal destlnatlon fr¡nctlons ICHU 72]. lllthln a

unlforn Èrafflc destlnatlon fi¡nctlon, the fractlon of lnconing trafflc for

statlon I ls proportlonal to the raÈlo of the tn¡nber of ternlnals connected

bo statlon I ¡rfth rnespect to the totat nunber of t¿rninals ln the network.

EÚ,í, = ein(Ã) (5.3-2o)

tllth obher dcstlnatlon turrctlons, the ratlo fd(l) ls dependenb on thc

funcÈlon as ræIl as thc terulnal nunber.

Knowlng the average amunt of lnconlng trafflc lnto süatlon I -

E(¿i), the data demrltlplexlng buffer blocklng probablllty (Bdd) can be

calculatcd lf E(Íi,d) ls knorm. ii,d ls Èhe recelved trafftc of statfon 1

for a urltfplexing buffer of slze d and a dem¡ltlplexing channel rat,e of c¿

slots per fraæ.

Bdd=1-E(ii,ù/E(zL) (5.3.21)

For a unlforn traffic dlstrlbutfon :-
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. B¿a=t-E(il,d)/iÊiE(Ã)l $.3.22l-

Sfncc thc dcu¡IÈlplexlng channel has a consbanÈ output naie (c¿)r the

derlvatlon of E(ií,d) ls slnllar to the derlvatlon of E(cr) ln the Flxed

Asslgnænt Protocol uslng Ctru's æthod (Sectlon 5.3.1, Subsectlon A). Tlrat

ls, the calculaÈlon of data dem¡ltlptextng buffer blocklng probablllÈy ls

dependenÈ oû the arrLval nate and the buffer slze, and lndependent of bhe

protoeol.

5.4 Buffering Reouireænts for an Acknowledgeænb Systen

For any of the SDIIA protocols r.equlring acknovledgenents of the

received æ$rages, tr¡o addittonal buffers are needed 3-

1. seheduled data r.equest buffer ln the trafflc controllerr and

2. data r"etransnlsson buffer tn the earth statlon.

Ttre capaclty request ls stored ln the r.equest buffer after lts alLocatlon

by the trafflc controller. At the allocatæd ülner thc æssage ls

transnttted and loaded lnto lhe r^etransnlsslon buffer. The destlnatlon

statlon of the æssage vlII send back an acknowledgerent after a correcf

receptlon. Tlrc request ls then released fron the r"equesÈ bufferr and the

retransul.sslon buffer ln ùhc sendlng statton.

lflth the assunptlon of rellable acknowledgeænÈ transnisslont

achievable through r.edundancy and forrard emor correctlon codlngr any

retransnlsslon ls assuned to be caused by errors durlng the nessage

transnlsslon. Hence, correct æssage receptlon lnto the eontroller 1s

transnlsslon ehannel dependent. For an arbltrary Dessage and
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acknorledgenenb arrlval pnoccss, thc steady slate buffer behavlour can be

obtalned fron the GL/OII queuelng mdel IKOB 77].

For the speclflc case of Poisson æssage and acknorledgenenÈ arrlval

pnocess rtth À and ôÀ (ôSl) average arrlvals per frare respecÈlvelyr the

steady süate data request buffer blocktng probablllty (Bdr) ca¡r be obtalned

by the loss conponenb oî 14/11/ t/Q delay-loss queueing rcdel tTEt 781, wtrerre

Q 1¡ the slze of the data r.equest buffer.

Bd'=iÉ ô<1

6:1 (5.4. t )

6 can be lnterpr.etæd as the fraction of message received cc,rrectly by the

recelvlng staÈlon. As expected¡ B¿, approacheF zeFo as ô approaches one

and B¿1 approaohes 1-ô as Q tends to lnflnlty. Hence¡ B¿, is transnlsslon

channel dependenü.

If stabton I llas an average lnpuù of Ài Dessages per fraæ and an

average correct transolsslon of ôiÀ1 nessages, 1-ôt of the stored æssages

ar"e rrequir.ed for ¡etnansnl-ssl-on. ll¡rder such conditlon, the average of the

correct transû1sslon ls the det¿r.ninlng factors of the data retransnlsslon

buffer blockfng probabfllty (B¿ rer). Knowlng the data nrlblplexlng buffer

blocklng probablllty (Bdn), thc blocklng probablllty of the data

r"etransnlsslon buffer of slze t - B¿..a(l) ls equlvalenÈ to the B¿ro of a

reduced stze L/(2-ôi) ror

Bd ,".(1) = B¿*[r/(2-6i)] (5.4.2)
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llc total dat¡ blocklng probablltty for an acknowledgenent systen ls

glvcn by

B¿ = t - (1-B¿,¡)(1-B¿¡)(1-B¿¿)(1-B¿ ¡.¡) (5.4.3)

rlrsne Bd*= ttltlplcxlng buffer blocklng probabl[ty

Bdd= den¡ltiplextng buffer blocklng probablllty

both of r¡lrich have been dlscussed 1n Seetlon 5.3. If Bd*r Bdrr B¿¿ and

Bd ,.t ls sufflclently snall¡ B¿ apprroaches the following approxlnatlon !-

B¿ : B¿r + Bdr + Bdd + Bd rer (5.4.4)

5.5 CONCLUDIM} RE{ARKS

In thls chapter, the nebhods of calculatlon of varlous buffer

perfornances for both voice and data trafflc wlth and wlthout

acknowledgeænt ln any of the Space Divlslon lú¡It,lple Access protocols ane

pnesented.

In lhe case of voiee traffto, the request buffer blocklng probablllty

ls glven by the loss coqonent of a l4arkovlan delay-loss queuelng rcdel.

As a Ltalted nunber of volce teroLnals 1s connected to each statlonr bhe

lnconlng call arrlval process frou Þtre network and the otrbgoing eall to the

network ean no longer bc assuoed randon. llnder such llnlted free source

and slnk condltlons, bhe volce clrcuft sendlng and r-celvlng statlon

blocklng probablltles ar"e glven by Engset loss Fornula.

For data lrafflc, the mrlÈlplexlng buffer blockfng probablllty of tåe

Flxed t^sslgnænt (FA) Protocol can be obtalned by a ruItlplc synchronous

eonstant o.rtput nodel. The probabfltly of certaln arlvals lnto a stablon

fron an arbltrary conpound arrlval process can be calculatcd by tàe Inverse

Discrete Fourl-er lransforn Form¡Ia of the eharacteristlc functlon.
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TTre m¡Iülplexlng buffer blocklng probablllty of the Denand Asslgnrent

(DA) Protoeol ls conpllcated by tlre non-constant outpul. Tlre 1\ro-Group

l,fethod ls used for thls calculatlon. llre nr¡lÈtplexlng buffen blocking

pnobabtllty of the hybrld forn of the dlstrlbuted control Denand Asslgnænt

upllnk and Ftxed Àsslgnnent donnllnk (DA-FA) Protocol ls calculated fon a

buffer shar.ed arcngst att tlre outgolng Èrafflc. D¡e to the non<onstant

natu¡e of ttre orbgolng traffler thc llro4roup l.þthod ls agaln used.

Once ühe average lneoning tnafflc lnto the sbatLon ls knownr the data

trafflc demrltlplexlng buffer blocking probabflltles fs a functlon of the

dem¡lttplexlng buffer slze and Èhe denr¡ttlplexing channel- ratê. Tlre

trafflc destlnatlon f\¡nctlon ls used bo descrlbe the average lnconlng

trafflc for a particular sÈation Ín relatlon to the total offered trafflc.

In pnactlce, such a traffle desttnatlon f\¡rrctlon can onl-y be obfalned by

nonltorlng the traffl.c.

1\¡o addlblonal buffers ar.e r.equlred for a sysben of data brafflc wlbh

acknonledgerent. firey ar.e the scheduled data nequest buffer ln the trafflc

controller and the data retransnlsslon buffer ln the earth sùatlon. Ttte

capaelÈy r.equest Ls stored ln the request buffer after ltg allocatlon by

the Èraffle controller. At the atlocated tlne, the æssage ls transnltted

and loaded tnto the r.etransnisslon buffer. After correct r=ceptlonr the

request and the æssage ar.e released fron thelr approprfatæ buffers. For

bhe speclflc case of Polsson nessage and acknowledgenent arrlval processest

the data request buffer blocking probabtllty can be obtalned by the loss

couponent of a tårkovlan delay-loss queueing rcdelr w?¡tle the data

retransnlsslon buffer can be mdelled by the Î'no-Group Method wlbh a

nodlfled buffer slze.



6.PERFORHANCE CG{PANISONS

In thls chapter, the delay and buffer performnccs of bhc three

proposed Space Dlvfslon ltr}tfple Access (SDMA) protocols are evaluatedr Tìe

subsectlons ln this chapten contaln the follorlng toplcs !-

t A couparlson of the delay perfornances of the three SDMA protocolsr in

order to obtaln soür lnslghts lnto the sensitlvlbles of the delay

perfornance rith nespecb to Èhe varlaÈlon ln trafflc charactenlsflcs

and protocol and network paraæters.

2. A coparlson of the SDMA protocols wlth obher nrltlple access protocols

operatlng |n a gtobal bean nebwork, fn order to obtaln soæ

perspectlves fon the delay perfornanoe of the SDMA protocols.

3. A coqarlson of tåe buffer requlreænts of bhe thr.ee SDHÂ protocols.

To lllustrat¡ tåe calculaÈlon æbhods and forn¡Iate a basls for

conparlsons, the assunpÈlon that ùhe origln and bhe destlnaÙlon of the

traffic ar.e unlfornty dlstrlbuted arcngst at1 the statlons and zones ls

nade.

6.1 DETAT-TflNOUGHPUT CO.IPARISOIIS OF TTTE SDI{A PNOTOCOLS

In thls section, the deflnlÈlons and the stabillty crfberta of bhe

channel and bhe control channel throughputs of the ühree proposed Spaee

Dfvfslon ll¡lttple Access protocols are dLscussed. Then the lnvesblgatlons

of the delay perforÈnee of Denand Àsslgnænt, (DA), Flxed Alslgnænt (FA)

and the hybrld Demand Asslgnænt upltnk and Flxed Asslgnænù downllnk

(DA-FA) Protocol follon. ll¡e senslblvity of the delay performanee ln

relatton to thc tnaffie charaeterlstlcs, protocol and network paraneters
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for each of ttre protocols ls hlghltghtcd.

6.1.1 Qrannel and ContnoL Channel Tlrroughout

lct bhe Èrafflc lntenslby (S) be W¡e nonmallsed ùrafftc arrlval;

under steady stat€ condltlons, S fs also the nornallsed channel, Èhroughput.

S = network arrlval / channeL eapaclty (6.1.1)

In the case of a DA Protocol,

o-À/o="-N/ô ^
(6.1.2)

upllnk and

lnportant role 1n the

by the control channel

eFf

wtrere À=âvêrrâ8ê number of ressage arrlvals from the

netr¡ork/frane

1/0=average æssage length (sloLs)

ô=data channel bar¡dwidth asslgnænt factpr

F=data channel bandwldth (slobs/s)

lf=nunber of data slots Per frane

f:fraælength (s)

S 1s glven fn terns of the network paraneters, slnce both the

the dormllnk ar.e alloeated to the enüfre network on denand.

lhe bandwfdth asslgnænt ( ô ) plays an

delay-throughput calculablon. Ib ls llntted

capaclty used ln the neùwork.

Ffv
(6.1.3)

where k=nunber of control slots requlred per statlon (protocol

dependent)

s=number of staÈlons ln bhe network

ksô=1-
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v=ratlo of nunber of eontrol sLots per data slot

The other conslderatlon ls ùhe stabltlÈy of the control ehannel. Let

the conürol channel throughpub be S"r and

kÀa_-ec - (t-ô)Ffvu

wherre u ls the naxlnun nunber of control ( r'equest

allorpd to be carrLed by each control burst.

stabllity of lhe control channelt

urÀi

rhere Ài ls the average FeguesÈs arrlvals per frane

the data sectlon bhroughput be S¿r and

or schedule) packebs

In order to nalntaln the

(6.1.4)

tnto sta ùl.on l-. Le t

the
c

- À À (1-0)vu-=-"d eN oôFf koô
sc

For naxlnun ublllsatlon of data sectlon, SU:1; and

ke6sc ( 1-0)vu

T?re stablllby of the control channel can be assuned 1f

approprfat¡ values of u and v are chosen such that

s< I

k06uv > 
=--^r-ô

(6.1.5)

For the FA Protocol, without the control ehannel, ô ls equal to one.

t=õà+Níj 0KsNt¡
À

wtrere K=nunber of zones ln the network



s=nunber of statlons ln the network

TÌ¡e fraælength for the FA Protocol fr,n ln seconds :

fFA=KsNr, /F

t Nki
S=ãÈz* e==

For the DA-FA Protocol, only a portlon of tåe network capaclby (\j )

ts contcsted amngst all the sÈatlons 1n the zone. l{lbh the unlforn

trafflc dlsùrtbutlon assunptlont
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(6.1.7)

(6. 1.8)

(6.1.9)

be derived by

the fþaæIength for the DA-FA hotoeol ln geconds fs glven by :

fne-r¿,=K2ll¡5l(ôF)

Slnll.ar expresslons on the conùrol channel stablllty

substltuting Ff for K2Nn,/ô.

can

6.1.2 Delay-llroughout Conparlsons of the SDHA Protocols

1¡e fotlowlng four condltLons ane necessary ln order to conpal€ the

thnee SDMA protocols :-

1. saæ Èransponder capacltyt

2. saæ amunt of offered trafflcr and

for DA and DA-FA Protocols'

3. saæ fraælength, in order to rcflect bhe nequlred ove¡headt
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4. saæ control burst sLze, 1.c. the 3aæ nunben of control packets

allowed to be carrled by each bursÈ, ln order to nalntaln parlby ln the

value of reservatlon deIaY.

Ttre followf.ng eonparisons glve the variatlons ln the average æssage delay

when alterlng :-

A. trafflc characteristics - channel thr.oughput (S) and average nessage

IengÈh (1ler,

B. protocol paramtærs - franelengùh (f) and eontrol burst slze ln terns

of the nunber of controÌ packeÈs ln each contro} burs! (u) I

C. network paraæters - transponder capaclby (F)r nunber of spotbean

covenages or zones (K) an<l nuober of statlons (s) ln the neürcrk.

I1¡e followlng paraneters ar.e chosen for couparfsons, wlth the vlew of

nodetllng a sultable reallstlc net'nork :-

a. nunber of zoncs ln the netrlork (f) = eO

b. number of statlons ln the network (s) = 1000

C. transponder capaclty (p) : 5000 slots/s

d. slot length = 2000 blÈs/slob

ê. ratlo of the slze of ttre control slob tn rrelatfon to e data slot

v =10

f nuuben of control slots required for every rsservatlon slot (k)

for DÀ-FA Protocol

DA Protocol

k= 1.0

k=2.0
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A. Delay-bhroughput oonparlsons wlüh varylng trafflc characterLstlcs

F1g.6.1.1 glves the delay-throughput conparlson of the DAr DA-FA and

FA Protocols for ¿rn ayenage ¡ressage lengùh of one slot per æltsage; ln

addftlon thc DA and DA-FA hotocols tnve a slnllar fraæIength (f) of

0.2 second and aontrol burst slze (u) of one seÈ of control packefs per

control burst. For ùhe FA hotocol, a mlnlnun fraæIength of 4 seconds ls

r.equlr"ed to obtaln a f\¡11 netr¡ork connecttvlby of 1000 statlons wlth an

allocated capaclty of one slot per sÈaÈ!-on. D¡e to lhe long ftaæLengtht

the delay-lhr"oughput perfornance fs far lnferlor to both the DA and DA-FA

Protocols. Henee, ùhe FA Protocol ls only sultable for a snall neÙwork.

Ilre attentlon of this secÈlon ls nalnly focused on the other two SDMA

protocols.
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Horæver, the prlcc that bhe DA or D^-FÂ þ"otocols pey for thelr

superlor delay-throughput performance 1s a decnease ln the data channel

slze glven by tl¡e asslgnænt value of ô. Since lhe DA Protocol requlres a

larger oyerùead than ùhe DA-FA hotocol, lt has a snaller ô value.

F1g.6.1.2 glves the delay-Èhroughput conparison of the DA and DA-FA

protocols, for the average nessage tengths of one and three slots per

nessage, slth bhe fraælength equal tþ O.2 second. The penfornance of bhe

DA Protocol lnproves r¡t¡tle the DA-FA Protocol deterloratæs as the average

Bessage length lner.eases. The folorlng tno flgures explatn such opposlng

trends. Flg.6.1.3 shows that the r.eser^rratlon delay deeFeases as the

average æssage length lncr.eases for both the DA and DA-FA Protpcol. Tttls

is due to the deflnttton of the channel throughpub. For the sane value of

throughput, the nunber of nessage arrlvals decreases as the æssage length

li.cr€ases. However, Flg.6.1.4 lndlcates the schedullng delay of the DA

Protocol ls essenttally independent to ühe nessage length; whlle bhe

schedultng deÌay of the DA-FA Protocol ls message length dependent.

Tt¡e dtffenence ls due to the fact that lhe æssage length dependenf

berm 1s negllgtbte for the DA Protocol slnce the nunber of data slofs

available for alLocatLon 1s large. llhlle bhe corresponding teru ln the

DA-FA hot¡coL ls n¡ch snaller and therrefore rcns senslblve to the

variaülon ln æssage lengùh. Fon the DA-FA hotocol, the lncrease ln

schedullng delay ls larger than the deer^ease fn reservatlon delay as the

average æssage length lncr.eases. Hence, the delay performnce of the

DA-FA hotoeol det¿rloratæs as the ressage length lner.eases. In other

words, thc DA Protocol ls rcre sultable for traffle whlch has long æssage

Iength s.
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Fis.6.1 .4

T HR OUGHPUT

Scheduling delay perfornance for both the DA

and DA-FA ProtPcols

It ts obvlous Èhat both lhe DA-FA and FA Protocols have a

nonotonlcally increaslng delay perfornance wibh respect to an lncreaslng

average æssage length. Hor¡ever, the delay perfornance of the DA Protocol

as shorn fn Flg.6.1.5 ls non-rcnotonlc. The explanatlon of thls behavlour

is thab tåe schedullng delay fncreases as the average æssage lengLh

Íncreases. In addltlon, due to lhe deflnttton of channel throughpufr the

ave6ge æssage arrlvals decrrease ln order to nafntatn bhe saæ throughput

va1ue. henefore, the rresen¡ation delay ls r.educed. That isr as bhe

average æssage length lncreases, the totat delay for a partlcular

throughput deer€ases untll an opllntrn æssege length ls reaehedr after

rhtch any lnc¡ease fn æssage length eauses an lncrease ln seheduling delay

whtch rcre than offsets Ehe r.eductlon ln reservaÈlon delay.
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l¡e totat delay, neserqeatlon delay and schedullng delay versus

throughput ¡¡lth the average æssagc length as a paraæt¿r for a franelength

of 0.4 second arre sho¡m ln Ffg.6.1.6, 6.1.? and 6.1.8 r'espectlvely. Ttre

slze of the control burst fs lncr^eased to tro , ln order to avold excesslve

reserryatlon delay due to the doubllng of the framelength. Desplle such

conpensatlon, Èhe reserwablon delay ls greaÈer than the case of fraælength

equal tÃ 0.2 second because of the lntrlnslc average rreserrratÍon delay of

half a fraælength. A ear"efì¡l study of Che thrce figures glves slnllar

trends as for the caæ of fraæIengbh equal to O.2 second. Hence¡ fhe

change ln fraælength does rpt affect the Brends ln any of the delay versus

throughput conparisons.
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B. Delay-throughput conparisons nigh varylng protocol pararetens

Tìe sensltlvtty of the delay-Èhroughput perfornance wIÈh varlation ln

protoeol paraæters such as congrol bursb slze (u) and fraælength (f) are

studied ln lhls secÈlon. F19.6.1.9 glves the reservatlon delay versug

throughput wlth thc slze of the control burst (u) as paraneter. As

expected, the higher the value of u, the snaller the r"eservatlon delay.

lbnce, onc cot¡ld r^educe the total average nessage delay to half a

fraælength by lncr"easng ttre slze of the control burst. Reealllng Equatlon

(6.1.5), the stabltity of the contnol ehannel can also be lmproved by an

Lne¡"ease ln contnol burst slze. The penalty one pays fon such ¿rn

fnproveænt ls a r"educÈlon 1n the eapactby of the lnfornablon channel.

However, due to the Large overùead involved, the contnoL burst slze Ís not

llnearly proporÈlonal to the control bursÈ length, l.e. by doubllng the

burst length, one could have mne than a twofold lncrease i¡ eontrol burst

sLze.
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lle effect of changlng the fraælength fn the DA Protocol is shown ln

F1g.6.1.10. lllth tlre delay perfornanca for the case of short franelengÈh

far ottperforæd the long one. In the case of bhe DA-FA Protocolr the

Ionger franelength has a superlor delay perfornanee ln the reglon of hlgh

throughput. To analyse the perfornance ln grreater depth, F19.6.1.11 shows

the lno contrlbutlng delay conponents versus thr"oughput wlth bhelr

framelength (f) as paraneter.

For lhe resenratlon delay, bhe casct of franelength equal tþ O.2

second tras a far superJ.or perforna,nce than the case of 0.4 secondr desplte

the conpensating lncr.ease of conbrol burst slze fron one to tHo. Tltls ls

due to the lntrlnslc mtnlnuo of half a fraælength reserrratlon delay. For

the randon vaniable portlon of ttre schedullng detay, the case of longer

framelength 1s srrperfor in delay penfornance for the DA-FA Protocol due to

the largen allocabed eapaclty. tllt,h the DA Protocol, the opposite trend

occurs due to bhe longer fnaroelength caused a greaten arcunt of offered
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trafflc, and bhus longer scheduttng delay. Hon'ever, the penalty one pays

for the supenlor delay perfornance achÍeved by shorter franelengfh ts a

snallen data channel capaciby. A further rrEducÈlon 1n fraælengh ls not

advisable due to the large control overhead requlred.

C. DeJ.ay-throughput comparisons wlth varylng network paraneters

the clrange ln network paranetærs sueh as the nunber of staÈfons (s)

and zones (K) ln the network¡ and the transponder capaclby (F) tnfluence

the delay-throughput perfornance. Fig.6.1.12 shows the relatlonshlp

between the æssage delay and the number of zones for a fixed throughput

and nunben of stations. fn the case of the DA Protocolr the average

nessage delay ls lndependent of the nunber of zones. For the DA-FA

Protocol, bhe average tæssage delay lncreases wlth lncreaslng nunber of

zones. As bhe nunber of zones fncr.eases the reser¡¡atlon delay renalns

consbant but lhe schedullng delay lncr^eaees due to the reduction ln

assigned capacity. Finally the performnce of the FA Protocol deterlorates

as the rmnber of zones lncreases, slnee lbe framelength (f) ls directly

proportlonal to the nunber of zones and the longer the franelengthr the

Ionger the comesponding schedullng delay.

Variatfon ln the nunber of statlons (s) for the DA Protocol ls nade

wlth a flxed arcunt of nebwork trafftc. If the number of statlons ls

lncrreased, ntrleh leads to a corresponding lncr.ease ln contnol channel

capactty, lt lntroduces tro opposlng effects. Flrstr the nunber of æssage

arrlvals lnto each lndlvidual statlon (fi) fs r.educed. Hence the average

reservatlon delay ts reduced r âs ùhe assunptlon of equal traffic

distrlbutfon arcngst all the stations ls used. Second, the lneræase ln

conlnol channel capaclly glves rlse to a reductlon ln data channel

eapacfty, hence the average schedultng delay lncreases. F|g.6.1.13

lllustrates the bwo opposlng trends and lndleates the extstence of a range
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of statlon nunbens for wtrfch the sunnatlon of the two delay components ls a

ninlmun.

A slnllar explanatlon can be used fon F1g.6.1.14 whlch shows delay

versus statlon numbers fon the DA-FA Protocol. In thls caser the average

scheduLing delay has a larger gradlent than bhe prrevlous example. Ttle

trough non exlsts ln the lower nange of statlon nunbers. For the FA

Protocol, any alberatfon 1n the nunber of sÈations has a proportlonal

effect on the total delay, slnce the franetength ls dlrectly related to the

nunben of statlons ln the network.
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Knowtng the throughput (S)

S = r/(eFf)

Ther"e exist two posslbte effects as lhe üransponder capaclby F (slots/s) ls

varied. Flrsb, fon a netwonk wit,h a fixed number of anrlvals' the

bhroughput decr.eases as the capaclby lncreases. The inpaeL on the delay
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perfornancc glves the case of varlaÈlon of capacfty on an esbabllshed

ternestrlal neüwonk. Second, for a nelwork of ftxed throughputr the

lncr.ease ln net¡rork arrLvals Ls balanced by a oorresponding lncrease ln

transponder capactty. thfs ls us€d !o lnvesùlgatæ the lnpact on delay

perfornance as ùhe capac!.ty i"s upgraded to conpensatc for the brafflc

growth,

Ffg.6.1.15 glves Èhe delay versus Èransponder capacity (F)r for a

ùemestrlal netrork wtth a ftxed number of arrlvalg. For all three SDI'IA

protoeols, the delay deer.eases as the transponder capaclty lnereases. tlle

schedultng delay of the DA Protocol decreases as the bhroughput decneases.

Ttre tnprovenenb for lhe DA-FA Protocol ls due to the following two factors

:-

1. decr.ease ln throughpuf ;

2. Ínc¡^ease ln the capacity of asslgned capaelty as the transponder

capaclty lncreases.

FinaIIy, fn the case of the FA hotocol, bhe delay decreases as the

requlred fraælength to connect eveqy statlon decr"eases.

F1g.6.1.16 deplcts delay versus transponder capaclty (F) for a flxed

thr.oughput, 1.e. the incr.ease ln capaelty ls balanced by a slnllar

lncrease 1n æssage arrlvals. tllth the assunpÈlon of unlforn trafflc

dtstributlon, bhe rrequlred resenrafton delay lncr^eases as the rn¡nber of

arrfvals lnto eaeh statlon incr.eases. For the DA Protocolr there exisÈs ar¡

optimal transponder capacLby for a flxed set of paraætærs. Î¡ts ts due to

the conbined effects of lwo opposing trends. They ane an lncrease ln bhe

nunber of rpssage arrlvals, and subsequent neservatlon delayr due to bhe

lncreases ln capacity; and Èhe deerease ln schedullng delay due to an

Íner.ease !n data ehannel capacity. tllth the speclfled set of paraEet€rst

the opti-mal nange of tnansponder capaelty for an average æssage length of
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three slots per æssâge Ls ln the vlcfnlty of 5000 to 8000 slots/s. In the

ease of tåe DA-FA Protocol, the lncnease 1n r"eserrratlon delay Ís nore than

conpensatcd by the decrease ln schedullng delay. For the FA Protocolr Bhe

total delay agaln decneases as the fraælengbh ls neduced.

D. Concludlng renarks on the conparlsons of btre SDHA protocols

In sumary, all three SDMA protocols exhlblt a ænotonleally

increaslng detay wlth respect to an incr^easlng channel throughput. the

FA hotocol ¡¡as found to be unsultable for large networks, because of its

requireænt of a long franelength fn order to nalnÈaln fulI connecttv!.ty.

lllth üre tro denand asslgnrnent protocols, lf the slze of the reservatlon

burs! ls lncr.eased, the r.esen¡ation delay decreases to the lntrlnstc value

of half a franeLength. Ho¡rever reductLon in data channel eapaclby occurs.

llre DA hotocol has the superlor delay perfornance for trafffc wlbh a long

average Etsage length, wblIe the DA-FA ProtocoL ls best wlth a short

average æssage length. An lncr.ease ln franelength will lead to an

lnferlor delay perfornance ln bobh DA and FA hotocols. Houever, lt brlngs

en lnproveænt ln the DA-FA Protocol ln the reglon of hlgh throughput due

to an lncrease ln asslgned data channel capacity.

For the lnvestigatlon of bhe s€nsltivlby of bhe delay performnce

with r€specb to the varlatlon fn network paraneters, the unlforu brafflc

dfstrlbullon assunptlon Is adopted. If tlre nunber of zones ln the netr¡ork

Lncneased, a correspondlng lncr.ease ln delay for both the DA-FA and FA

Protocolg r.asulted, utrlle the perfortrance of the DA hotocoL ls lndependent

of the nunber of zones. The DA-FA hoüocol suffers beeause the capacity

per zone ls reduced, w?rlle the FA Protocol. suffers becar¡se of the lnerease

ln fraæIength. Secondly, lf Èhe nunben of stabions ln the nebwork is

!.ncr"eased, an lncrease ln franelength and delay results fon the FA

Protocol. Ho$ever, there exLsts a optinal range of station numbers for a
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flxed seù of brafflc and protocol paranetærs wibh both DA and DA-FA

Protocols. firls ls due to the conblned effecüs of bwo opposing

consequences of lncr.easlng tåe nunber of statlons. They are the decrease

In average r.eservat1on delay due to a neductlon ln trafflc arrlvtng lnbo

each steÈion; and the lncr^ease ln average schedullng delay due to a

reductlon ln data capaclby asslgnnenÈ, and wlth Í-ncreasing capeclty

allocat¡d !o the eontrol channel.

To i.nvesblgate the effect of a chenge 1n transponder capaclty on the

delay perfornance Hlth a fixed trafffc environænÈ, one looks at the delay

perforuance wlth varying transponden capaclty a¡rd ftxed average network

agivals (À/e). ll¡e r.esults are a reductlon ln delay for all three SDMA

protocols. To lnvesfigate the effects of upgrading the transponder

capaclty to conpensate for the trafflc growthr one looks at the delay

perfornance wlth varylng transponder capaclty and ftxed channel throughput

(S). Tlrls 1eads to an lmproveoenb for both bhe FA and DA-FA Protocols.

However, an optinal transponder capaclby exists for the DA Protocol due to

the opposlng trends of the r.eserrratlon and schedulfng delays ln response to

the varylng transponder capacity.

Hence, the FA Protocol ls rcre sultable for a snall network wlfh

regular short tæssage ùrafflc. TTre DA Protocol operatæs r¡lth superlor

delay penfornance under the condltlon of short franelength and long æssage

tengùh, wtrlle the DA-FA Protocol ts ldeal for short tressage length t'rafflc

operatfng ln a network wlth a strall number of zones and a large transponder

capaclty. In both DA and DA-FA hotocols, rlrere an opttnal nunber of

statlons ln the network exLsùs, the reser¡¡abion delay ean be neduced by

lncreaslng the sfze of the conbrol' bursb.
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Ttre results of these senslblvlty studles are sumnarlsed In

lable 6.1.1. Froa the network deslgner polnt of vlew, with a set of

trafflc charactentstlcs and operatlng criterla such as Eaxlnun permlsslble

nessage delay; the topology of the terrestrlal netr¡ork and centain

protocol paraneters ean be optlnlzed ln order to r.educe the æssage delay.

X unsuitable
/ suitable
O suitable for an oPtimal range
- unaffected

Table 6.1.1 Sensltivies of the SDMA Probocols

x

0

0

x

x

0

x

x

x

x

Long message length

Increase burst size (u)

Increase franelength

Increase no. of zones (K)

Increase no. of stafions

Increase transPonder caPacitY
with flxed amivals

Increase transPonder caPacltY
with fixed throughPut

DADA-FAFA

Proboeol

Variation
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6.2 CCh'TPARISONS T{IfiI OTIIER GLOBAL BEA},Í COVERAGE MULTIPLE ACCESS PROTOCOLS

Iìe Space Divlslon lî¡tÈfple Access (SDMA) protocols are deslgned for

a u,rltlpte bean coverage envlronænt. Hence, they are lnconpatible slbh

protocols wtrich operate in a globaL bean condltlon. Hotlever, ln order to

gauge the relatlve ærlts of the SDHA protocols, bhe perfornance of these

globaL bean protocols a¡"e used for conparLson.

In selectlng global bean protocols for comparlson, one protocol ls

selee t¿d to rrgpr^esent each of the naJor mrlttple aecess tæchnlques

(Ctrapter 1). They ar^e Ttne Divislon ltulbiple Access (TDMA)r Slotted Alohat

Reservatlon Aloha and Spllb.channel Reservatlon !tulbipLe Access (SRMA).

The expr.esslons for delay-throughput for each of these prot¡cols ean be

found l¡ Appendlx 2. Tt¡e Demnd AsslgnnenL upllnk and donntlnk (DA)

Protocol ls chosen to represent the technlque of SDt'lA beeause of lts

superfor delay-bhroughput perfornanee. Again, the average æssage delay

for each protocol ts lnvestlgated with varylng æssage length (1/0 slots)¡

nunber of stablons (s) ln the network and Èhe transponder capaclty

(F slots/s).

6.2. 1 De tay -llrroughout Comparisons

Ilre followlng set of paraæters ar€ chosen for the conparlsons

e. nunber of conbrol slots ln a data sloÈ v = 10

b. nunber of zones K =20
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c. nunber of statlons s = 1000

d. transponder capaclLy F = 5000 slobs/s

For each of the fndlvldual protocols, the follonlng parameters are used :-

1. DA framelength f =0.2s
nunber of requlred control slot/staÈlon = 2.O

conürol bursb slze u : 11 2

2¿ TDIIA frauelengÈh f :0.2s

3 SRMA and Slotüed Aloha

r"etransnission naxinun nandonÍzed deLay = 5 slots

4. Reservatlon Àloha franelength f

retransnisslon naxiu.¡m randonlze delay

= 0.272 s

= 5 slots

T'Ìre delay-Èhroughput perfornance for all flve protocols ls shown ln

F1g.6.2.1, 6.2.2 and 6.2.3 for a ræssage length of one, thr.ee and ten slots

per tressage r€spectlvely. The naxlnun data ehannel asslgnnent ( O) for the

DA Protocol 1s r^elat¿d to the m¡nber of statlons (s) ln the neÈrrcrk; 1.e.

the larger the control channel, the snaller the data channel. Tr¡o cut-ves

ar.,e drarm for the DA Protocol ln eaeh flgure; for a control bursÈ slze (u)

of one and two control packets per bursÈ. In the case of the Reseryablon

Aloha and SRl.fA Protocols, the value of naxLnun data ehannel capaclty ls

deterntned by the stablllty crlterfa of Èhe control channel. For the TDMA

Protocol, a frarelength of 0.2 second ls rnequfred such that each of the one

thouEand statfons has one slob per frane eaeh.
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Ttre fotlowing oberservatlons can be Eade fron the above three

figures. The perfornance of tåe DÂ hotocol w1ùh control burst slze of one

ls lnferior to the ReservaÈlon Aloha Protocol wtrleh fs 1n burn lnfenlor to

SRMA ProtocoL. Honever, w1Èh a snall ræssege lengbhr bhe DA Protocol with

control bursÈ of two perforus better ùhan or conparable rlth Reservatlon

Aloha Protoeol at the reglon of hlgh throughput. Tlre superiorlty of the DA

Protocol erodes as lhe æssage length increases. Since bhe perfornancs of

Reserryatlon Aloha and SRMA hotocols lnproves mre dranatleally as the

nunber of æssage arrlvals deer.eases and the nunber of colllslons and

retransnisslons of r.equests are reduced.
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T?re Slotted Aloha Protocol perforos extrenely rclL ln the r€glon of

Iow throughput (S < 1/e). The delay approaehes lnfinlty as the throughput

approaehes the throughput ltntt rtrfch ls æssage length dependent. TÏ¡e

perfornance of the TDMA Protoeol ls agaln æssag€ length dependent; 1.e.

the longer ttre nessage, the gr.eater the delay. For a slngle sJ.ot æssaget

TDHA ls superlor to DA, Reservatlon Aloha and SRMA Protocols.

fn the case of varylng statlon nunbers for a flxed throughpuü of O.T

and a flxed average ræssage length of three slots per uÞssage (F19.6.2.4r,

Slotted Àloha, Reservatfon ALoha and SRMA Protocols are lndependent of bhe

nunber of stabions in the network. The perfornance of SlotÈed Aloha Ls noÈ

shown ln the graphs as lt cannot reach a throughput of 0.7. On the oùhen

hand, the required franelength of the TDMA Protocol Ls dlrectly

proportlonal to the nunber of statlons and ther.efore the average delay per

Eessage 1s statlon 
-aepenaent. 

In the case of the DA hotocol, the

reservatlon delay decr"eases as the nunber of æssage arrivals lnto each

statlon decrneases, slnce Èhe total arcunt of network traffic fs flxed. If

the nunber of statlons lncreases funÈher, the capacity of the control

channel also needs to lncrnease. Consequently, the avallable bandwidth for

the data channel ¡neduces and the scheduling delay lncreases. Hencer there

exÍsts an opb{nal range of statlon nunbers for wt¡lch the Èotal dclay ls

nlnlnun, as shorn ln Sectlon 6.1.

lle transponder capaclty can be varled elther wlth a flxed number of

arrlvals (À/e) or a flxed throu8hput (S). These lnpllcattons at€ explalned

ln Part C of Sectlon 6.1.2. tllth thc case of flxed arrlvaLsr F19.6.2.5

glves the perfornance conparlson for varlous protocols as the transponder

capaeity ls varled. The conparison ls ¡oade wlth a Èhroughput value of O.'l

and a bandwldth asslgnnent of 0.8 for Reservatlon Aloha and SRMA Protocols.

For alL protocols, the average delay per rnssage decr^eases as the capaclty

lncr^easeg. In the case of TDMA hotoeol, the decrease ln delay ls due to

the rreduetlon 1n fnanelength. Fon Reservatlon Aloha and SRMA Protocolst
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boLh ühc reser¡ratlon and the schedultng delay deer^eases as the capaclty

lncreases. In lhc case of the DA Protocol, the reservablon delay remlns

constant as ttre nunber of æssage arrlvaLs 1s constant, only the schedullng

delay decr.eases as the bandwidth lncr"eases.

For the ogher condltlon of flxed throughpub values, TDMA¡ Reservatlon

Aloha and SRMA hotocoL behave sinllarly as ln the prevlous condlblon of

fixed nunber of arrlvals (Fig.6.2.6,. Honever for ttre case of the DA

protocol, bhere aFe non two opposlng trends:- Elrstr the æssage arrlvals

and subsequent reservatfon delay are dlrectly proportfonal to the change ln

transponder capacfty. Second, the scheduling delay decreases as bhe data

channel capacity Lncr.eases. Such lrends create an optlnal ran8e of

bransponder capaclty for a fl'xed set of condiblons.
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To sun upr â Denand Asslgnnent Protocol with an abllfty to carry

multlple sets of lnfornatlon by each contnol burst has a delay perfonnance

conparable wlth other dlstrlbuted control or cenbrally controlled

reservation protocols destgned for the gLobal beao appllcatlonr especlally

wfth short æseage lengfh trafflc. l{hlle mst other protocols ar€

lndependenb of the nunber of statlons ln the netrork or the cbange ln

transponder capaeiby, there exlsts an optinal range of statlon nunbers and

bransponder capacLt,y for the DA hotocol.
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L3 BUFFER PEnFORMANCES !!tD COI'IPARISONS OF THE SDHA PROTOCoLS

once the nelatlons betHeen bhe data mltlplexlng and deuultlpLexlng

buffer blocklng probeblflties and varlous systen paramt€rs a!'e

esbabLlshed, the changes ln blocklng probabllltles wlth r€spect to the

varLatlons ln paranet€rs can be fnvestlgatcd. lhese paraæt€rs lnclude :

bufferslze :qslots

frane capaclty : Ff slots

data channel capaclty = N slots lîrare

average netrork nessage arrlvals : À /frane

average æssage length = 110 slots/nessage

channel throughput = S

total no. of spotbean coverages = K

total nunber of statlons = s

It ls assuned that the trafftc fs unlfornly dlstrlbuted arcngst all the

statlons and zones.

In this secblon, the buffer perfornanees of the three Space Divfslon

uuttfple Access (SDUA) protocols ane lnvestlgated and conpaned. The buffer

analyses are detafled ln Sectton 5.3.1, r?rene bhe dlstlnCtlve

characteristlcs of each of the protocols ls htghllghted. In bhe followlng

exanples on data buffer perfornances, the enllre lnfornaÈlon channel ls

used for the data braffie.
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6.3.1 Buffcr Perfornances of Èhe SDMA Proboeols

t{tLh a Flxed Assignnent (FA) Protocol, eaeh earth statlon dlvldes lts

offered ùraffic tnbo K separabe queues accordlng to bhe destlnation

addr.esses, slnce there a¡e K zones ln the nebwork. At thelr allocatæd

fnstant, a predetermlned number of data units are sent fron Èhe statlon l¡

synchronlzabton wlth the satelllte bean swltching. Since no overùead fs

r.equlred ln the FA Protocol the enblre frane capaclty is allocat¡d to data

channel.

For ñ¡lI connectivity, each statlon u¡st nalntaln one or rcre slots

for eaeh zone per frane, f..e. the fraretength ls propontfonaL bo boÈh K

and s.

Nunber of slots assfgned to brafftc orlginated

fron stablon I and destlnated to sÈatlon J = Nij

Frame capacity Ff = Ni¡Ks

As the ayerage nunber of arrivals per frane (À ) ls dlrectly proportlonal to

bhe fraælength, lt ts also pnopontlonal to the product of K and s .

À=constanùxKs

Tìe buffer blocking probabillty (BO*) ts prlmarity a functlon of the buffer

slze (q) per zone and channel throughput, (S)r w?re¡^e

S : À/(0Ff) = x/(eN13Ks) = constânt/(eNi¡ )

Henee, ln the case of the FA Protocol, S is lndependent of the nunber of

zones and statlons, but the buffer slze per zone and hence BU, is a

functlon of bhe totåI nunber of zones.

The steady state buffer perforoanee of the Deuand Assfgnnent (DA)

ProtocoL and the dlstrfbuted eontrol Denand Asslgnmenb upltnk and Fixed

Asslgnent dormllnk (DA-FA) Protocol is obtalned by the l\ro4roup Method

IMAR 78]. tlith the ræquired over*lead taken lnto aecount, the DA-FA

Protoeol buffer anaì.ysls can be regarried as a scaled donn verslon of t'he DA

Pnotocol. Howeven, the perfonnnce of lhe DA Proloeol displays certain
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distlncÈ charaeberlstfcs, whieh ane descrfbed ln bhe followlng panagraphs.

tlfbh t'he DA Protocolr the entlre data capaclty ts distrlbubed anongst

ell the network trafflc. the on-board trafflc controller allocates

capaclty to each of Ehe requesÈfng statlons and at Èhe asslgned instant,

the stored æssage ls sent fron the statLon. the arcunt of offered trafflc

lnto a sÈatfon and henee data nrlt,tlplextng buffer btocklng probabllity

(Bdm) are dependent, on the rn¡nber of statlons and fndependenÈ of the nunber

of zones.

tlfth t'he dlstributed control DA-FA Protocol, ühe upllnk capaclby fs

dlvided lnto K dlfferent segnents, one for each zone. lltÈhln each segnent,

the dov¡nlInk scans the K zones, 1.e. every zone is eonnected to aII other

zones ln the network. the uplLnk capacLty ls dlstrlbuted arcngst aII ùhe

stat,Lons wlthln the zone through the r.eservatlon channel. Ttre statfons

Èhen schedule the requests uslng the sane algorlthn. The stored ressages

ane sent at bhe approprlate lnstanÈs ln synehronlsn wlth the connecting

bean snlÈchlng. t{lÈh a unfforn braffic assunpüion, the amunt of offered

braffic lnto a statlon or a zone ls lnversely proportional to the totâl

nunber of statlons (s) and zones (K) respectlvely. Furthermre, the arcunt

of upllnk capaelty asstgned to each zone and dist,rlbuted amngst aII the

stations ¡rlthln the zone ls inversely proportlonal to the n¡nber of zones

(K). Hence, ln the case of the DA-FA Protocol, Bd.'n depends on bhe nunber

of zones as r€ll as the nunber of statlons.

A certaln arcunt of capaclty overùead ls used for tåe perlodlc

assessEenb of ùhe requlred eapacity of each statfon alrd the notlflcatlon of

the capacity allocatlon. The overt¡ead is proportlonal to s and given by

ks/v, nher^e k fs the nunber of control slots requlred per statlon and ls

protocol dependent, and v ls the rablo of the number of eontrol slots per

data slot. In the foltowlng calculatlons, v is assured to have arbitrary

value of ten and k equal to two for the DA Frotocol and one for the DA-FA



Pnotocol. Thls ls due to the fact that

reservatlon and a schedullng slot for each

Protocol r.equlres the r.eservatlon slot only.
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the DA Pnotocol requires a

statLon, whlle the DA-FA

The relatlonshlp betrpen the data ultlplexlng blocklng probablltby

(Bdn) and the buffer slze (g) rfttr a partfcular average æssage length,

fraæ capaelty and a network conflguratlon, ls glven 1n F1g.6.3.1, 6.3.2

and 6.3.3 for the FA, DA and DA-FA hotocols r"especttvely. B¿* lnereases

as Èhe channel utillsatlon fner.eases; tn addltlon for the case of the DA

and DA-FA Protocols, Bdm increases as the nunber of sùatlons decr.eases. In

both eases, the numben of nessage arnlvals fnto a statlon ls Íncrreased.

Tbe graphs lndicate the buffer slze requlred to saù1sf) a partlcular

blocking probablllty and trafflc condftlon. The stalrcase furrctlon of lhe

FA Protocol enphaslses the lncreæntal naturre of the required buffer slze.
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More lnsight lnto the buffer behavlour can be obt¿ined by examlning

the followlng expressl-ons of the channel throughput :-

S = channel throughput =
total arrivals per frame

frame capacity
(6.3. 1 )

S; = data channel thr.oughput =- tr daÈa channel bandwidth
(6 .3 .2)

In the case of the FA hotocoÌ, the data channel throughput is the satre as

bhe channel throughput, because no overtread fs lnvolved.

S = S¿ = À/(eFf) (6.3.3)

Honever, ln the case of the DA and DA-FA Protocols, the data channel

throughput is given by

S¿

Iþnce Èhe ct¡annel throughput (S) and eonsequenbly the bloeklng probabtltty

(Bdn) will tncrease lf

À

0 (Ff - control channel capacíty)

the nunber of nessage arrlvals per frame (l) tnereasesror

(6.3.4)

1

2. ühe average ræssege length (/0, lncrreases.

In the case of the FA Protocol, fìtlL netrrcrk connectlvlty can only be

nalntalned through a flxed r¡unber of slots per fraæ. S and B¿, will

lncr.ease lf the transponder capaclty (F) ls reduced slnce thls leads to a

proportlonate lncrease ln the franelength (f) and the nunber of arrlvals

(À). Besides a larger data m¡ltiplexlng blocking probabllily, a snaller

capacity transponden also leads to the penatty of longer ræssage delay (due

to the longer franelength).
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Lnc r.ease sFor the DA and DA-FA hotocols, S and consequently B

under the fol.lowlng addltlonal condl'tlons :-
dm

1. the transponder capacfty (F) decneasesr or

2. the franelength (f) decreases.

Tlre effecbs on the blocking probablltty of an lncrrease ln aveÉ8e

nessage length for a ffxed channel utlllsaton al€ shonr in F1g.6.3.4, 6.3'5

and 6.3.6 for the FA, DA and DA-FA Protocots respectlvely. As the average

nessage tength l¡crneases, the blocking probablllty lncreases desplte fhe

reduc!Íon ln n¡nber of nessage amlvals. The graphs show thab a larger

buffer 1s needed for lengùhy ùrafffc in order to nalntatn the sane blocking

probablllty.
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lhc r.elatlon between the tenrestnlal network and the blocking

probablllty i.3 sholm tn Flg.6.3.T and 6.3.8 for lhe DA and DA-FA Protocols

respectlvely. They glve the buffer sLzes requlred to satlsf}' a certaln

blockfng probablltty for a netrork wtth s sùatlons' llhen s ls larget the

ayerage arcunt of offered Lnafffc at a station !s comparatively small lf a

unlforn Èraffle distrlbutlon !s assuned. The.two graphs lndleate a soallen

buffer slze can be used ln each of thc s statlons. Hence, the terresLrlal

nebwork ,deslgn Ls a conpronise betr¡een the buffer slze pen statlon and bhe

total nunber of statlons fn the network'

Tlre FA and DA ÞotOCoIs are lndependent of the nunber of zones (K) ln

ùhe network fron the natur.e of thelr buffer archltecture. AlthotlSh the

DA-FA Protocol fs dependent on K, the lnsenslbivtty of bhe mrltiplexlng

buffer blocking probabiltby ls shom tn Flg'6'3'9'
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To sun up, for a given traffle condltlon all three SDMA protocoLs

exhlblt a mnotonlcally decr.easlng blocklng probablllty with r"especb to an

lncrneasing buffer sLze. For a flxed buffen slze, bhe blocklng probabillty

fncr.eases as the rn¡nber of arrlvals lnto a statlon fncreases. Equatlon

(6.3.3) and (6.3.4) glve the Èradeoff betr¡een the number of arrlvals and

Èhe traffic or netrork eharacterlstlcs. To aehieve a certafn value of

blocktng probablllty, a larger buffer ls needed fon a long æssage.

¡rrbherrcre, for denand asslgnnent protocols, the terresbrLal network

design ls a conpronlse between the buffer slze per statlon and the totâl

nunber of sÈablons tn Èhe network. Horæver, the number of spotbean

coverages !s not a crltical factor. Ustng the above set of flguresr the

netr+ork desfgner has the necessarly fnformatlon to detcrnlne the requlred

buffer slze for a partlcular seù of blocking probabitltyr netnork and

trafffc paraætærs.

6.3.2 Buffer Perfornance conparlsons of the sDMA Protocols

A conparison of the buffer perfornances of ùhe SDIIA protocols ls

sho¡m tn Fig.6.3.10. Slnce the FA hotocol requires a separated queue for

the o.rtgoing trafflc to each zone, the r"equlred buffer slze ls proporÈlonal

to the nunber of zones. Hence tt has the worst buffer perfornance of bhe

SDMA protocols conslderrd (curve I of Ffg.6.3.10). 0n the other lnndr the

DA Protocol wtrieh mrltlplexes a larger capaclty amngst a larger populatlon

has thc best buffer perfornance (cur¡re II)r nttlle the dtstnlbuted control

DÂ-Ft Protocol, nhlch shared bhe s0atlons buffer spaee arcngst all lts

outgolng trafflc, follows closely behtnd (currre III). Since Èhe DA-FA

Protoeol has a lower overùead requlren:ent, a larger data channel capaclby

can be obtalned wlth the sane fraæ capaelty. Cr¡rve IV shows the buffer

perfornance of the DA-FA ProtocoL, if the sane anount of dat¿ ehannel

capaelty as the DA Protoeol ls pernltted.
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6.3.3 Den¡ltlplexlng Buffer Perfornances

the data denrltlplexlng buffer blocklng probablllty fs a funetion of

the average data arrlval rate and buffer slze. Iïe probablllty ls

calculated by Chu's !þthod (see Sectfon 5.3.1). Tl¡e relatlons between the

bLocktng probabfltty and the buffer slze for

1 dlfferent average arrlval ratæs,

?. dlfferent everage !Þssage lengtht

3. dlfferenù denrlbfplexlng channel rate

ar.e glven ln Fig.6.3.11, 6.3.12 and 6.3.13 respecblvely, The flgur.es

tndicate Èhe blocklng probabillty inereases as the avemge rate or the

Bessage length Lncrreases, or the derult,lplexlng channel rate decreases.
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6.4 CONCLUSION

In concluslon, out of tåe ùhr.ee Space Divlsfon tfultiple Access (SDMA)

protocols, the Denand Asslgnnent (DA) protocol has ühe best

delay-throughput perfornance. rb perforns besb ln the reglon of high

throughput with long message length trafffc and uslng a snall fraælength.

Flrrtherrcrer tt 1s lnsenslÈlve to any varlaÈ1on ln zone partlblonlng. Iìe

requlred data channel assígnænt lnposes an upper bot¡nd on the rmnber of

control slots and henee the naxlnun nunber of statlons the protocol ls able

to serve; or alternatlvely, the nunber of staùlons tri the net¡¡ork

detennlnes the naxlnun data channel asslgnnent.

In conparlng the DA hotoeol wlth the other global bean nrltiple
access protocolsr the DA Protocol wtrlch has an abtlity to camy nultiple

control packets by each control burst, possesses a delay perfornance

conparable wlth other distrlbuted control or centraLly controlled

resenratfon globa1 bean protocols. lthlle rcsÈ other global beam protocolr

are lnsenstblve to varlaÈlon 1n the n:nber of statlons a¡rd the transponder

capacltyr there exlsts an optiual range of statfon nunbers and transponder

capaclfy for the DA Protocol.

0n the buffer perfornance of ttre SDMA protocols, for a fixed buffer

slze' the data urltlplexfng buffer bloeklng probabtllt,y lnereases as the

aveEge nunber of arrivals lnto a statlon or the average Eessage tength

lneneaæs. The DA Protocol has the best ctata nrltfplexlng buffer

perfornance for a glven set of netrork and protoeol paraæters ar¡d trafflc

characterlst'lcs. It ls followed closely by tbe hybrid forn of Denand

Asslgnnent upllnk and Flxed Assignænt dorr¡link (DA-FA) protocoÌ, wtrer.eas

the Ffxed Asslgnment (FA) Protocol_ has a far lnferlor perfonnace. On the

data demrlbiplextng buifer blocklng probabllity wiLh a flxed buffer size,

the b).ocking probabillt,y lncreases as the average anrlval ra te or the
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aver^ag6 ræssage length fncreases.

on sei.ectfng an appropnlate SDMA protoeol, one has to take the

avaflable technologyr cosü, r'ellablllty and systen paraneÈers lnto account.

The other necessary conslderatlons ar^e conpÌextty of the nult,lple access

protocol and lhe loeat,lon of lts naJon hard¡ar.e complexLty. tllth the FA

and DA-FA Protocolsr the upltnk and the domrllnk ane seribched through a

flxed sequence of predetcrrlned duratlon, wher.eas the DA Protocol requlres

the alternaùlon of the swltchlng sequence and duraÈLon to sufÈ the

lnstantaneous traffic requÍreænts. The FA hotoeol requlres the nfnlnun

hardrarre eouplexlty ln both the space and the earth segænts, Ttre DA

Protocol locates the rnaJorlty of tts hardrare conplexlty on-boar.rC the

satelllte and uses a relaÈlve1y slnple earÈh stablon, wherreas the

dlst,rlbuted control DA-FA Protocol has the neverse strategy.

Given the three SDMA protoeols have conparab}e cosÈ stnucbur^e and

rellabllltyr the factors fn selectlng the appropriate m.rlltpl-e access

pnotocols lnelude pernlsslble æssage delay and buffer brocking

probablllties wlth flxed buffer slzes; with the optlnizatlon of protocol

paraneters under the constraints of certain traffic characterlsblcs and

network paraneters. It ls hoped ühat thls chapter pr.esenüs the network

designer soæ lnslghts tnto the delay and buffer perfornances of the SDMA

protocols.



7. SII,IULATIOII

lle alns of bhe slnulatlon of a sateÌlfte netrærk uslng a Space

Divislon lfulttple Aceess pr"otocol a¡"e threefold 3-

1 to valfdat¿ the analytlcal æthods;

2. to deterntne the accuracy of the analytlcal results ln cas€s wÌrer.e

sinpllfylng assuuptlons ar.e nade ;

3 to lnvesttgate the effects of varlatlon of certaln paranetærs on fhe

del.ay and buffer penfornance whleh are dlfffcult to obtaln uslng an

analyf lcal æthod.

In order to achleve these obJectives, a detalled descriptlon of Èhe network

ls nequlred. the simt¡Iatlon progran contains the followlng three

eleænts :-

a. a detalled rcdelllng of the proposed network and its protocol;

b. a procedure for generatlng trafflc to the systen;

c. a procedur.e for recordl.ng bhe deslred perfornance characterLsbl-cs.

In thls chaptær, a data comunicatlon network utlllslng a Denand

Asslgnuent (DA) Space Dlvlslon lt¡}tiple Access (SDMA) Protocol ls

slnr¡lated. The delay and buffer perfornances ane extracted. and conpared

with the calcuLated values. Atbentlon ls focussed on the DA Protocol

beeause lt ls the rcst versatlle of tåe thr.ee SDMA protocols; l.e. the

calculatlon æühods used In bhe hybrid Denand Asslgnnent upllnk and Flxed

Asslgnnent downllnk Protocol and Fixed Asslgnnent Protoeol ar.e sinllar to

Denand Asslgnuent Protoeol.
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7. I DISCUSSION ON SIMULATION

Ttre slnulatlon progr^ans can be classlfled lnto two naln catagorles :-

!{arkov úhaln slnulatlon,

2. event-by-event slmulatfon.

Iìe forær approach 1s r€strlct€d to a ædel utrlch can be r.epr.esented by a

l{arkov Chaln. I'he slnt¡Itlon proceeds fron one statæ to anobher as fhe

evenbs ar.e generated. The results of ttre slnulatlon ar^e not dependent on

the tlnlng buù the sequence of the events. Ori the other tand, the

event-by<venù sLm.¡latlon æthod ean be used on a non-Markovfan mdel, and

bhenefore tÈ has a Ere general applJ.catlon. lTre systen ls studied by

generatlng the randon ttne lnte¡qrals between events uslng approprlate

distrtbution functlons. The dlsadvantages of the event-by-event slnulatlon

approach ar.e lts progrannLng conplexlty, the requlreænts of a larger

storge and longer conputatlon tlne INAY 66].

TTte conplexfty of türe programing can be reduced lf a htgh level

slnr¡Iat,lon Ianguage ls used. One of bhese ls SPUR176 ICOHC 76]r wtrtctr 1s

used ln the slmulatlon of bhe proposed network and fs dlscussed fn

Sectlon 7.1.1. Sectlon 7.1.2 descrlbes the netr¡ork mdel. The accunacy of

fhe rresults obtatned fron the sluulaülon ls dlscussed ln Sectlon 7.1.3.
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7.1.1 TÌre Slnr.¡Iatlon l¿nFuage - SPURTT6

A hlgh level sinuLatlon prognannlng language is used to perforn Èhe

tedlous task of tlne clock mnitorlng and to provlde æans for the ortput

analysls. For the purpose of the network slnulatlon, a dlscr€Èe sysÈen

sinulation progra¡¡nlng tanguage paekage - SPUR176 ICOHC 76] fs used. It is

an event orlentated language, 1.e. the clock Ls advanced fron an event to

bhe next evenb, and J.s conprlsed of a series of FORTRAII IV subroutines and

functlons. It, enables a F0R11AN progra@er to lnplenent slmr¡latlon rcdels

wlthout havlng to learn the senantlc and syntactlc n¡les of a simulatlon

programlng language.

lTre SPUR176 provldes the controÌtlng subroutlne - SCHEDULER which

acts as a clock for controlllng the dlscnete events. It also contalns

various sÈochastlc generators for randon number generatlons, a nunben of

sÈatlstical and testing routlnes. Furtherrcre, a group of list processlng

subroutlnes ls provlded for array nanlpu}atlons.

7.1.2 Sinu1at,lon !gþ!

PROCRAH SIM is produced to slur¡Latc the Denand Asslgnnenù Protocol.

It' deserlbes the net¡rork and protocol procedur^e as aecurately as posslble.

Four naþr events ar€ Ldentffled 3-

arrlval of a æssage lnto an earth stat,lon,

2. transnlsslon of the æssage fron the earth stat,ion,



Page 7-4

3 arrlval of a æssage at a destinatlon statlon,

4 ternlnatfon of a fraæ, wtrlch ls a convenlent tine for aceount keeptng.

An event ls loaded lnto the SCHEDULER of SPURTT6 Uy ttre bootslrappfng

technLquer i.e. wtren the clock r^eaches an event, bhe tlne and abtrlbutes

of the next er¡ent are rmmedlately calculated. PROGRAI{ SIH allows the

nonitorlng of aII statlons over a ftxed nunber of franes for thelr

reservatlon and scheduling delay, nulülplexing and denulblplexlng buffer

blocklng probablllty. In or"'der to avold ùhe loading up transient of the

sinulatlon runr typlcal tnlblal condltlons ane fnserted before the delay

penfornance ls æasur.ed. In bhe ease of buffer perfornanee, the ftrst

porflon of the slnulaÈlon n¡n ls lgnored ln order to alLow the buffer to

reach a steady state . A typfcaL n¡n of PBOGRAM SIM slnt¡lattng forty

fraæs takes 100 to 200 seconds of cenbral processor tine on a

CDC Clber 1?3@. the flowcharÈ of PROGRAI{ SfM is shown tn Fig.7.1.1.

7.1.3 Accuraoy of the Sfnr¡latlon Results

lflth the lntroductlon of pseudo random varlables fnto a slnulatlon,

fhe slm¡lated r^esults ar€ no mre than sanples of an unkno¡m dlstrlbutton.

The sfgnlficance of the r.esults ls est{nated by a statlstleal confldence

level. The result of each slnulatlon X, 1s an estlnate of the true value

po The central linlt Èheoreu statæs bhab tf X1r...rX' ar.e lndependent and

ldentlcally dlstributed wft,h flnlte nean and varl.ance and æet some

relat,lvely ræak cond!.blons, then X ( = i X./n) has approxlnately
s=1

nonnal dlstrlbrtlon ff the nunben of slnulatlon (n) ls large.

the

Such

approxlnation allows the eonfldenee lnterval for tne nean (m) to be derlved

from the unknornr dlstributlon of X¡tX2t...rXr t-

Pn( I-C,/nT<u<x+Q/ûÃ).r,1 -cr (7.1.1a)
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where var(i) = E[(x-u)21 = m/n + o(1/n) for large n (?.1.1b)

and Q is the polnt correspondfng to

1

,Æt Jo "*n ç-zz / 2)d,z = L - q/2 (7. 1. lc)

(7.r.4)

-@

lhny sophistieated æthods have been developed to estfnate var(X) and

the confidence lnterval. Tlre autoregresslve rethod ls chosen because of

its accuracy. The basic assunption of the auÈoregr"esslve nethod is that

each ænber of the serles ean be predlcted by a llnear conblnation of the

previous k nenbers ln the sequence

âsxt-s = Et (7 .1.?)

wtrer.e xa-" = Xa-= - I l=1 ,2¡... ¡n

and ea are randon, independenE and nornally distributed with the Eþan of

ze"o and varLance of o2 . l{hen ao ls defined as 1 and the equatlon ls

rearranged, the autoregressive naturre of the relatlonshlp becores apparent.

xt = alxt-l * eZ*E_Z + ... * 
"p*a-p 

* ., (7.1.3)

After the aut¡regressive order p and the coefflclents âs, s=1r...rp

ane deternined tFrs z3lr[cOHc 76] the autoregressive rcder is used to

determtne various statistfcal propert,Les of the serles, especlally

k
I
=Q

2

var (X) = 2
n

"Io 
t"

Uslng such a rcdel, a confidence level of 95, is indicated on varlous

slnulat€d r.esults ln Sectton 7.2.



7.2 RESULTS OF T1IE SI}IULATIONS

In onder to valldate

results, the conparisons

reservatlon and scheduLlng

blocklng probablltfy are

reservaùlon and schedullng

conponenbs.,
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and deternlne the aecuracy of the analyÈlcal

of the slnulated and calculated values of the

delay, urltiplexlng and deuuHplexing buffer

presented. The separatlon of æssage delay lnto

delay is used to hlghtight each of bhe two delay

7.2.1 Reservation DeLay

llre catculatlon reghod of the neservabfon delay ls glven tn

Secfion 4.1, the comparison between the sinuLated and bhe calculated

results for an average ræesage length of one and three slots per læssage

ane shorn ln F1S.7.2.1 and 7.2.2 respeeti.vely. The reservatlon delay ls

expr.essed ln nunber of fraues for a particu}ar network throughput. Usfng

the unlforn trafflc dlstrtbutlon assunption, the average ¡Inssage lnput to a

partlcular statlon ls the totâl nunber of network arrlvals divided by the

total nunber of sÈatlons. Tlre conparlson shows a close correlatlon betræen

the slnr¡Iated and bhe calculated rresr¡Its. the close correlatlon r.einforces

the proposed analytlcaÌ solutfon for the rreservatlon delay.

7.2.2 Schedullng Delay

The caLeulaÈlon of the schedutfng delay ls discussed ln Sectlon 4.2,

and the conparlson betræen the sinulated and bhe calculated nesults for

thr.ee dlfferent nessage lengths ar.e shown tn Fig.T.?.3¡ 7.2.4 and 7.2.5.

T?re schedullng delay perfornance ls expr"essed ln nunber of data slots

versus the network throughput. The data capaclty is expnessed ln nunber of

data slobs per frame, with bhe rest of the capaclty spent on the overhead.

In all the three figurres, the calculatæd results correlated very tnell with

the slnulated nesults and centainly withln the 95f confldence inberval.
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the Poltaczek-Khintchine approxlnatlon ICOHJ 69] is also drarm on each of

the three flgur.es, where the approxlnatlon Ís assuned for a single

continuor¡sly avalÌable channel or a t4/G/1 queuelng rcdeI. As shown on the

flgures, the approxinatlon Ls an extreæly poor estlnabe of the sehedullng

detay. The conparfson r.eLnforces the proposed lntegratlon solutlon for

sehedullng delay as dlscussed 1n Sectlon 4.2.3.
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7.2.3 lt¡lbiolexing Buffer Blockine Probablllty

lhe conparison of the slnulated a¡rd the calculated buffer performance

uslng the !\ro4roup Method has been shol¡n in ING 7T) for a slmple Polsson

arrlval process. F1g.7.2.6 and 7.2.7 shows the data multlplexing buffen

blocking probablllty versus the buffer sLze for a conpound Poisson arrlval

with a throughput of 0.45 and 0.75 respectlvely, in bhe reglon of interest.

In both examples, the simulated results possess simllar trends as the

ealculated results but exhiblt a highen value.
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Iì:e discrepancy ls due to the assumption used in derlvlng ùhe

calculatæd results, 1.e. Group I will always recelve sen Lce flom the

channel (see Sectlon 5.3.1). In the slnulatfon and tn a Flrst 0oæ Flrsb

Served operatfng environnent, such preferentlal treatænt wlII not be

glven. Tt¡erefore the slnulated results ane nore accurate ar¡d ùhe

calculatæd nethod wlII only provide an estlnate to bhe order of mgnLtude.

This is r.elnforced by the 951 confldence lnterval of a slnutated

nultlplextng buffer blocking probabtllty as shown 1n TabLe 7.2.1.

Fi8.7.2.8 shows that wt¡en the average ûEssage length lncreases, the

sloulated nesults exhlblt the sane trend as the calculated results.

0. 6904

0. 7050

0.TT81

0.8339

0.7542

0.81 73

0. 7 661

0.8256

throughput

0.45

o.T5

Calculated resul-b

95f conf. intervalAverace

Sinulated result

Table 7.2.1 95f confldence lnterval of a slmulafed multiplexÍng
buffer blocklng probabltlty for a buffer size of one

7.2.4 Deu.¡ltlplexlng Buffer Blocktn¡ Probabllity

tlte sLuulated buffer performnce for a conpound Polsson arrfval

process and constant output presented fn thls Section ls believed not to

have been prevlously publlshed, The result shorm fn ICHU 72) Ls calculated

for a buffer slze greater than twenty and thenefore not applicable for the

purpose of a packetized uþssage.
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F1S.7.2.9 and 7.2.10 show the data denutttplexLng buffer blocking

probablllty versus buffer slze for a conpound Poisson arrLval process and

eonstant o.rtput rãt€ I with a network throughpub of 0.45 and O.T5

respectlvety. Both the slnulated and the calculated results assune a

unlforn distrlbutLon of network brafflc. T?re slm¡tated results follow

closely but háve a hlgher value of blocklng probabfllby than the caÌculated

results, espectally ln the low throughput operatfng reglon. Tt¡e 95Í

confldence lnte rval of a slm¡lated den¡ltlplexing buffer blocklng

probablllty as shorn ln Table 7.2.2. does not account for t'he dlffenence.

Ttre soall dlscr.epancy lndicates t¡e lnadequancy of derlving the values of

ã(t<) Uy the Inverse Dlscrretc Fourler IÏansforn uslng a flnite nunber of

sample polnts (Sectton 5.3.1). Further lncr^ease in the nunber of sanple

polnts is prohlblted by the æmry space of Che computlng mchlnery.

SinLlar to the calculatcd results, Flg.7.2.11 indicates thaÈ for a flxed

throughput and buffer sLze, the buffer blocking probability lncr.eases as

the average æssage length lncreases.
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0.6904

0.7050

0.7287

0.7572

0.7053

0.7383

0.7 1 70

0.7478

TÏlroughput

0.45

0.75

Calculated resulf

95f conf. intervalAverage

Slnulated result

Table 7.2.2 g5f conftdence interval of a simulated denultiplexing
buffer blocking probabllity for a buffer size of one
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As læ11 as the buffer slze and the thnoughput, the derulttplexlng

buffer blocklng probablllty fs also a functfon of the denultiplexlng

channel ratê. F19.7.2.12 shows the simuLated buffen performance for the

two dlfferent dem,¡ltfplexfng channel rates.

1
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SI ZE
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Fig.7 .2.12 Slnu1ated denultiplexing buffer blocking
probability versus buffer size for
dlfferent demr:lLiplexing ehannel rates
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7.3 RESUTTS OBTAINED BY îT{E EXÎENDED SIMULATION MODEL

Once a correct slnulation rcdel ls consfructed, the effects

perfornance, by varylng certafn paraneters and relaxlng

assunpbLons, can be easlly obtalned. Ttrls approach ls useful for

rl¡lch ar.e difflcult to obt¿ln analyùlcally.
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on the

certaln

rre su lts

7.3.1 Effects of the Amlval Process

Analytlcal æthods ar"e derlved for the average æssage neservation

and schedullng delay, nultiplexlng and derulttplexlng buffer blocking

probablllty. Slnce the capacfty ls allocated to fhe nequests onoe a flaue,

lt ls belleved bhab the average n¡nber of amlvals rather than the actual

arrlval process ls the donlnant lnfiluence on the values of delay, and

buffer blocklng probablllÈy. Such an hypothesls Ls conflrred by tåe

results of the sluulaÈlons of trc oÈher arrlval processes, where ühe

nessege lnterarrlval tlnes have Þlanglan and Ìlelbull dlstribublons.

llre probablllty density furrctlon of an n-phase flanglan dlstrlbutlon

1s

f(t) = (rt)o-1rexp(-Àt)/(n-1)t À > o, È ) o

wfth æan :n/À

lìe negaülve exponenÈlal dlstrlbutlon ls a special case of the Erlanglan

dlstrlbutlon tttrere rr=1. Tìe probablllty densiBy functlon of tåe lfelbull

dlsfrlbutlon is

f(t) = ¡,a(l,t)a-lexp -(lÈ)" À ) 0r a ) o¡ t z o

rlÈh æan = I(1la + 1)/L

the negatlve exponentlal dlstrlbution ls a special cese of bhe tletbull

dlgLrtbutLon rlrer.e a= 1.



l.hc resulÈs of thc slnr¡latlons show that, all the delays

blocklng probabllltles nenaln re).atlvely consùant fon

dtsùrlbutlons wlth equal aver.age arrivals (Table 7.3.1).
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and buffen

bhe three

.1329

.3842

.8304

.7530

. 1301

.3838

.8153

.7372

. 1315

.3840

.8228

.745 1

.1331

.3894

.8329

.7576

.1311

.3847

.8190

.T 415

.1328

.3870

.8260

.7495

.1353

.4181

.8339

.7572

.1329

.3541

.81 73

.7384

.1341

.3861

.8256

.7478

DR

DS

Bdn( 1)

Bdd( 1 )

95f conf.Ínt.Ave95f conf.lnt.Ave95f conf.1nt.Ave

!{eibuIlErlangPoisson

Polsson
Erlang
l{eibull

À=250
n=3
a=3

¡=250/3
x=250/f (1+1/3)

Tabe 7.3.1 Conparison of simulated results between three different
arrlval proeesses havlng an averaSe rlessage length of
three slots

7.3.2 Prlortty Systen

The solutlon of a prlorlty queuelng nebwork is often lntractablet

even ln lts sinplesü forn. Hence only approxlnate solublons are avallable

IMOR 80], IJAI 68]. However slm¡latlon results can be rcre easlly obtatned

fron a valldated rcdel. A dual prlorlty class systen ls slnulated and lbs

results arre shorm below. The rcdel ean be easlly extended lo any arbltrary

prlorlty queuelng dtscipllne.
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Attentlon ls focussed on the lnproved perfornance of the htgh

priorlty users. ltre penalty pald for such lmprovemenb is bhe perfornance

deterloratlon suffered by the loner pnlorlÈy us€rs. F19.7.3.1, 7.3.2 and

7.3.3 sho¡rn that ln the case of low average rÞssage length, the average

reserrratlon delay for a hlgh priorlty user can be drastlcally reduced

conpared with a user of the FCFS dfsclpllne. In the case of hlgh average

Eessage length, the rresen¡atlon delay fs already close to the lntrlnsie

value of half a frauelength. A prlorlty Elsten brlngs llttle lnproveænb.

Honever for the average schedullng delay, F19.7.3.4,7.3.5 and 7.3.6 shown

that a hlgh prlorlty user has superlor delay perfornance conpar€d wlth a

user ln a FCFS dlsclpltne lrrespectlve of the average ressage length and

throughput.

7.3.3 Other Observatlons

1\¡o other obserrratlons of the extended siur¡Iablon rcdel ar€ worth

nenÈlonlng. Ffrst, lf a Denand Asslgnnent Protocol ls used in any other

appllcatlon besides the satelllte comunlcatlon, the bransnisslon delay

wtll be rneduced aecorrilng to lhe dlstanee betrpen the transnittlng sfaùlon

and ùhe controller or the recelvlng statlon, but the average resewatlon

delay and bhe varlable portlon of the schedullng delay renaln unaffected.

However the average mrlbiplexfng buffer blocklng probablllby ls r^edueed,

slnce the æssage holdlng tine fs snaller.

Seeond, besldes the expeeted r.eductfon of the reserveÈlon delay' r.r?ren

the control burst slze (u) ls fncreased i ther€ ls also a very sllght

reduction 1n average schedullng delay, multiplexlng and demrltfplexlng

buffer blocking pnobablltby. Such J-nprovements are due to mre efflclent

data ehannel uÈllisation, wlbh a less efflelent eontrol channel as a

penalty.
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priority systen with an average uÞssage lengbh
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7.4 CONCLUSTON

llte slm¡Iatlons valldate ühe analytlcaÌ results for the calculatf.on

of r¡servablon and schedull-ng delay. they also lend support to the æthod

of calculatlng demrlttplexl-ng buffer blocklng probabllitles descrlbed tn

Secbton 5.3.2, Horæver the slnulatæd resuÌbs indicate bhat the I\ro4roup

l{ethod can only glve an order of nagnitude accurÌacy fon calculatlng the

demrltfplexlng buffer blocking probablllty, due to the overslnpllfted

assunptLon of capaclty ls always avallable.

The sfnulaÈlons also lndLcatæ thaÈ the donlnant influence on Èhe

avenage ¡.eservation and schedullng delay, nult,lplexing and denulbiplexing

buffer blocklng probablllbles ls the average nunber of arrlvals rather than

ùhe actual amival proeess. Ttre sinulatlon rcdcl can also be used to

obtatn the reserwatlon and the schedullng delay of a prlorlty queuelng

dlsciplLne.



8. CONCLUSION AIID SUGGESÎIONS TþR FUN'RE RESEARCH

In thls lnvestlgablon, three posslble nurlttple access protocols

suitable for a space dlvtslon satelüte switched connunicat!.on network,

known collectlvely as ühe Space Dlvlslon ltultiple Access (SDMA) protocols,

have been descrlbed ln Chapter 3. New analyttcal æthods and rcdels have

been developed for the terrestrlal network design, delay and buffer

perfornance calculaülons 1n OrapÈen 2, 4 and 5 respectively. thelr nesults

arìe further conflrned 1n Clrapter 7 by sinulations.

the study lndlcates Èha! the use of nrlt,lp1e flne spotbeam antennas

and dynanlc on-board swlbchlng for satellLte comunlcaüton networks l-s a

viable æthod of alleviaÈlng the problens of overrcrrcwded orbital space and

frequency spectrun. The spotbean covelage allows hlgh energy concentratlon

and the dynanic on-board swftchlng provldes the appropriate bean

conneetlons. These teehniques ar€ parblcularly approprtate for future

donesùLc satelltte connunlcations, especlally for low trafflc density,

nobiler naritlne on direet to user applleatlons. Suftable protocols for

data trafflcr and fntegrated data and volce trafflc, uslng a bean sr¡lbched

transponder have been ldenblffed. T?relr delay and buffer perfornances

fndlcate that a space dlvislon network is a feaslble propositlon.

Due to the large populatlon and lnfrrequent usage by the users of the

space dLvfslon netnork, a Flxed Assignnent Protocol seens unsultable

because of lts inefflelency, large buffer requlrenents and lts poor delay

perfornance.

The higher perfornanee denand asslgnænb protocols suffer a reduct,lon

in data channel capaeity, sfnce part of the eapaclby ts used by the control

nechanlsn. If the slze of the reservatlon burst is sufficlently large, a

reductlon of the reservatlon delay to the intrinslc value of half a

franelength ls posslble. Ihe penalty paid fon such an lmproveuænt is a

decrease ln data channel capaclt,y.
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I{l!h the hybrtd protocol of distrlbuted control Denand Asslgnnent

upllnk and Flxed Asslgnment downllnk, the patr of oonnecttng beans, llke
the Flxed Àssignænt Protocol, swttch through a flxed sequence. Tre

statLons tn each spotbean coverage share the allocated capaelty. Tt¡e

associatêd dlsadvantages Lnelude tnflexlblltty in capaclty asslgnænt and

added conplexlty fn ühe earth seguenù. tlhtle the advantage lies in lts
slnpllclty ln the space segnent. TÏ¡e protocol perforns best lrhen the

allocated capacLty for each spotbean coverage ls large and the nunber of

spotbean coverages, and the average æssage lengthr ârrê snall. Hence a

large capaclty transponder and spotbean coverage ane neconnended. Its
delay and buffer perfornances aFe only sllghtly inferlor to those of the

fully Denand Asslgnænt protocol.

0f tàe three posslble space dlvfslon protoeols conslder€d, the fully
Denand Asslgnænt, Protocol has the best, delay and buffer perfornances as

shorm in Chapter 6. Its delay perfornance approaches those of bhe global

bean urrblple access protocors, especlally in the reglon of high

Ùhroughput. Ttre delay and buffer perfornances arre lndependent of the

nunber of spotbean cover^ages, hence a large nunber of hlghly concentrated

spotbeams can be utillsed. llre !Þssage length Ls nob a crltfcal facbor ln

the delay perfornance, therefore the Denand Asslgnnent protocol can

accomodate a larger range of traffic. As the entlre eapaelty ls shared

anongsf all the stablons ln the network, a hlgh degree of statfstlcaL
nulbiplexfng or efflclency can be achieved. Horæver, the requlred harrCrar.e

ln the space segnent and bhe control æchanisn ls rcIatively rcre conpLex.

Fon all three protncols, the buffers blockfng probabllltles ane

monotonlcally decreaslng functlons wlbh trespect to lncreaslng buffer size,

1'e. any blocklng probablllty ean be achleved if a suffleiently large

buffer ls lnstalled. In addiùlon, both the delay and ùhe buffer bloeklng

probabllitles ar€ nonotonlcally lneneasfng funetlons wlth rrespeet to

lncneaslng throughput. That ls, the greater the arcunt of traffic, Ehe
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worse ls lts perfornance. tltth a flxed seÈ of braffic characterfstlcs ln

both denand asslgnment protocols, thelr pnotocol pararnetersr terrestrlal

net¡¡ork and hardrar.e designs, can be optfunlzed to satlsf! the criberla on

average ressage delay and buffer blockfng probabllttfes. Thefr

lnter-relatlonships and thefr tradeoffs are discussed in Chapter 6.

Honever, the econonlc vlablllty and the avallable technology wlll be

the pararcunt factors ln decldtng a system conflguraùlon for a space

divlslon satelllte swlbched netnork. Ib 1s envisaged bhat the slnpler

hybrld systen of denand asslgnænt upllnk and flxed asslgnnent downllnk

will be a suitable lnterin ælutfonr, before lb ls upgraded to the hlgher

perfornance and mre complex ftrlly denand asslgnnent systen. Besides

sateUite comunlcaÈlon, bhe proposed space dlvislon nulblple access

protocols can also be utilised tn any land based centrally controlled

comunlcatlon network, where each reglon of the nebwork has only access to

the nebwork via a cenÈral node.

Soæ other aspecüs wt¡1ch could be of lnportanee ln a practfcal space

dlvtslon sateUlbe sr¿ltched comunleatlon systen and night forn the basls

of fì¡rther nesearch are :-

An analytical and slnulatlon study on the delay and the buffer

perfornances for a comblned transponder and bean Er¡ftching s¡rsten or a

nultlple transnlsslon rate systen.

1

?. A study on the network stablltty tf lhe transnlsslon deterloratlon

the control lnfornaùlon can no longer be asguned negligfble.

on

Ftnally lt ls hoped that the work presented in thls thesls w111.

provide a set of tools for perfornanee evaluatlon and æthodologles ln

terrestrlal network and protoeol deslgn fon a spaee divlslon såtÆlllte

swltehed comnunleation network.



AooendLx 1. Calculatlon of the Âvera¡c and thc Yarlancc of ùhe Qr¡eue

Slze wlÈh Integratlon Plethod

Fron Equablon ( ll .2 .20 ) t

N-1

B( z) -r-N I b3 {ri-"N)
i=0 o v(z)

(A1. r)
Ã(z) r-r-NÃ(") þ (z)

Ît¡e followlng obserrraÈlons are mde !-

l. ,Þ(z) lns N zeros on, and tnsldc the unlt clrcle, lncluditTg z=I.

2. Sincc B(z) ts analytlcal tn and on thc unlù elrcle, y(z) lras tt¡e saË

zeror aE 0(z).

3. 0(z) and y(z) lnve polcs of ordcr N at z=0.

4 tþ\/þ(z) and B(2)/A(ù have no poles or zer'os !n and on the unlt

clrclc.

Froo (41.1)r by Cauohy's Intægral,

ln B(z) /^þ) = In v(z) - rn 0(z)

ln y(x) - ln 0(x) U*x-z
1

J2t f

rhcr.c I ls a clrclc of radlus l+e and l" l. f . Slnce In g(zl tiþ) ls

analytic ln and on f r In r(x) and ln 0(x) arc slngle valued on f .



tllth Rcslduc lleor.cn,

Repcatædly dlffercntlats (A 1.2),

ln B(z) = tn Ã(z) . h I
rn v(r) I I

xq o"-¡enJ In o(x)

- 

clx
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(A1.2)

(A1.3)

(A1.4)

Í-2r f

N- I
b.l

ln 0 (z) 
U*

I x-zÂln nI+z)(
T

j=0
I

J2tr

ln ó (x)
- e-"F dx

a(2) k
Tø_

¡(t)
(z) jr

f

f

2
z 1

Set z= I :-

f

f

B(1) (r) = Ã(1) 1r) h I
ln ó (x)-("-rF dx

B(2) ( r) - e(r) 1r) 
z - ¡(2) (t) - Ã(1) (t,'- j" I

ln ó (x)
-G:r)T dx

The lntegratlon can be facllltated by r.emvlng the slngular polnts and

fntegratlng tåe resldue anee. Let us dcflne

O(x) 4 ,¡ (") (x- 1) /x (A 1.5)

Io O(x) = ln (x-l) lx + ln,þ(1) + {{,ft)1r)/,r(1)}(x-1) +

.5t4,(2)(t)v(1) -,r(l)qr)2/,1,G)\ (x-r)2 + ... (4r.6)

Recall O(x) : I - *-N Ã(*) (nr.7¡
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Equating Ìüith (41.5), repeatedly dffferentiaÈe and set z=I, vatj.ous values

of r! can be obtained :-

ú(t) = * - u(1)1t)

Combining (41.3) and (41.6),

*(t)1r) = itir"' (1) - 2(N-1)Ã(t)(t) + N(N-r)]

,t,(2)(rl = jtÃ(3)1r) - 3(N-1)Ã(2)qr) + 3N(N-r)Ã(t)(t) - r'¡(r.r2-t)Ì

, (1) 
1r) ¡(t) qr) _ g (x) dx

r

(1)
( 1)

(x- 1) rl¡ ( 1)

c(p)dp

where g(x) =*þ t"ffifPJ xtt

= .s{{,(2) 1r),¡,(t) - ,t,(1) ( Ð2}/rt)G)2 x=l

qnr.8)

(A1. e)

p=0

(Al. 10)

Using Èhe polar co-ordinates, x=exp(jp)'

where G(p) = Re{gfexp(jp)] exp(jp)]

,(t)(1) = Ã(t) (r) - û(l) (1)/,1,(1) - I lnr)
o

var(B) = var(Ã) - ¡(r),I) + B(1)1r) jt f

or -1 ,^l-v lzl^rn\%ì, - *(t) ct>
2(l-cosp)'"ì.2,J,(t)l l-coso I J 2þ(L)

p#o

= 0.5{ú(2) 1r),r(1) - ,t,(1) ( Ð2}/,1)G>2

and mrjn = 0{exp(ip)} = l-exp(-jl¡p)Ã[exp(jp)]

From (41.4),

f
ln ó fx)

(x- 1) '
dx (A1.rl)



Using (41.6) ,

where

(l) ( 1)var(B)=var(A)-A (1)+B

(3) (2) (1)
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h (x) dx
r

(2)
ú (1)ú(1) - ú

(1) (r)2
2(x-1)(/(1)z

x#t

+ (1)
3

(1) -

o.s{ú(') (r),t,(1) - ,1,(1) ( Ð2}/,t) (t), - h f

h(x) =f¡='"{:fPJ ,,fþ

2_3 I I

(1)
1 2

I I +2

(A1. 12)

(A1.13)

I I
6!) 1)

Using polar co-ordí.nates,

var(B) = var(Ã) - ¡(t),1) + B(t) (t) -

H(p ) dp

where II(p) = Re{hIexp(jp) ]exp(jp) ]

or

x=1

p+o

+1.
o

H(p) =*{[çr#;+"J [,"{tüt(l -+ffi) )t)

+ ,1, 
(1) (r) -2q, ( 1) ( t-cosp )

(3)

(2) I

(2) (1)

4q., ( 1)

I 2 3 i (1)
3

6{l(t)

p=o
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Aopcndlx ! E¡o¡.csslons fon thc Avera¡e lßssa¡c Delav of varlous

Global Bean Netrcrk Protocols

llc total data ægsage dslay (Da) ls deflncd as ühe duratlon betreen

the æssege arrlval lnto thc ændlng statlon and the mrenb that thc

Dessege ls r€eelved by thc destlnatlon statlon.

E(Dd) = E(h) + E(Ds) + rÈpd (A2.1)

where \ and D, are the randon varfables of reservatfon and schedullng

delay rrespeoÈlvely, and tn sat¿lllte comrnlcatlon the r"ound ürlp

propagatlon dclay (rÈp<l) lr approx{natc1V 0.27 second.

ltrere are bwo crlterLa fon channels stablllty, the nunber of æssage

arÍvals per fraæ n¡sÈ be sneller than the reservatl.on channel oapaclty.

Slnllarly, the data arrlvals per fraæ u.¡st also be qnaller than the

asslgned capaclüy.

lìe coqarlsons a¡¡e Eadc rlth Polsson æssaga arrlval process and

geoætrfeal ælsregc lcngtlr dlstrlbutlon. Detatled derlvatlons of the

expr^esslons of tåe average æssage delay can b€ found ln the Ucted

r€fer€ncès. Thc syubols used heyc slnllar deflnltlons as those ln

Chapter 4.



Â. Îl¡e Dlvlslon ìtulblo1e Acoess (TNA) Protocol

Ref : [nUB 791

E(D*) = 0I

Pagc À-í.,

(A2.2)

(A2.3 )

(A2.4)

(42.5a)

(A2.5b)

(42.6a)

(s)

Süablllty crlterlon for eaoh sBetlon :-

Ài/o < I

B. Slotbcd Aloha Protocol

Ref : IBEL 80]r ISCIU 771pp.292

Deflnlblonr !-

1

2

2.

¡(Ds) = | * ^L/eQle-r)f2(1-Ài/e)

Ào : total channel lnput ratc (lncluded retranmLt æssages)

r = slot lnterval ln sêcond

K = naxln¡n n¡nber of randonlsed delay ln slots

E(Dx) = 0

E(Ds) = 1.5fF + e{rrpd + (K+2) /(2F)}

For a slngle slot nessagc,

e:G/S- l

G can bc derived lterablvely fron

S : G exp({¡)

For a urltlplc slots ræssagc,

rlhene

e:Àb/(sFfe)-l

^ÀÀb" Ffo Ffo

l-xexp (À6)

(s)

0exp (À6 )
exp Àb

ll

Ualng (Ae.6U), f6 can bc derlved lteratlvely.

(A2. 6b)
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Stablllty criterlon :-

netrork arrlval < 1le X channel capaelty

Í.e. 
^/g 

< l/e X Ff (42.6c)

C. Reserrratlon Aloha Protocol

Ref ¡ [RoB 73], [SCrn 77]pp.303

Deflnlülons s-

Y = nunber of rrærvatlon slots pen data sloÈ

ô = data channeL bandwldth asslgnænt

K = naxfuun t¡¡uber of randonlsed delay

and K is m.¡ch snaller than the totål nunber of r.eser¡ratlon slots per fraæ.

E(DR) = Dr(1-S/6) + DrSlô + rtpd (s) (A2.7,

1.e. D* ls coqosed of Aloha Statc, Resenred Stata and the pr.opagatlon

delay of the r.equest rrespcctlvely.

â.

b.

D, = 1.5/(YF) + er( rtpd + (K+2)/(2VF) )

rhcr¡c et = Gt/St - 1 = exp Gt -1

and Gl can be obtained lteratlvely by

St = 0S/Y = Glexp {i1

(s) (42.8a)

(A2.8b)

(42.8o)

(42.9a)

(A2.gb)

(42.9c)

(A2.10)

D2=1 l2+1.5/(VF )+e2 [aax( f, rÈpd)+f /2+(K+t) l(zVF)l ( s)

vher.e e2=G2/32 - I = erp G2 -1

and G, can be obtelncd ltcratlvely by

Sz = 0S/(V-Vô) = Gzcxg 4z

2. E(Ds) =frffi (s)



Stablllt,y crlüeria :-

Dessege arrlval < 1/c X n¡nbcr of r.csenvaùlon sloÈs

À< 1/al (1-6)FfV

1

fhe naxinr¡n data bandwldtÌr assignænt ( ô*"*

nescrvaflon channcl ¡-

6 = V/(V+Oe)
max

neùrork arrlval < data channcl capaclty

À/e < ôFf

Page A-8

(A2. t 1)

) ln order to have a stable

(A2.12)

(A2. t3)

(42. t4a)

(A2.14b)

(42.14c)

2

3

D. sollt<hannel Reservatlon lâ¡rtlple lccess (SRHA) protocol

Rcf : [ToB 761

llote !-

The r.eservatlon and data channcl occupy dlffer.ent portlons of the

bandwldÈh. Each channel ls dfvlded lnto tlæ sÌots.

11 . TT¡e avenage lnput raÈe ( À ) ts nor deflned as arrivals per second.

f11. lll rynbols as tn Reservatlon Aloha protocol.

I

E(h)=3/(VF-VFô)+ e[rtpd+(K+Z) /(Vî-VF6)]+rt,pd (s)

wher.e e = GrlS, -1 = exp O, -l
and G, can be obtaincd ltcraùlvely by

S, = 208/(V-V6) g Grexp 4r

E(Ds) = 26ffS (s)2 (A2. rs)



Stablllty criterla B-

urssâgc arrlval < lle I r¡¡nbcr of r.erarvatlon slots

À < llc *, (t-ô)FV/z

the mxlnun data bandwldth asslgnrent ( ô*"*

r"escrvatlon channcl ¡-

6r"* = Ylícl+29c)

ncÈnork arnlval < dat¡ ehanncl capaolty

À/e < ôF

Page A-9

(A2.16)

) ln order to h¡vc a sùablc

(A2.17)

(A2.18)

1 a

2.

3



Appendix 3. Publication

-Journal of Australia Teleeommunication Research
VoI.16, No.2, Nov. 82.

(Rtn¡,



Ko, K. T. & Davis, B. (1982). Design of a demand-assignment satellite-

switched space division multiple access communication network. Australian 

Telecommunication Research, 16(2), 25-38. 

 

 

 

 

 

 

 

 

 

 

 

NOTE:   

 

 

This publication is included in the print copy  

of the thesis held in the University of Adelaide Library. 

 

 

 

 

 

 

 



EPILOGUE

LATIS AND PARADOXES

Durlng the cot¡rse of work torards thfs dlssertablon, the author eane

to terns nlfh one of the fundanental laws of natur.e :-

nl{¡rphy rËs an optLnist.n

(see IKLI 68] for a conpr.ehenslve dlscusston on lfurphy's Law.)

Further türe captfvatl.on of the author by llfe's paradoxes, epltonized

by Groucho l,larx's r€nerk:-

nf wouldn't Joln any CIub ¡¡trfch would have Me as a Menber.n

should hopefuIly not infLuence the opinion of the r.eaders of bhls

dlssertatlon.
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