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Summary

Packet reservation multiple accessisaprotocol for packet transmissionsfrom wireless
terminalsto abase station. Inthisthesis, athorough performance analysisand simulation
of the PRMA protocol appliedto cellular systemsis presented. New analysismethods are
developed which allow the efficiency improvements over strictly assigned (TDMA) or
random (ALOHA) accessschemesto be quantified. Adaptive control proceduresand effi-
cient voice dataintegration scheme are proposed for further improvement of PRMA effi-

ciency.

A Markov analysis (MA) technique for voice—only PRMA is proposed. The concept of
the system instability measure FET (First Exit Time), previously used in ALOHA sys-
tems, isintroduced into the PRMA system. The FET and other system performance pa-
rameters such as voice packet dropping probability, throughput, and Erlang capacity are
calculated accurately with the MA. Calculation and simulation results show that PRMA
has encouraging potential as a statistical multiplexer of speech packetsand the MA esta-

blishes a powerful tool for the performance study and design of the PRMA system.

Based on the Markov analysis for voice-only PRMA, two analysis methods for joint
voice-data PRMA with uplink packet header errors are developed. The two approaches
givethedistribution of the system state variabl es, thus amore accurate performance esti-
mate is obtained. Expressions for voice packet dropping probability in the presence of
uplink packet header errors are also derived. Computer simulation results are presented
for comparison with analysis results and good agreement is observed. The obtained per-

formance measures indicate that PRMA gracefully accepts low bit rate data terminals

XVii



with moderate data packet delays. However, the data transmission is established at the
cost of areduction of the number of voiceterminas, due to the collisions between voice

and data packets.

To further improvethe PRMA channel efficiency, an adaptive retransmission probabili-
ty (ARP) schemeis proposed and an estimate ARP (E-ARP) procedureis given for pos-
sible practical applications. A channel efficient voice data integration which schedules
the data packets on the unused time dlots, called slot stealing, is presented. Analysis and
simulation show that PRMA channel efficiency is improved significantly and the

throughput approaches the maximum value of unity.

With consideration of propagation loss and fading, the packet capture effectson PRMA
performance and stability are investigated. The results show that for strong capture, sig-
nificantly improved performance is obtained. The investigation is then extended to the
caseof co—channel interference. A seven—cell cluster with fixed channel allocationiscon-
sidered. Numerical results show that there is no much increase in voice packet loss rate
with the increase traffic level in the interfering cells and the Erlang capacity of PRMA

is not degraded significantly by co—channel interference.

Xviii



| declarethat thisthesisdoes not incorporate without acknowledgment any material pre-
viously submitted for a degree or diploma in any university; and that to the best of my
knowledge it does not contain any materials previously published or written by another

person except where due reference is made in the text.

(signed)
Honghui Qi
31/08/94

XiX



ACKNOWLEDGMENTS

| would like to thank my supervisor Dr. Richard Wyrwas for his guidance, encourage-
ment and helpful discussions throughout the courses of this research.
| would like to also thank Dr. Phil Whiting for his comments and to my colleaguesin
M obile Communications Research Centre (MCRC) for their help.
Thefinancia support of Telecom Australia, the Australian Government and the Univers-

ity of South Australia are greatly appreciated.

XX



PH.D. THESIS OF HONGHUI QI

Chapter 1

| ntroduction

1.1 Motivation

Recently, personal wireless communications have attracted considerable attention.
About adecadeold, thefirst generation technol ogi es, characterised by anal og voicetrans-
mission and limited flexibility, were used in cordless and cellular systems [11]. To en-
hance the quality and capacity of the cellular and cordless communications, avariety of
second generation systems have been developed [11]. All of them will employ digital
voice transmission. The cellular systems will have dedicated channels for the exchange
of network control information between mobile terminals and the network infrastructure
duringtheprogressof acall. Thecordlessphoneswill haveaccessto many channels, auto-

matically selecting the best available channel with respect to cochannel interference[10].

Asthe development of these second generation systems proceeds, researchers are turn-
ing their attention to thethird generation of wirel essinformation networks[1] [3] [4]. The
vision of the third generation is the merger of cellular and cordless technologies into a
means of generalised wirelessaccessfor advanced information services. Onechallenging
requirement isthat third generation systems servelarge user populationsin densely popu-
lated areas. To meet the demands of a large user population, systems will operate with
small cells (microcells) served by base stations arranged on a dense grid. The density of
base stations will add substantially to the volume of call control operations, such asve-

hicle location and handoff, required of the network infrastructure. To support these
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burdens, call control and call management functionswill haveto bedecentralised and dis-
tributed over many processors. In addition, in view of the growing importance of data
communications for applications such as paging, personal e-mail, and portable comput-
ing, the third generation systemswill be required to support both voice and data services
in an efficient and integrated manner. Asaconsequence, researchersare exploring packet

switching technology for meeting those requirements [1] [8].

Packet switching is attractive in a wireless network because the address and other in-
formation in packet headers make it possible for dispersed network elementsto respond
to user mobility without the intervention of central controllers[8]. Packet switching also
accommodatesvarioustypesof information fromdiversesources[68] [69] [100]. Inaddi-
tion, packet—based wirel essnetworkswill harmonisewith broad—band integrated services
digital networks (B—SDN), which will rely heavily on asynchronous transfer mode
(ATM) communications [8] [9].

A key technical issue related to packet switching is the selection of a suitable channel
sharing media access control technique. Mgjor options are time division multiple access
(TDMA), code division multiple access (CDMA), and packet contention technologies
[31]. TDMA is a mature and well-understood technique. A magjor advantage is that
TDMA opens up new possihilities of cheaper base stations by performing the signal pro-
cessing in the baseband and time—sharing the more expensive radio equipment [ 7]. How-
ever TDMA suffers from the disadvantage that if aterminal has nothing to send, its slot
will beleft idle, while other users may have packetswaiting to be transmitted [5]. CDMA
hasreceived extensive attention, in part, becauseit appearsto have the potential of higher
system bandwidth efficiency, but suffersfrom certain technical difficulties such aspower
control and higher delay due to peak transmission speed limitation [100]. In this thesis

we explore the third alterative, packet contention.
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Packet contention techniques such as ALOHA [33] —[40], R-ALOHA [41] [42] and
carrier sense multiple access (CSMA) [51] [52] find widespread use in datacommunica
tions, including common control channel signaling in cellular mobile radio systems.
Among the principal merits of packet contention methodsistheir ability to serve alarge
number of terminals, each with alow average datarate and a high peak rate. While they
function with little or no central coordination, packet contention techniques often make
inefficient use of the shared transmission medium. When too many terminalstry to com-
municate at once, throughput goes down and transmission delay increases substantially.
While recent studies [55] [59] — [61] indicate that packet contention schemes perform
better in local radio environments than elsewhere, unpredictable, possibly long, delays

have made packet contention appear unattractive for voice transmission.

Addressing this problem, paper [68] explored PRMA, packet reservation multiple ac-
cess, as atechnique for transmitting, over short range radio channels, a mixture of voice
packets and packets from other information sources. The PRMA protocol organises the
flow of information from dispersed terminalsto acentral base station. The channel isdi-
vided into dots, the slots are organised into frames. The basic principle of PRMA isto
occupy atime slot only during speech talkspurts and release the channel during silence
periods. In each frame, time slots are dynamically reserved for packets from active voice
terminals. Asaconsequence, theterminal swith reservation sharethe channel inamanner
closely resembling time division multiple access (TDMA). The throughput is high and
the voice packet delay is constrained to meet a specific design limit. To enforce this con-
straint, terminals discard packets that encounter excess delay. Dropped packets are the

main cause of speech impairment.

PRMA is closely related to the reservation ALOHA protocol, R-ALOHA [41] [42].
PRMA is distinguished from R-ALOHA by its response to network congestion and by
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its short round trip transmission time[70]. In R—ALOHA, congestion causes |ong packet
delays. INnPRMA, information packets from periodic packet sources, such as speech, are

discarded if they remain in the terminal beyond a certain time limit.

PRMA makes efficient use of speech activity detectorsto obtain abandwidth efficiency
improvement over TDMA.. The control complexity of TDMA makesit adifficult matter
to use speech detection to improve efficiency [68]. PRMA, on the other hand, gracefully

accommodates many types of information.

In thisthesis, a thorough performance analysis and simulation of the PRMA protocol

will be presented.

1.2 Literature Review

1.2.1 Voice-only PRMA System

Packet reservation multiple access (PRMA) was originally proposed by Goodman et
al in [68] for packet voice terminalsin cellular systems. At a speech terminal, the time
dlots are grouped in frames. Each dlot in aframeisrecognised as *‘reserved” or “avail-
able” according to the acknowledgment message received from the base at the end of the
slot. When atalkspurt begins, the terminal uses the ALOHA protocol to contend for an
availabledlot. Whenit successfully transmitsaspeech packet, it reservesthat ot infuture
frames until the end of the talkspurt. Otherwise, it contends again with acertain permis-
sion probability. Aninitial study of voice-only PRMA isgivenin[68]. It was shown that
when voice terminal s are equipped with speech activity detectors, PRMA efficiency can

exceed that of conventional multiple access techniques such as TDMA and FDMA.

[69] presents acomputer simulation study that explores in depth the effects on PRMA

efficiency of avariety of design and operating variables. Since conversational speech re-
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quiresprompt packet delivery, packetsdelayed beyond acertaintimelimit areuselessand
are dropped by the system. The speech quality gradually degrades with increased packet
dropping. The system performance measure of main interest istherefore the packet drop-
ping probability. PRMA capacity isdefined in [69] to be the maximum number of termi-
nal sthat can shareacommon channel with an averageval ue of packet dropping probabili-
ty consistent with speech quality objectives. The system throughput isalso defined asthe
fraction of systemtime slotsthat carry useful information [69]. Simulation resultsin [69]
indicate that PRMA has encouraging potential as a statistical multiplexer of speech

packets.

Voice-only PRMA isfurther studiedin[70] by Nandaet al. They developaPRMA voice
terminal model and present an equilibrium point analysis (EPA) of PRMA. EPA is used
to analysethe system stability and performance measures. ASALOHA, some PRMA sys-
tem configurations lead to multiple (three) equilibrium points, only two of which are
stable. Such a system is called a bistable system. Performance measures such as packet
dropping probability and throughput are derived and obtained by deriving the expectation
of those measureswith respect to the estimated state probability distribution by EPA. Nu-
merical calculation in [70] shows close agreement with computer simulation when the
systemis stable. However, simulation results fall between two theoretical curvesfor bi-
stable systems. [70] also indicates that more accurate analysis results could be obtained
by Markov analysis(MA), but thisideais not developed further, nor istherelative insta-
bility of bistable systems, such as ALOHA [36] [41], derived. It is aso noted that [68]
[69] [70] etc. all assumethat the total number of terminalsin the systemisfixed. In prac-
tice, the number of users varies over time. In such asituation, Erlang capacity isan im-
portant performance parameter. Consequently, the development of an accurate analysis
method such asMA isaresearch goal inthe PRMA study, so that the system performance

and instability measure can be obtained accurately.
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1.2.2 Joint Voice Data PRMA System

Access requirements for data terminals are different from that for voice terminals. A
reservation protocol isappropriate for speech terminals since conversational speech pro-
duces multi—packet messages during talkspurts. Data packets, on the other hand, are not
provided reservations. In the unreserved dlots, speech and dataterminals contend for the
channel asin slotted ALOHA, but with unequal permission probabilities. When aspeech
terminal issuccessful, it obtains exclusive use of the slot in subsequent frames (areserva-
tion). Data packets must not be dropped, but are assumed to tolerate longer delays. Such
ajoint voice data systemis studied in [72] [73].

In[72], the author invokes elementary catastrophe theory to study the stability of the
coupled voice and data sub—systems. They derived the region in the design parameter
spacethat ensuresthat thejoint system hasasingle equilibrium point with an uncongested
speech sub—system. Also [72] and [73] present an equilibrium point analysis of thejoint
voi ce—datasystem and provide expressionsfor voice packet dropping probability, thedis-
tribution of data packet delay and system throughput, at equilibrium. Theanalysisiseasi-
ly applied, but, it underestimates the data packet delay and voice packet dropping proba-
bility, since the delay and dropping probability are estimated from the equilibrium values
of system variables. In order to obtain amore accurate performance estimate, the distribu-
tion of these random system variables should be used. Two methods will be developed

in this thesis for accurate performance eval uation.

1.2.3 PRMA with Packet Header Errors

A PRMA packet consists of a header and speech or datainformation. The header pro-

vides the base station the information it needs to forward the packet to its destination. If
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the base station isable to decode aheader correctly, the packet transmissionisconsidered
successful. If in aparticular slot, the base station is unable to decode a header correctly,
it announces unsuccessful reception. In awireless mobile radio environment, a channel
suffersfrom noise and fading errors. Therefore these errorsin the packet header have a
negative effect on the performance of PRMA. For the voice-only PRMA system, [77]
studies the stability of the system with transmission errors. [76] presents simulation re-
sults for PRMA with uplink packet header errors. [75] [78] and [79] present simulation
results for a voice-only system with header errors on both uplink and acknowledgment
packets. However, the calculation of an important performance measure, voice packet
dropping probability, iscomplicated andisnot developed [ 77]. Inthisthesis, voice packet
dropping probability will be derived in the presence of uplink packet header errors.

1.2.4 Adaptive Retransmission PRMA

In random access schemes, adaptive control schemes are generally used to improvethe
system performance[45][46][48][50]. In ALOHA type systems, thereexistsabistable be-
haviour [36] [40] [41]. Thisbehaviour impliesthat the system may, dueto statistical fluc-
tuationsin the rate of attemptsto transmit, drift to an undesirable operating point where
the system throughput drops to almost zero and delay increases to an unacceptable level.
Adaptive control ALOHA procedures [45] [46] are proposed to prevent the system from
driftinginto such undesirabl e statesand be capabl e of achieving athroughput—del ay chan-
nel performance closeto thetheoretical optimum. Similarly, PRMA hasthe same bistable
phenomenon and theintroduction of adaptive control methodsinto the PRMA system are
studied in this thesis. To the author’s best knowledge, work on adaptive control PRMA

hasnot previously been published. Based on someanalytical propertiesof the PRMA sys-
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tem, an optimal adaptive retransmission scheme (ARP) will be derived, and a practical

adaptive control scheme will also be given.

1.2.5 A Channel Efficient Method of Voice Data I ntegration in PRMA

In random access schemes, like ALOHA, PRMA, etc., itisfound that channel resource
is wasted due to packet collisions or ssmply lack of transmission attempts by users [33]
—[48], [69][70Q]. In order to increase the channel utilisation, other access schemes, such
as global scheduling multiple access (GSMA) [49], and integrated access schemes [48]
[92] —[100] have been proposed. Theintegrated access schemes al so meet theintegration
service requirement which isthe key concept in the devel opment of the third—generation
communication systems. [92] [96] —[98] describe circuit and packet integration access
schemes. [95] [99] propose schemeswhich enabl e dataterminal sto transmit multi—packet
messages when voice terminals are in silent periods. [48] proposes a mixed ALOHA
carrier sense (MACS) access scheme to introduce a separate large carrier—sensing user
who “ steals” slots which remain unused by the background of ALOHA users. In PRMA
dataterminalscan al so be efficiently integrated based on adaptiveretransmission scheme.
When data packets are scheduled to transmit on the unused slots of voice packets, the

throughput of PRMA increases dramatically as shown in Chapter 5.

1.2.6 Effectsof Capture and Co—channel Interference on

PRM A Performance

Two salient characteristicsof the cellular mobileradio environment are multipath propa-
gation and the near—far phenomenon which cause signalsfrom different mobileterminals

to reach the base station with different power levels. When packets competing for access
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to a common radio receiver arrive from different distance and with independent fading
levels, itisnolonger certain that all colliding packetswill always be annihilated by each
other. The packet arriving with highest energy has agood chance of being detected accu-
rately. This gives rise to capture effects. This effect enhances the capacity of a channel
accessed by multiple contending transmitters, e.g. using the ALOHA protocol [55] — [67],
or PRMA[68] [81]. [68] presents simulation results when the near—far effect is con-
sidered. [81] investigatesPRM A performanceinthe presenceof capturewheretest packet
suffers from Rician fading and the near—far effect and interference packets suffer from
Rayleigh fading and the near—far effect. Inthe ALOHA system, capture also reduces sys-
tem instability [57] [58], and shadowing enhances system capacity more than Rayleigh
fading does [66]. Therefore it is necessary to study the potential benefits of PRMA sys-
temsin terms of performance and stability with the three propagation mechanisms, sha-

dowing, Rayleigh fading and near—far effects.

Moreover, in acellular layout, interference from other cells is a factor which affects
PRMA performance [82][84]. The calculation of signal to interferenceratio is described
in many publications[107] —[109]. If the signal to interference ratio of apacket islower
thantheminimumrequired value, thenitisinterfered. [84] examinesPRMA performance
assuming that the interfered packets only apply to access packets. In [82] the authors ev-
aluate the performance of PRMA inacellular environment with fixed and dynamic chan-
nel alocation and make acomparison between PRM A and multiple accesswith dedicated
channels (both TDMA and FDMA). In [82] the authors assume that packet headers have
ideal protection. Inthisthesis, weprovide an analysis method to consider the case of non—
ideal header error protection. We assume that if a packet is interfered, the interfered
packet cannot be decoded correctly, and interfered packets apply not only to access

packets but also to reservation packets.
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1.3 Outlineof the Thesis

In chapter 2, cellular systems and the PRMA protocol are described. A cellular system
architecture [12] — [15] is reviewed. The three propagation phenomenain mobile radio
environment, Rayleigh fading, shadowing and path loss[16] —[24], are described. In sec-
tion 2.2 the ALOHA and R—-ALOHA protocols[32] [33] [36] [41] are briefly described,
then PRMA [68] [69] isintroduced. The concept of PRMA is described in detail.

Chapter 3 presentsaMarkov analysis (MA) method for voice-only PRMA on an error
free channel. Particular emphasisis placed on the derivation of the MA and the new in-
sight which brings particularly in its application to the system instability measure. The
Erlang capacity of PRMA under different performance criteriaisal so calculated with the
MA approach. Detailed performance analysisis given for atypical example PRMA sys-

tem. A comparison of analysis and simulation resultsis presented.

Chapter 4 focuses on joint voice—data PRMA over random packet error channels. Fol-
lowing the development of two analysis methods, which are combined Markov and equi-
librium point analysis, and Markov analysis by approximating marginal distribution, the
joint voice—data PRMA performance parameters, such as, voice packet dropping proba-
bility, data packet delay and channel throughput, are derived in the case of uplink random
packet header errors. Theanalysisiscompared with the equilibrium point analysisin[71]

and simulation results are presented.

In chapter 5, we propose and analyse adaptive retransmission probability (ARP)
schemesfor PRMA systemsto reduce system instability and increase channel efficiency.
Anoptimal adaptiveretransmission probability isfirst derived, apractical control proced-
urerealising the ARP schemeisthen proposed. Based onthe ARP schemes, aslot stealing

10
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scheme, which can significantly increasethe PRM A throughput, ispresented. A compari-

son between the slot stealing PRMA and the joint voice-data PRMA is given.

In chapter 6, packet capture effects on the PRMA stability and performance are studied.
Then theeffects of co—channel interferenceon PRMA areevaluated. A seven—cell cluster
with fixed channel allocation isconsidered. The analysisand simulation results are pres-

ented.

Chapter 7 summarises the results and contributions of the thesis and gives some topics

for future research in the area.

1.4 Contributionsof the Thesis

The main contributions of this thesis can be concluded as follows.

[1 A Markov analysis (MA) method is developed for voice—only
PRMA. Thisanalysis method enables usto obtain more accurate
performance and system instability measures, such as voice
packet dropping probability, channel throughput and FET (first

exit time).

1 A combined Markov and equilibrium point analysis, and Markov
analysis by approximating marginal distribution of backlogged
data terminals are developed for joint voice-data PRMA. Those
two analysis methods give the distribution of system state vari-
ables, thus a more accurate system performance estimate is ob-
tained than with the equilibrium point analysis (EPA) previously
developed by other authors.

11
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[1 Expressions for voice packet dropping probability in the pres-

ence of uplink packet header transmission errors are derived.

[1 The development, analysis and simulation of adaptive retrans-
mission probability (ARP) schemes for system stability and ca-
pacity improvement and estimation ARP scheme for possible
practical applications. The probability and effects of estimation

errors are analysed and simulated.

[1 A channel efficient method, called slot stealing, for voice data
integration in PRMA isdeveloped, analysed and ssmulated. The
slot stealing PRMA can obtain near maximum channel through-

put.

[1 Packet capture effects on system stability and performance are
analysed.

[1 Cellular co—channel interference effectson voice packet lossrate

and Erlang capacity of PRMA are studied and simul ated.

This thesis has produced severa papers as listed below.

Journal papers.

[1] Honghui Qi, and Richard Wyrwas, *“ Capture Effectson PRMA stability and Per-
formance’, Electron. Lett., Vol. 30, No. 7, 31st March, 1994, pp 539 — 540.

[2] Honghui Qi, Richard Wyrwas, “‘Performance Analysis of Joint Voice-Data
PRMA over Random Packet Error Channels’ revised and resubmitted to | EEE

Trans. \eh. Technol. for publication
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[3]

[4]

Honghui Qi, Richard Wyrwas, ** A channel Efficient Method of Voice Datalnte-
grationinCellular PRMA” revised and resubmitted to | EEE Trans. \eeh. Technol.

for publication

Honghui Qi, Richard Wyrwas, ““PRMA in Cellular Systems: Markov Analysis
and Adaptive Control Procedures’ submitted to IEE Proceeding E for publica-

tion.

Conference papers:

[3]

[6]

[7]

[8]

[9]

Honghui Qi, and Richard Wyrwas, *“Markov Analysisfor PRMA Performance
Study”, InProc. 44th | EEE \eh. Technol. Conf., Stockholm, Sweden, June 7-10,
1994, pp 1184 — 1188.

Honghui Qi, and Richard Wyrwas, ** Effects of Capture on the Stability and Per-
formance of PRMA”, |EEE International Conferenceon Universal WirelessAc-
cess, 18-19 April, 1994, Melbourne, Australia, ppl75— 178.

Honghui Qi, and Richard Wyrwas, ‘‘Erlang Capacity of Cellular Packet Re-
servation Multiple Access(PRMA)” to be submitted to the 45th | EEE \eh. Tech-

nol. Conf.

Honghui Qi, and Richard Wyrwas, ** A combined Markov and Equilibrium point
analysis for Joint VVoice-Data PRMA” to be submitted to the 45th |EEE Veh.

Technol. Conf.

Honghui Qi, and Richard Wyrwas, *‘ Performance Analysis of a Slot Stealing

Schemein PRMA for Cellular Wireless Networks’ in preparation.
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Chapter 2
Description of Cellular Systems and
PRMA Protocol

2.1 Cdlular Systems

2.1.1 Céellular Systems

A typical cellular system architecturein which the geographic areaistessellated by hex-
agonal cellsis considered. At the centre of each cell is a base station. Mobile terminals
are spatially distributed around the base station [12] [13]. One key feature of a cellular
system is frequency reuse [15] [17]. In cellular systems, the service areais divided into
alarge number of cells, each with its own base station. The power radiated by the base
station is kept to a minimum and the antennas are located just high enough above the
ground to achievethedesired coverage. Thisenables non-adjacent cellsto reusethe same
set of frequencies. Infact, aset of different frequenciesisassigned to agroup of cellscon-
stituting the cluster. The same set can be reused only in different clusters. Thisis shown
in Figure 2.1. The closet distance between the centres of two cells using the same fre-
guency (indifferent clusters) isdetermined by the choice of the cluster size and thelayout
of the cell cluster. Thisdistanceis called the frequency reused distance. The reused dis-

tance d, normalised to the size of hexagon, is[15]

d L3N, (2.1)
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where N is cluster size. For hexagon cells, possible cluster sizesareN¢=1, 3,4, 7, 9, 12
and so on. Figure 2.1 showsacell structure according to ahexagonal frequency repetition

pattern with clusters of Ni=7 cells. For Ns=7, d=4.6.

FIGURE 2.1 —7—cell reuse pattern
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Within acell, a portion of the available frequency spectrum is further divided into two
bands, supporting a frequency division duplexing (FDD) scheme. At any instant, each
mobile terminal is assigned to a base station (BS) according to relative signal strengths
received at the various frequency bands. Each of the two frequency channels, i.e. the
uplink channel for the mobile terminal to BS direction and downlink channel for the BS
to mobileterminal directionisdedicated to acell. In each cell, mobileterminals sharethe
uplink channel for their transmission to the centre base station using an appropriate multi-
ple access protocol, e.g. packet reservation multiple access (PRMA) considered in this
work. In the downlink channel, transmissions are generally supported by time division

multiple access (TDMA) [68] [69] [100]. Thisis shown in Figure 2.2.

_ mobile terminal
base station

PRMA(f11)

FIGURE 2.2 —Cellular System Architecture

Although cells using the same frequency are positioned sufficiently apart from each
other, itisstill possiblefor cochannel interferenceto arise when channelsare used simul-

taneously in as many cells as possible [107] [109]. A base station receiving the wanted
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signal from a mobile station within its cell may also receive unwanted signals (interfer-
ence) from mobileswithin other cell clusters using the same channel. The signal tointer-

ference ratio is an important parameter of cellular systems.

Furthermore the cellular mobile environment is burdened with particular propagation
complications, compared to the channel characteristics in radio systems with fixed and
carefully positioned antennas[17]. Theantennaheight at amobileterminal isusually very
small, typically lessthan afew meters. Hence, the antennais expected to have very little
clearance, resulting in obstacles and reflecting surfacesin thevicinity of the antenna hav-
ing a substantial influence on the characteristics of the propagation path. Moreover, the
propagation characteristics change from place to place and, if the terminal moves, from

timeto time.

In generic system studies, the mobile radio channel isusually evaluated from statistical
propagation models: no specific terrain datais considered, and channel parameters are
modelled as stochastic variables. The statistical propagation models are summarised and

reviewed below.

2.1.2 Review of Statistical Propagation Models

Theland mobileradio channel ischaracterised by three mutually independent, multipli-
cative propagation phenomena: multipath fading, shadowing, and path loss[16] [17] [18]
[19] [20]. Multipath propagation leads to rapid fluctuations of the phase and amplitude
of the signal if the vehicle moves over adistance on the order of awavelength or more.
Multipath fading thus has asmall—scal e effect. Shadowingisamedium-—scal e effect: field
strength variations occur if the antennais displaced over distances|arger than afew tens
or hundreds of meters. Thelarge—scal e effects cause thereceived power to vary gradually

due to signal attenuation determined by the geometry of the path profile in its entirety.
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Thelarge-scal e effectsdetermineapower level averaged over an areaof tensor hundreds
of metersand aretherefore denoted asthe area—mean power. Shadowing introduces addi-
tional fluctuations, so the received local-mean power varies around the area—mean. The
term local-mean is used to denote the signal level averaged over a few tens of wave-

lengths. These propagation mechanisms are described in detail in the following.

2.1.2.1 Path Loss

The characteristics of the path profile largely influence the behaviour of theradio link.
In statistical models, the path lossis often expressed as afunction of the distance between
transmitter and receiver, the corresponding antenna height and the carrier frequency. Al-
though specificterrain dataisnot considered in statistical analyses, the average behaviour
of the attenuation as afunction of rangeisinfluenced by the terrain parameters. In VHF/
UHF land—mobile radio, the principal large-scale mechanisms are free space |0oss,
groundwave propagation, and diffraction. For the statistical models employed in generic
system analysis, the effects of these large scale mechanismsare usually simplified by as-
suming an average attenuation, increasing with distance according to the attenuation

power law. Thus the power at distance Rp from the transmitter, ps(Rp), is

—[1
paRp KRS 2.2

wherek isthe transmitting power and i3 the power propagation law. Typical vauesfor
[Catetwo in free space, between three and four in mobile radio applicationswithin cities,

and perhaps greater than four inside buildings.

We assumek to be the same constant for al mobileterminals. Thusthe normalised area—
mean power received from amobile terminal at a normalised distance rq from the trans-

mitter is
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pale O=srg=1 (2 .3)

2.1.2.2 Shadowing

Consider aradio signal propagating in amobile radio environment. When reaching the
mobile station the radio signal will have travelled through different obstructions such as
buildings, tunnels, hills, trees, etc. Thisresultsin the shadowing of theradio signal. Ex-
periments [21] showed that for paths longer than a few hundred meters, the received
(local—mean) radio signal power, py, fluctuates with alog—normal distribution about the
area—mean power. By log—normal it is meant that the local-mean power expressed in
logarithmic values, such asdecibels, hasanormal (i.e. Gaussian) distribution. The proba-

bility density function (PDF) of the local-mean power isthus in the form of

(Inp npa)Z]

fo(P1/Pa) = ——= exp[
P \/Z—EEEDI 2[2%—' (24)

where [51s the logarithmic standard deviation of the shadowing, typically from 6dB to
12dB [22].

2.1.2.3 Rayleigh Fading

In mobile communications with relatively low antenna positions, the received signal
at amobilewill rarely have adirect line—of—sight to atransmitter. It isthe sum of the sig-
nalsformed by thetransmitted signal scattered by randomly placed obstructionsimposing
different attenuations and phases on the resultant signals. This is known as multipath
propagation, leading to rapid fluctuations around the local-mean power, py. Itisplausible

to suppose that the phases of the scattered waves are uniformly distributed from 0 to 21
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rad and that amplitudes and phases are statistically independent from each other. Conse-
guently, we may expect that at a certain instant the waves will be in phase, producing a
large amplitude, whereas at another instants they will be out of phase, producing a small
amplitude. Theenvelope of thefading signal, [JTtan be expressed by aRayleigh distribu-
tion, that is

f (0] E%EXDD@EMD (2 .5)

The PDF for the power, ps, of the Rayleigh variable [5in (2 .5) isthe exponential dis-
tribution, expressed as

fyBs A @xpps - (2.6)

Combining the above three propagation mechanisms, the unconditional PDF of thein-

stantaneous received power, ps, can be obtained by combining equations (2 .3), (2 .4) and

(2.6) [57]

1T 1
R0 Bl com B0
fo(p) O %IXpE%L_‘%Tmlexp_ i (2.7)

00

wheref(rg) isthe PDF of the distance between a mobile and the base station. It describes
the gpatial distribution of the offered traffic around the base station. If a uniform spatial

distribution is considered, then the f(rg) can be expressed as [57]

ad, (O I |

frg) L otherwise

(2.8)
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2.2 Description of Packet Reservation

Multiple Access

Before the description of packet reservation multiple access (PRMA) protocol, the

ALOHA and Reservation—ALOHA protocols are first briefly described.

2.2.1 Brief Description of ALOHA Schemes

2.2.1.1 PureALOHA

The pure ALOHA protocol wasfirst usedinthe ALOHA system, asingle-hop terminal
access network developed in 1970 at the university of Hawaii, employing packet—switch-
ing on aradio channel [35] [34]. It issuitable for bursty users. The simplest of its kind,
pure ALOHA permits a user to transmit packets any time it desires. Thereforeiit is pos-
sible to cause packet collisions or overlap with other packets from other users. The over-
lap could be completely or partially overlapped, both resulting in the destruction of all
packetsinvolved. If auser transmits a packet, and within some appropriate time—out pe-
riod it receives an acknowledgment from the destination (central computer or satellite),
then it knowsthat no conflict occurred. Otherwiseit assumesthat acollision occurred and
it must retransmit. To avoid continuously repeated conflicts, the retransmission delay is
randomised for all users, thus spreading the retry packets over time. Dueto conflictsand
idle channel time, the maximum channel efficiency available using pure ALOHA is 18

percent.
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2.2.1.2 Slotted ALOHA

Slotted ALOHA is aslotted version of pure ALOHA. It is obtained by dividing time
into slotsof duration equal to thetransmissiontime of asingle packet [37] [38]. Each user
isrequired to synchronise the start of transmission of its packet to coincide with the slot
boundary. When two packets conflict, they will overlap completely rather than partialy,
providing an increase in channel efficiency over pure ALOHA. The maximum channel

efficiency available using slotted ALOHA is 36 percent, twice that of pure ALOHA.

2.2.1.3 Reservation-ALOHA

Reservation—-ALOHA (R-ALOHA) [41] isanother ALOHA scheme based on a slotted
time axis. The dots are organised into frames of equal size. A user who has successfully
accessed adlot in aframe is guaranteed access to the same slot in the succeeding frame
and this continues until the user stops using it. **Unused” slots, however, are free to be
accessed by all usersin aslotted ALOHA contention mode. An unused slot in the current
frame is a slot which, in the preceding frame, either was idle or contained a collision.
Users need to simply maintain a history of the usage of each slot for just one frame dur-
ation. Clearly R-ALOHA iseffectiveonly if the usersgenerate stream typetraffic or long
multipacket messages. Itsperformancewill degrade significantly with single packet mes-
sages, as every time a packet is successful the corresponding slot in the following frame

islikely to remain empty.

Intheabove AL OHA systems, theacknowledgment packetsareavailableinseveral slots
duetolong propagation del ay. The data packetsare buffered until they obtainthe acknow-
ledgment.
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2.2.2 Packet Reservation Multiple Access

Packet Reservation Multiple Access (PRMA) [68][69][ 70][71][ 72], a modification of
R-ALOHA, isproposed by Goodman et al. for packet voiceterminalsin cellular systems,
especially for microcellular applications. It isa protocol between wirelessterminals and
abase station, which organisesthe flow of packetized information over ashared channel
to acentral base station. This particular application implies that the transmission delays
arenegligibleand theacknowledgment feedback packet isassumed to beavail ableinstan-
taneoudly (prior to the next slot). The speech application implies that delayed speech
packets are dropped, rather than buffered asin the ALOHA systems.

Inacellular system, packet reservation multiple access (PRMA) uses packet contention
technology to control the upstream traffic, the downstream traffic is scheduled by abase
station [68] [69], asisshowninfigure 2.2. Since the base station broadcasts a continuous
stream of packetized information to the terminals, there are no guard times required be-
tween packets and less synchronisation information required in each downstream packet.
Also scheduled downstream packets avoid all contentions. Therefore downstream
packets can carry more information than upstream packets. In PRMA this additional ca-
pacity will be used to carry the feedback information. The PRMA up and down-ink
structureisshowninfigure 2.3. Thisthesiswill focus on the problem of dispersed termi-
nals competing for access to the upstream channel, that is, the PRMA protocol for the

uplink channel.
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FIGURE 2.3 — PRMA up and Down-ink Structure

A description of the PRMA protocol is given in detail in the following.

2.2.2.1 Information Categories

Terminals can send two types of information, referred to as*‘ periodic’” and *‘random’.
Speech packetsare always periodic. Datapacketscan berandom, if they areisolated, such
as keyboard entries to a computer terminal, signaling messages and system control in-
formation; or periodic, if they are part of along stream of information, such asthosein-
volved in file transfers. The packet header specifies the nature of the information in a

packet.

2.2.2.2 Feedback

Feedback information is multiplexed into the continuous signal stream broadcast by the
base station. Each downstream packet isfollowed by feedback based on the result of the
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most recent upstream transmission. If the base is able to decode the header of an arriving
packet, the feedback identifies the terminal that sent the packet to the base. If the baseis
unableto decodethe header of an arriving packet, the base broadcasts a negative acknow-
ledgment (NACK) by feedback to indicate this result. The base need not indicate why it
isunableto decoded an arriving header. Possi bl e reasonsare: no packet transmitted; more
than one packet transmitted; one packet transmitted but impaired by adverse channel

conditions.

2.2.2.3 Frame and Slot

The channel bit streamisfirst organisedin slots, such that each slot can carry one packet
from aterminal to the base station. The time dots, in turn, are grouped in frames. The
framerateisidentical to the arrival rate of speech packets. Within aframe, terminalsre-
cognise each slot as being either *‘reserved’ or *“*available” on the basis of a feedback
packet broadcast in the previous frame from the base station to all of theterminals. A re-
served slot can be used only by the terminal that reserved the slot. An available slot can
be used by any terminal, not holding areservation, that hasinformation to transmit to the

base.

2.2.2.4 Channel Access

Contention: For a periodical terminal, e.g. a speech terminal, to access a channel, the
terminal contends with other terminals for an unreserved slot. The terminal must verify
two conditions. The current time slot must be ““available”, rather than * reserved” and
thetermina must havepermissiontotransmit. Permissionisgranted accordingtothestate

of apseudo random number generator. Theterminal attemptsto transmit theinitial packet
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of aburst at a permission probability p, until the base station acknowledges successful

reception of the packet. The permission probability p is adesign variable of PRMA.

Reservation: At the end of each upstream packet transmission, the base station broad-
caststhe outcomein an acknowledgment packet when the base station acknowledges ac-
curate reception of ainformation packet. The terminal that sent the packet reserves that
time dot for future transmissions. All terminalsthen refrain from using that slot in future
frames. The terminal with reservation thus has uncontested use of the time slot. At the
end of the information burst, the terminal transmits nothing in itsreserved slot. This sti-
mulates a NACK feedback message from the base indicating that the slot is once again

available.

Coallision: Itispossiblethat when aterminal transmitsthefirst packet of aburst, another
terminal will ssmultaneously transmit a packet. When such a collision occurs, the base
station may fail to detect either packet, in which case, both terminalswill haveto retrans-
mit the packetsinvolvedinthe collision. Onthe other hand, when colliding packetsarrive
at the base with substantially different signal levels, the base is sometimes able to detect

the packet with the strongest signal. Thisisreferred to as packet capture.

Packet loss: When collisions happen, undetected packets will be retransmitted until the
base station acknowledges successful reception of the packet, or until the packet isdis-
carded by the terminal because it has been delayed too long. The maximum packet hold-
ing timeisdetermined by delay constraints on speech communication. If aspeech termi-
nal drops the first packet of a burst, it continues to contend for a reservation to send
subsequent packets. It drops additional packets astheir holding times exceed the system
delay constraint.

However terminals transmitting periodic data packets do not drop packets while they

contend for reservations. They store packetsindefinitely until packetsare successfully re-

26



PH.D. THESIS OF HONGHUI QI

ceived by the base station. Thus they effectively operate with maximum packet holding
delay equal to infinity asin reservation ALOHA. Therefore when a PRMA system be-

comes congested, the speech packet dropping rate and the data packet delay both increase.

2.2.2.5 Random Information Packets

A terminal transmits random information packetsin unreserved time slots. When aran-
dom packet is successfully transmitted, the terminal does not obtain atime slot reserva-
tion. If it has other packetsto send, it must contend for subsequent unreserved time slots.
In the event of a collision, packets are retransmitted with retransmission permission
probability, pg. Thisprobability could differ from p, theretransmission permission proba-
bility for periodic information packets. In general, setting p > pg, the system would give
priority to periodic over random information. That is simply because the periodic in-

formation is continues and also for speech terminals, it cannot tolerate long delays.

The buffer size for random information packets can be quite long. As periodic datain-
formation packets, the effect of network congestion onrandominformationislong packet

delay, rather than packet loss as with periodic speech information packets.

2.3 PRMA System Variables

2.3.1 Frame and Sot Duration

Consider aPRMA channel with slot duration t seconds and frame duration T seconds.
Each voice packet is composed of aheader and T seconds of speech information which

isgenerated during talkspurts. L et the channel rate be R bits per second (bps), the source
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rate Rg bps, and the packet header length H bits. Then the number of time otsin each

frameis

RcT (2.9)
N T+

where XUisthelargest integer lessthan or equal tox. Thetimeslot durationist [ TTNI

2.3.2 Speech Model

A speech source createsapattern of talkspurtsand gaps, asclassified by aspeech activity
detector [70] [69]. A speech activity detector respondsto the principal talkspurtsand gaps
related to thetalking, pausing, and listening patternsof aconversation. All spurtsand gaps
can be modelled as having exponentially distributed durations. Thedurations of all spurts
and gaps are statistically independent. A PRMA speech terminal examines the output of
the speech activity detector which can be either ““talking” or ““ silent” at the end of each
time slot of durationt seconds. The probability that aprincipal talkspurt with mean dura-

tion t; secondsendsin atimedot is

[T T 1 exp( [ITIH) (2.10)

That is, the probability of atransition from the talking state to silent. Correspondingly,
the probability that a silent gap of mean duration t; ending in atime slot is

C T 1 T exp( [ITIL) (2.11)

That isthe transition probability from silent state to talking state. Figure 2.4 showsthe

two—state speech model and its transition probabilities.
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FIGURE 2.4 —A speech activity model

2.3.3 Permission Probability

When a speech terminal first becomes active, speech packets are generated and contend
for transmission on an available slot. The contention results are broadcast by the base sta-
tion on the downlink. If the contention is successful, aslot is reserved for the exclusive
use of that terminal infutureframesuntil it givesup itsreservation. Otherwiseit contends
again with a certain permission probability p. The permission probability p, is asystem
design parameter. Ingeneral, pistimeinvariant and thesamefor all terminals. Permission

to transmit at each terminal is independent of permission at other terminals.

2.3.4 PRMA Speech Terminal Model

Figure 2.5 showsamodel of aPRMA voiceterminal [73]. It representsaPRMA speech
terminal with N reservation statesRES; (1<i<N), 1 silent state (SIL) and 1 contention state
(CON). N isthe number of slotsin one frame. State RES; means holding the reservation
for theith future dot. Hence being auser in RES; state impliesthat the current slot isre-

served. All transitionsoccur at theend of aslot. A terminal which hasno messagetotrans-
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mitissaid to beinthe SIL state. When thefirst packet of atalkspurt isassembled, a SIL
terminal entersthe CON stateto contend for accessto an availabletimeslot. Itsprobabili-
ty iso. To leave the CON state for RESy, the terminal will be allocated areservation if

the following 3 conditions are satisfied
[1 the dlot isunreserved (probability is (1-R/N))
[1 the terminal has permission to transmit (probability is p)

(1 no other contending voice terminal has permission (probability

is (1-p)<)

where C isthe number of contending terminals at the current time slot, R is the number
of reservation terminals at the current frame. Since the permission occursindependently
at all terminals and are independent of the reservation status of the channel, al three
conditions for obtaining areservation are independent and the probability of atransition
from CON to RESy infigure 2.5 isaproduct of the three terms. The factor (1-[0) teflects

the probability that the terminal isin the talkspurt.

From state RES; the terminal alwaysgoesto state RES;_; (i 1) &t the next slot. From
state RES;, it returnsto RESy, if the terminal has succeeding packets for transmission.
After transmitting the last packet in atalkspurt, the terminal enters the SIL state. The
probability of atransition from state RES; to SIL is the probability that the talkspurt

ended in the most recent frame. This frame transition probability is
o= 2.12)

Inthemodel of figure 2.5, if acontending (CON) terminal does not obtain areservation

before its talkspurt ends, it trandates to the SIL state with a probability []
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FIGURE 2.5 -A Model of a PRMA speech termina

2.3.5 Speech Delay Limit and Buffer Size

Since speech communication requires low time delay, the packet delay must be below
the maximum packet holding time denoted by Dyax. Hence every speech terminal con-
tainsafirst—infirst—out (FIFO) buffer to store packetsawaiting transmission. If the buffer
is full when a new packet arrives, the terminal drops the oldest stored packet and store
the new packet. It then attempts to transmit the ol dest remaining packet. With this packet

dropping mechanism, the buffer size required is

where X[denotes the smallest integer greater than or equal to x. T isthe frame duration.
In analysing the packet dropping behaviour of PRMA, werefer to avariable, D, defined

as the maximum waiting time measured in time sl ots.

D [y [T (2 .14)
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where [k the slot duration. Notice that T=[N does not automatically imply AN=D. In
general, AN LD, With equality only if D is an integer multiple of N.

Packets delayed beyond the maximum packet holding time are dropped. Dropped
packets degrade the speech quality. With PRMA, packet losses occur at the beginnings
of talkspurts. This phenomenon is referred to as ““front end clipping”. It has been ob-
servedthat this** front end clipping” islessharmful to subjective speech quality than other
typesof packet |oss[25] [68]. Theamount of front end clipping, ismeasured by the packet
dropping probability, Pyrop, Which is an increasing function of the number of speech ter-
minals sharing the PRMA channel. For short packets (10 — 20 ms speech), the criterion
Parop [0.01 is often adopted [28][68][69]. It is estimated that speech quality with 1%
packet dropping probability isusually acceptable.

2.3.6 Data Terminal

Assume the average datarate for data terminals is Ry bits per second (bps). From the
voicetraffic model, the number of information bitsin aPRMA packet isRsT bits, where
Rsisthe speech sourcerate. Therefore the probability that a packet is generated at adata

terminal in any slot, [glis

@l%% %. (2 .15)

For arandom dataterminal, the data packet buffers are assumed to be infinitely long.
When adataterminal has packetsin its buffer it contends for accessto an available time
slot. A successful data packet transmission does not provide the dataterminal with are-
servation. Dataterminalsmust contend for each packet transmission. Intheevent of acol-

lision, data packets are retransmitted with permission probability pg. The permission

32



PH.D. THESIS OF HONGHUI QI

probability isindependent of time slot status and permission of other dataterminals and

is another variable system design parameter.
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Chapter 3
Markov Analysisfor Voice-only PRMA

Perfor mance Study

3.1 Introduction

Packet reservation multiple access (PRMA) was originally proposed by Goodman et
a [68] asamethod to improve the bandwidth efficiency of time division multiple access
(TDMA) for bursty sources, such as voice activated speech. The performance of voice—
only PRMA and itsstability havepreviously been analysed and simulated [68], [69], [ 70].
In [70], the stability of PRMA is examined. It was shown that PRMA would be unstable
if the system is heavily loaded or alarge value of retransmission permission probability
p isused. Also in [70], an approximation analysis method is presented for PRMA per-
formance study. An estimate of the state probability distribution of the system state vari-
able is derived, then the expectation of the packet dropping probability function is used
to derive an estimate of the packet dropping probability. The system capacity in terms of
the maximum number of users which can be supported within agiven voice quality, say,
1% packet dropping probability, is obtained. This analysis method applies only to stable
systems. It isalso noted that the previous studies all assumethat thetotal number of users
in the system isfixed, however the user number in area system variesover time. More-
over, for any communication system, the measure of its economic usefulnessis not the

maximum number of users serviced at onetime, but rather the average traffic load or Er-
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lang capacity, that can be supported with a given quality and with available service as
measured by the blocking probability [87] [89].

The chapter firstly presentsaMarkov analysis (MA) method which is suitable for both
stable and unstable PRMA systems. This method also provides a more detailed insight
into the channel’s dynamic behaviour and a quantitative estimate, known as FET (First
Exit Time), for the relative instability of unstable systems. Secondly, the calculation of

PRMA Erlang capacity by the MA is presented.

Throughout the thesis, we assume that acknowledgment messages for the current time
slot on the downlink channel can always arrive at the terminals before the beginning of
the next time slot, and are always received correctly by al mobile terminals. Thisisre-
asonable given (i) the short roundtrip propagation timein microcellular systems, and (ii)
that powerful error control coding and signal processing technology can be used to make
the probability of acknowledgment errorsvery small, withlittle effect on system capacity
because the acknowledgment blocks are short compared with the data packets.

Inthischapter, the caseof error free uplink channelsisconsidered. Uplink channelswith
transmission error case is considered in subsequent chapters.

This chapter isorganised asfollows. In section 3.2, aMarkov model is established and
then the expressions for system instability measure and performance are given. Numeri-
cal resultsare given in section 3.3. In section 3.4, Erlang capacity isobtained. A conclu-

sionisgiven in section 3.5.

3.2 Performance Study with Markov Analysis

In this section, aMA appropriate for PRMA is performed, leading to the calculation

of mean packet dropping probability, system throughput as well asameasure of system
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stability. The Markovian model of the system isfirst formulated and the underlying Mar-

kov chain and system performance are then solved.

3.2.1 Markov Model

According to [70], aPRMA system can be modelled as an N+2 dimensional Markov
process. N is the number of slotsin aframe. Since each terminal can be in one of N+2
terminal statesshowedinfigure 2.5, thenwith M terminal sthe number of possible system
states could be as large as 2NM2 [70]. Consequently the precise analysis of the Markov
process is prohibitively complex [70] and it is difficult to analyse this markov chain by
an ordinary Markov analysis (MA) technigue in the theory of Markov chains which ob-
tains a stationary probability distribution by calculating state transition probability. In
fact, RES1, RES,, ... , RESy terminal statesall represent terminalsin reservation. There-
fore each reserved terminal can be represented by one state RES. This treatment makes
it possible to apply MA to PRMA systems.

Before establishing a Markov model, we make the following definitions. Let M be the
total number of terminalsserved inaPRMA system, Ct, Rtand St bethe number of termi-
nalsin contention (CON), reservation (RES) and silent (SIL) states at thetthtime slot re-
spectively. HereRESincludesN RES; (1 LI N) 3tates. C!, Rtand Starerandomvariables
in the sets of {0,1, ... , M}, {0, 1, ... , N} and {0O,1, ... , M} respectively, while
CH% R4 S=M. Assuming M to be time invariant, the system vector {Ct, R}, St} is deter-
mined when any two of Ct, Rtand S'are determined. Without loss of generality, we select
{CL R'}. Therefore { C!, Rt} servesasthe state description for the system. Sincethe sys-
teminagivenstateat timet only dependsonapreviousstateat timet—1 andisindependent

of the history of the system before thetimet—1, { Ct, Rt} isaMarkov process. Referring
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tofigure 2.5, let CR, RS, CS, SC denote the following 4 events which may occur at the

tth time dot on each terminal, where

CR = the event that a new reservation terminal came from a contention state;
RS = the event that areservation terminal departed to a silent state;

CS = the event that a contention terminal departed to asilent state;

SC = the event that a new contention terminal came from a silent state.

The events CR, RS, CS and SC result in system state changes from (Ct=C, R'=R) to
(Ct*1=C-1, R*1=R+1), (Ct*1=C, Rt*1=R-1), (Ct*1=C-1, Rt*1 =R) and (Ct*1=C+1,
R*1 =R) respectively.

Lastly, denote Pr(i,j | C,R) as the one step transition probability from system state (Ct
=C, R!'=R) to (C*1=i, Rt*1 =j) and let Pr(C,R) be the probability of the system being in
the state (Ct=C, Rt=R).

Now weamto obtaintheonestep transition probability Pr(i,j | C,R), thenthe probability
Pr(C,R).

In the analysis, the case of either event SC or CS occurring on two (or more) terminals
at thesametimesdlot isignored. Thisisbecausethe slot sizeissmall and hencethe proba-
bility of SC or CSoccurring on two or moreterminalsinthe samesotissmall. Therefore

the one step transition probability is
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" Pr(noSC,oneCR,0oneCS) i=C=2, |=R+1
PrhoSC, oneRS, oneCS) i=C-, j=R-1
Pr(hoSC, noCR, noRS, oneCS) i=C-1, j=R
BrihoSC, oneCR, noCS)+Pr(oneSC, oneCR, oneCS) i=C-, j=R+1

Pr(ij | CR) = J Pr(hoSC, oneRS, noCS)+Pr(oneSC, oneRS, oneCs) i=C, j=R-1
PrinoSC, noCR, noRS, noCS)+Pr(oneSC, noCR, noRS, oneCS) i=C, =R
ProneSC, oneCR, noCS) i=C, j=R+1
Pr{oneSC, oneRS, noCS) i=C+l, j=R-1
ProneSC, noCR, noRS, noCS) i=C+1, j=R
[ 0 others
(3.1

where noX meansthat event X does not happen at the tth slot, oneX meansthat the event
X happens on one terminal at the tth slot and Pr(X,Y) isthe probability of both X and Y
happening.

The probabilities of these eventsand their combinationsarelisted in Table 1 with S=M—
C-R and u=(1-)“1(1-01

Table 1: Probabilities of events

Events Probability
noSC (1-D3
oneSC 1-(1- D03 Csm
noCS (1-D% C13crd
oneCS c
oneCR Cpu(1-R/N)
oneRS R/N
noCR, noRS (1 - R/N + (1-Cpu)(1-R/N)
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oneCR, oneCS C(C-1)pu(l-R/N)[
oneCR, noCS Cpu(l-R/N)(1-(C-1)D1

InTable 1, the probability Pr(noCR, noRS) isnot the simple multiplication of the proba
bility Pr(noCR) and Pr(noRS), becauseitisimpossiblefor CR and RSto happeninasame
dot. The possible contributions for the occurrence of noCR and noRS are (a) the slot is
reserved and the packet being transmitted at the current slot isnot thelast packet in atalk-
spurt; or (b) the slot isavailable, but contending terminalsfail to get permission or more
than oneterminal gets permission. For Pr(oneCR,oneCS) and Pr(oneCR,noCS), because
events CR and CS can only happen on different contention terminalsin a given slot, if

CR occurs on aterminal of C, CS can only occur on one of other (C-1) terminals.

Substituting probabilitiesin Table 1into (3.1) withbg = (1-03 by = 1-(1-03 we

obtain
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Pr(ij|CR) = 4

boC(C m)mmcﬁﬂj i CCTZjlCRILLI]
b, R i CCTLjlCRILI]
b, L LR mum moonE1 E%ﬂ]:lj i CCTLjl CR1

bocpult (R crarpmrsee copld R i cormp crrm
by & (1 CCII B, K [JC i [CJ) CRIL1]

[ craR caorcplad E%ﬂﬂlbo(l [CIOCRCSH | CCJ ORI

b,cpult (Rl crarnm i CC) CRIT
b1§|;u Cco i CCITj)CRILI]
[ (1 Elﬁ% wun movh]Ll E%ﬂE]bl(l rcnd i CCILjCR]
0 others

(3.2

Sincethe Markov process{C!, R} isirreducible [36], a stationary probability distribu-

tion Pr(C,R) alwaysexists[90][91]. It can be obtained by solving aset of linear equations

with dimension (M —N/2 + 1)(N + 1) for M = N.

N ]
Pr(i, j) Cﬂﬁ&_@lj | C,R)Pr(C,R) (3.3)

R [OCICO1

and

j Oiro—1

TR e (3.4)
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3.2.2 System Stability Measure

It has been shown [70] that the system has multiequilibrium pointsincluding stable and
unstabl e equilibrium points. At astable equilibrium point, any small excursion of thesys-
tem state resultsin statistical drifts tending to back the equilibrium point. At an unstable
equilibrium point, asmall perturbation of the stateisforced further away toward astable
equilibrium point. The systemisstableif it hasjust one equilibrium point, and isbistable
if it hastwo stableequilibrium pointsand one unstabl e equilibrium point [ 70]. These equi-
librium points can be obtained by an equilibrium equation (in [73] let b=0 in equation
(8)).

[1 EE%C | :N] I_#E]hr vl (3.5)

or

F(c) M1 (3.6)

where cistheequilibrium number of contending terminals, F(c) iscalled the system equi-

librium function and r is the equilibrium probability of reserved time slots.

P Cpd—tr cg (3.7)
[dcpl L) (1 C10

For abistable system, astable equilibrium point with fewer contenders and hence lower

packet dropping probability and higher throughput is desirable, the other stable equilib-
rium point isundesirable. However, the system will oscill ate between the two stable equi-
librium points. This phenomenon issimilar to that in the ALOHA system [36]. Like the
ALOHA system, an unstable PRMA system can also be partitioned into two regions. the

saferegion consisting of the system statesfrominitial state (CO= 0, R9=0) to the unstable
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equilibrium point (Cy,Ry) and the unsafe region consisting of all other system states. The
system stability can also be measured by the FET, the average first exit timeinto the un-
safe region starting from an initially empty channel (0,0). It quantifiestherelative insta-
bility of unstable systems. The FET of a PRMA system can be obtained by solving the

following set of equations[36].

C, K
Ty CII 31 > Pr(nm | i) Tom (3.9

nOmra1

wherei [O01,..., C; j LOA,...,.Kand

£| if ni CCyl (3.9

K L it ni CCyl

Tijis thefirstexittimefromstate(i,j), that is, the number of transitionswhichthesystem

goes through before it enters the unsafe region for the first time starting from state (i)

in the safe region. Hence T g isthe FET of an unstable PRMA system.

3.2.3 Packet Dropping Probability

Theexpression for speech packet dropping probability inaparticular state (C,R) is[70]1.

oL g ol ]
Puce(C.R) [T fﬁﬁ s e o

Ev I%_ Gl D_yAND
ENc M7 R R R i

(3.10)

1 Notethat thelast term of the equation (75) in [ 70] does not contain the denominator term [ 1—(1—-[N]2,
which should be obtained by simplifying the combination of the equations (72)—(74) in [ 70].
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where D isthe speech packet delay limit in slotsand A isthe speech terminal buffer size
(number of packets), v = v(C,R) = 1 —p(1+)C (1-R/N)(1-L)Jwhich is the unsuccessful
contention probability of aterminal. When R=N, v(C,N) = 1 and then Pgrop(C,N) cannot
be calculated from equation (3 .10). In fact, when v(C,N) = 1, no contending terminals
canobtainareservationandall contending terminalsaredelayed until al packetsinatalk-
spurt are dropped. Therefore, for any contention terminal in the state (C,N), its packet

dropping probability isequal to 1. So
Perop(C,N) [CIM- (3.11)

It follows that the average packet dropping probability is

N_M
Paop T 0—LLP ) (C.R) PHC.R)- (3.12)
RILCOAI0

3.2.4 Throughput

Thethroughput isdefined asthe proportion of timeslotsthat successfully carry informa-
tion packets. From this definition, the throughput at state (C,R) is

(@R CRu CIprcpn cpd™2@ cra cRy (3.13)

wherethefirst termisthe probability of areserved slot that isnot empty following atalk-
spurt. The second term is the probability of unreserved slots that carry speech packets.

The average throughput of this systemis

N_MIB 1
b Il gdr pcR) - (3.14)
R [COAICO1
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3.2.5 Random Access Delay

Speech quality in voice packet communications is a function of both packet dropping
probability and random access delay. In a PRMA system a maximum delay constraint
Dmax is usualy placed on the packet holding delay. When the packet holding delay is
greater than Dy, the packet isdropped. The packet dropping probability isanimportant
performance parameter for PRMA. Here we obtain an expression for random access
delay.

The random access delay consists of two parts, namely, fixed delay and random delay.
Thefixed delay arisesfrom speech packetized delay equal to the frame size. Therandom
delay isthe contending time which is defined to be the average time from the moment the
initial packet of atalkspurt contends until the instant the talkspurt acquires reservation.

The random access delay is depicted in figure 3.1.

talkspurt silence talkspurt
output of
speech detector
talkspurt  packets silence talkspurt  packets
output of
packet assember | 1| 2 1| 2
null packet \‘\ \‘\ null packet
o P : y P

output of PRMA H H H H : H H H H
. \ \ . \ \
H \ \ H \ \

3 : ! contention |
<0ES ! < reservation — < silence : :

'delay D | : ! time Dc reservation %

FIGURE 3.1 —-A diagram of random access delay
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At the system state (C,R), the probability of one successful contention is 1-v (C,R), so

the contention time can be expressed as

DJ(C,R) % dots- (3.15)

When R= N, then v(C,N) = 1, and equation (3 .15) isnot valid for calculating D¢(C,N).
Again because no contending terminal scan obtainreservationsat thestates(C,N), al con-
tending terminals are delayed until the end of their talkspurts. Therefore the contention

time of each contending terminal is equal to the talkspurt duration. Hence

D(C,N) CHIxHEmU dots (3.16)

wherety isthe mean duration of atalkspurt, and t isthe slot duration. Thereforethe aver-
age contending time for avoice terminal is

[N MIB 1
De pk.R) PrCR) dots (3.17)
RILOAILC0O 1

The mean access delay is

Dy LDJLTH (3.18)

where T is the packetized delay.

3.3 Example System

In thissection, the performance of aPRMA system isevaluated by theformulas derived
in previous sections. The system parameters used in analysis and simulation are listed

below [68] [69] [70] [73].

Channel rate 720Kkbps
Source rate 32kbps
Frame duration 16 ms

45



PH.D. THESIS OF HONGHUI QI

No. of dots 20

Slot duration 0.8 ms
Header length 64 bits
Maximum speech delay 32ms
Permission probability variable
Mean talkspurt duration 1000 ms
Mean silent duration 1350 ms

Inthefollowing, both analytical and simulation resultsfor the given parametersare pres-

ented. The simulation methodology is briefly outlined below.

3.3.1 Simulation Methodology Outline

In simulation program, the speech activity model infigure 2.4 isused to generate on—off
speech pattensfor each of theterminals. These speech patterns are mutually independent.
Transmission permission probability p for contending packets at each terminal is gener-
ated by pseudo random number generator and isindependent of slot status. According to
thismodel, the operation of the PRMA system is simulated and estimates of system per-
formance, such as packet dropping probability, throughput, and random contention time,
asafunction of the number of simultaneous conversations, are obtai ned. The packet drop-
ping probability Pgrop isobtained astheratio of the number of packets dropped to thetotal
number of packets generated. The throughput is the ratio of the total successfully trans-
mitted packetsto thetotal time slots. Themean random contentiontimeistheratio of total
contention timeto the total number of accesses during the simulation run. Thesimulation
time is chosen to exceed the FET for unstable systems to ensure a high probability of at

least one transition from the safe region to the unsafe region.
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3.3.2 Numerical Results

Figure 3.2 shows the system equilibrium function F(c) for different permission proba
bility p. It shows that with a large value of p, the system becomes unstable when the
number of users M is large. The example system is stable for p=0.3, 0.4 and 0.5 when
M<60, M<43, M<35 respectively [70].

Figure 3.3 gives packet dropping probability Pgrop as afunction of simultaneous con-
versations M and permission probability p. Figure 3.4 gives the relationship of mean
contention timeto M for p=0.3. In those figures the i sol ated points are simul ation results
for aninitia statewith all terminal buffersempty. Similar resultsarealso reported in[69],
[70]. The solid lines are analytical results from the MA. From figure 3.3, it can be seen
that the agreement between the theoretical results by the MA and the simulation results
isgood for both stable (p=0.3) and unstable (p=0.5, M = 35) systems. Figure 3.5 shows
the stationary probability distribution of contenders for p=0.5 and M=45 from the MA
method. Thiscorrespondswell with simulation resultsreportedin figure 6 of [70]. Figure
3.5 alows usto get amore detailed insight into the system behavior. It can be seen that
the systemisnot alwaysat an equilibrium point, it really movesin the state space accord-
ing to the stationary state probability distribution Pr(C,R) in equation (3 .3). Consequent-
ly itis not completely accurate to base Pgrop cal cul ations on equilibrium points. The MA
technique derived above directly accountsfor the distribution of the state space relation-
ship and thus provides a more accurate calculation of Pyrop for both stable and unstable
systems. Also figure 3.3 shows that when the value of M is small, the packet dropping
probability with alarger value of p islower and vice versawhen the value of M islarge.

The FET system instability measure, in slots as afunction of M, for different value of
permission probability isplotted in figure 3.6. Thevaluesof FET indicatetherelativein-
stability of PRMA. It gives an indication of the required time to simulate unstable sys-
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tems. Also the value of FET, Pgrop and throughput enable usto design proper system pa-
rameters. From thisfigure, it can be seen that the value of FET of the unstable systems
with M =36 for p=0.5, M = 43 for p=0.4 are small. In general these unstable systemsare
unacceptable. Therefore, athough p=0.5 has lower packet dropping probability than
p=0.3when M [36,p=0.3isstill aproper system design value asindicated in figure 3.3.

The system capacity can be defined asthe maximum number of simultaneous conversa-
tions supported at the 1% packet dropping limit [69] [ 70]. Therefore, itscapacity isSMg o1
= 36.4. Then the normalized system capacity is [gd1=Mq.01/(Rc/Rg)= 36.4/22.5 = 1.62
conversations per channel. The throughput is calculated from equation (3 .14) to be
0.758.
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FIGURE 3.2 —System equilibrium function with different permission probability
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FIGURE 3.3 —Packet dropping probability for p=0.3, 0.5
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FIGURE 3.4 -Mean contention time for p=0.3
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FIGURE 3.5 —Stationary probability distribution of C from MA with p=0.5, M=45
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3.4 Erlang Capacity of PRMA

Having obtai n the capacity in terms of the maximum number of simultaneous conversa-
tions supported for agiven voice quality, we now pay attention to the Erlang capacity of

PRMA.

Consider awireless cell whose radio channel is shared among multiple users (mobiles)
for transmission of voice messages by the packet reservation multiple access (PRMA)
protocol. In such acell, usershaveto request call set—up when they want to enter the cell.
If the number of usersin the cell isless than a maximum threshold, the call is admitted
into the system, otherwisethe call isblocked and discarded. Oncethecall isadmittedinto
the cellular system, the call is allowed to transmit its voice message according to the
PRMA protocol. Therefore the key performance measures of such systems are not only
the voice quality measured in packet dropping probability, but also the call blocking
probability. Theaveragetrafficload that can be supported in the systemwith agivenvoice
quality and within acertain call blocking probability is called the Erlang capacity of the

system. This section contributes to the calculation of the PRMA Erlang capacity.

3.4.1 Calculation of Steady State Distribution with Markov Analysis

In section 3.2, PRMA s represented by a Markov chain { Ct, Rt} which is defined as
the number of usersin contention and reservation at the tth time slot, assuming the total
number of users, M, in the system is constant. However the user number in the system
varies over time, M isno longer fixed. Therefore { Ct, Rt, Mt} is used to describe the dy-
namics of PRMA system, where Mtis the total number of usersin the system at the tth
time sot. Mtisintheset of { 0,1,.... Mmax}, C!, Rtare in the set of {0,1,....M% and
{0,1,....N} respectively and meet the condition of Ct+ Rt [IMUIM g iS the maximum
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number of admitted users in the system. One state of the system can be described by
(C=C,R=R, M=M), simplified as(C,R,M). Now the maintask isto find the steady state

distribution, thus the packet dropping probability and Erlang capacity can be calcul ated.

It is noted that, for atypical application case, the total number of usersin the system
remains constant over alarge number of dots, althoughit variesover thetime. Thisisdue
tothefact that the time between changesin thenumber of callsinthesystemisof theorder
of seconds whereasthe slot duration is of the order of milliseconds. Thusthe steady state
distribution of the system can be approximated by expressing it asthe product of the mar-
ginal steady state distribution of the number of usersin the system and the joint steady
state distribution of the number of contending usersand the number of userswith reserva

tion, given the number of usersin the system is constant. That is,

Pr(C' = C,Rt = RM! = M) = Pr(C,R,M) =

Pr(C' = C,R' = R/M' = M)Pr(M! = M) (3.19)

where

Pr(C' = C,R' = R/M' = M) CPr}(C,R). (3 .20)

Prm(C,R) isthe steady state probability distribution for a system in which the number of
admitted calls in the system remains at a constant, M. It can be calculated by equations
(3.2),(3.3) and (3 .4).

The Marginal steady state distribution Pr(M'=M), simplified as Pr(M), of the total

number of usersin the system can be calculated as follows.

Assume that the calls arrive into the system according to the Poisson process with the
intensity of [dalls per second, and the call durations are exponentially distributed with
amean of 1/ [Cskconds per call. Then the average offered traffic load of the system mea-

sured in Erlangsis given by
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= /11 (3.21)

Themaximum number of callsallowed into the systemisM yax. Thereforethe system call
process is modelled as a M/M/M max/Mmax queue. The steady state distribution of the

number of admitted callsin this queue is given by Erlang’s loss formula[87][90],

M O<M<M
M = = Mmax
prvty = 4 Crmahy (3.22)
|nCO1
[ b otherwise.

3.4.2 Calculation of Packet Dropping Probability

Having obtai ned the steady state distribution of the system we are now ableto calculate

the packet dropping probability,

M _
CATT lerd, R, M)Py0p(C. R, M). (3.23)

M CIRICOCIIO 1

I:)drop =

Sincefrom [70], it is noted that packet dropping at a particular state is only dependent
on how many contention users C and reservation users R in the system. Its probability,
Parop(C,R,M), is equa to Pyrop(C,R) in equation (3 .10). Therefore (3 .23) can be re-

written as

M _
Parop m L(C, R)Pry(C, R)Pr(M). (3.24)

M CIRICOCIIO 1

3.4.3 Blocking Probability

In conventional multiple access systems, such asFDMA and TDMA, traffic channels

are alocated to users as long as there are channels available, after which all incoming
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trafficisblocked until achannel becomesfree at theend of acall. INnPRMA systemscalls
arenot blocked asin conventional systems. Whennoslotisavailable, PRMA alowsusers
wait up to maximum limit and then packets are dropped. This effect increases with the
offered traffic. Therefore thereis an upper limit, Mmax, to the simultaneous users which
allows proper operation. When the number of simultaneous users in the system exceeds
the Mmax, the call is blocked. According to the previous assumptions, the call blocking
probability can also be obtained from the classica Erlang anaysis of the M/
M/M max/M max queue which gives the blocking probability [87] [90].

[(rex [V 1!
Pooding = - = (3.25)

Itisequal to the probability of Mmax usersinthe system, i.e. Pr(Mmax), letting M=M max
in(3.22).

3.4.4 Simulation Mod€

In the ssimulation program, a Poisson call arrival process (i.e., an exponentially distrib-
uted interarrival timeof anew call with mean of 1/ ) ‘&énd an exponentially distributed call
duration with mean of 1/ Care firstly generated. Two counters are used to keep track of
the number of total callsand the number of callscurrently served in the system. The num-
ber of total callsisincreased by 1 when anew call triesto accessthe system. The number
of callscurrently served isincreased by 1 if anew call is accepted into the system or de-
creased by 1 if aserved call isterminated. The acceptance of a new call depends on the
number of calls currently served. If the number of calls currently served isless than the
maximum threshold, M max, @ new call is accepted into the system; Otherwisethecall is

blocked. The call blocking probahility is then estimated by the ratio of the number of

57



PH.D. THESIS OF HONGHUI QI

blocked callsto the number of total calls during the whole simulation time. For each call
accepted, its PRMA operation is simulated according to the outline described in section
3.3.1. Thus voice packet dropping probability, call blocking probability and Erlang ca-

pacity are obtained.

3.4.5 Numerical Results

The same example system is used in this section. Three performance criteriaare used:

1. Cal blocking probability less than 0.02, average packet drop-
ping probability less than 0.01.

2. Cadll blocking probability less than 0.02, 99—percentile packet
dropping probability less than 0.01.

3. Cadll blocking probability less than 0.02, 90—percentile packet
dropping probability less than 0.01.

The 0.01 packet dropping probability requirement reflects the common assumption that
speech distortion due to a 1% packet dropping is barely audible. However packet drop-
ping probability for different terminalsis different. Even if the average packet dropping
probability islessthan 0.01, someterminalsstill experience unacceptable degradation le-
vels. Therefore 99—percentile and 90—percentile packet dropping probability serve as

better measures of the voice quality performance.

For the example system, it is shown in section 3.3 that if the total number of terminals
in the system is greater than 36, the packet dropping probability is higher than 0.01.
Therefore in order for the x—percentile packet dropping probability to be less than 0.01

we require

Pr(M < 36) < x/100 CPEM [37) (3.26)
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where M isthe total number of callsin the system at steady state.

Figures 3.7 through 3.9 show the system average traffic load, [L1h Erlangs versus call
threshold M max under the above three prescribed performance criteria. Simulation and

analysis results are shown in the same figures for comparison.

From these figures we can see that each curve hastwo distinct parts: an increasing part
and adecreasing part. If Mg is selected small, the 2% call blocking probability isfirst
achieved before the packet dropping criterionisreached. This contributesto theincreas-
ing part of the curves. The decreasing part of the curve is obtained when the reverse is
true. Itisalso obviousthat there exists an optimal call threshold level for which the aver-

age traffic load of PRMA system is maximised.

From figure 3.7 it can be seen that the maximum average traffic load, or the system
Erlang capacity, is 35.5 Erlangs when the maximum call threshold level, My, IS Set to
be 45. Figure 3.8 shows that under criterion 2 the Erlang capacity for the system is 27
Erlangs. Thisis obtained when the call threshold level, M4y, is set equal to 36. Under
criterion 3, the system Erlang capacity is 30 Erlangs when M o« equals 40. The Erlang

capacity of PRMA under different performance criteriaare listed in table 2.

Table 2: Erlang capacity of PRMA

Erlang capacity [] optimal M mpax
performance criterion 1 35.5 45
performance criterion 2 27.0 36
performance criterion 3 30.0 40

For afixed assigned TDMA schemewith 20 slots per frame and amaximum call block-
ing probability set to be less than 0.02, the Erlang capacity is 13.2. Compared to the
TDMA system, the Erlang capacity of the PRMA system is 2.67 times greater under cri-

terion 1, 2 times greater under criterion 2, and 2.27 times greater under criterion 3.
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3.5 Conclusions

In this chapter, the Markov analysisfor the performance study of the PRMA systemis
presented. With the MA, the system performance including packet dropping probability,
random access delay, and throughput can be calculated accurately for both stable and
unstable systems. Also with the MA, amore detailed insight into the channel’s dynamic
behaviour can be examined and an system instability measure by the FET (First Exit
Time) is obtained. Therefore system parameters can be designed properly. The PRMA
Erlang capacity isalso calculated with the MA under different performance criteria. The
comparisons between theoretical calculation and simulation results are shown. It iscon-
cluded that the Markov analysis establishesapowerful tool for the performance study and
design of PRMA systems. The capacity, in terms of the maximum simultaneous number
of conversations, is 1.62 times greater than for afixed assigned TDMA system, and the
Erlang capacity of PRMA ismorethan 2 timesgreater than that of afixed assigned TDMA

system.
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Chapter 4
Performance Analysis of Joint VVoice—
Data PRMA over Random Packet Error

Channels

4.1 Introduction

In[69] —[70] and chapter 3, the voice-only PRMA on atransmission error free channel
was studied. It was found that PRMA is asimple and effective multiple access scheme
for alocal wirelessenvironment. Accordingto[68], PRMA allowsterminalsto efficient-
ly transmit not only voice but al so data packetized information. It operatesin thereserva-
tion mode for speech traffic. Reservations are obtained by a contention procedure. Data
terminals transmit all their packets in a contention mode. In the unreserved slots, both
voice and datapackets contend for the channel, but with unequal permission probabilities.
When avoiceterminal contends successfully, it obtainsexclusive use of the slot in subse-
guent frames, until it givesup itsreservation. However, adatatermina must contend each
timeit hasapacket to transmit. Furthermore, shadowing, fading and interferencein areal
wirel ess communi cation system would cause transmission errors. Thesetransmission er-
rors in the packet header have a significant impact on the performance of the PRMA

scheme.
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The performance of voice only or joint voice-data PRMA systems has been discussed
inseveral papers[68] —[73]. [72] and[73] giveanalysisresultsfor joint voicedataPRMA
onan error free channel, which were obtained by equilibrium point analysis. Thismethod
underestimates the system performance since it assumes that the system is always at a
stable equilibrium point. In practice the system state movesin a state space according to
some statedistribution. Chapter 3 presented aMarkov analysis(MA) method which gives
the state distribution for voice—only systems under the error free transmission condition.
Although accurate, MA does not lend itself to extension to the joint voice-data case.
Therefore, it is necessary to develop a method for the joint voice—data system to obtain
more accurate performance estimates. The performance of voice-only PRMA inthepres-
ence of packet transmission errorsissimulated in[76], and its stability isstudied in[77].
However, performance parameters in joint voice-data PRMA with transmission errors
have not been derived. This chapter analysesthe performance of joint voice-data PRMA

with forward path transmission errors.

The chapter is organised as follows. In section 4.2, models of each PRMA voice and
dataterminal areestablished. Insection 4.3, two analysismethodsfor thejoint voice-data
PRMA system are proposed. System performance measures, namely the voice packet
dropping probability, data packet delay and system throughput are derived in this section
and appendix A. Analysisand simulation results are presented in section 4.4 for compari-

son. Concluding remarks are given in section 4.5.

65



PH.D. THESIS OF HONGHUI QI

4.2 Voice Data PRMA System and Models

4.2.1 Voice Subsystem

Voice-dataPRMA operatesin the reservation mode and uses a contention mode for ob-
taining areservation for speech terminals. When thefirst packet of atalkspurt in avoice
terminal is generated, the terminal starts to contend by transmitting the packet on unre-

served slots. A successful contention must meet the following five conditions:
[1 Theslot is available,
[1 The terminal has permission (p) to transmit,
1 No other contending voice terminal has permission,
[1 No backlogged data terminal has permission,

[1 There are no packet header errors.

After successful contention a slot reservation is allocated to the voice terminal for the
exclusive use of that slot in the future frames. However on a non—-ideal channel, packet
header errorsmay cause the base station to be unabl e to decode the header correctly inter-
preting the result as a packet collision or the event that no packet was transmitted even
if theterminal isin areservation state and has packets to transmit. Thus the base station
announces unsuccessful packet reception. In this case apacket header transmission error
causesareservation terminal to loseitsreservation prematurely. Theterminal hasto start
contending for another reservation and risks dropping packets while waiting. figure 4.1
showsthemodel of avoice PRMA terminal onanon-ideal channel. For convenience, sev-

eral parameters used in this Figure and other parts of this chapter are listed in table 3.
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RES, f«—| RES, f& L} < RESy

o l pur(1-R/N)(1-01

SIL [ | CON
Y v ]

-1 [1-puy (1-R/N)] (1D

FIGURE 4.1-A model of aPRMA voice terminal

Table 3: Definitions of the symbols

Symbol |Definition

11 The transition probabilities of avoice terminal from talkspurt to silence
and from silence to talkspurt respectively

Rs Rq | Voice source rate and data source rate respectively

M, Mg | Total number of voice and data terminals respectively

N Number of slotsin aframe

P, Pd The permission probabilities of voice and data terminals respectively

Lg] The data packet generation rate in any slot for each data terminal,
L3R4/ (RgN) in equation (2 .15).

] The transition probability from RES; to SIL, 21 — (1 — [ equation
(2.12)

C,B The number of contending voice and data terminals respectively

R The number of reservation terminalsin one frame
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1 Packet header error rate which can be obtain from [76] for both fast and
slow fading channels

Uy U =(1-p) “(1pa) B(1- 0

w Successful transmission probability of a data packet in equation (4 .1)

4.2.2 Data Subsystem

For each data terminal, its data packet buffer is assumed to be infinitely long. A data
terminal isdefined to be backlogged if itsbuffer isnot empty. A backlogged dataterminal
may transmit a packet in an unreserved slot if it has permission to transmit and its trans-

mission is successful if the following conditions hold:
[1 Thedlot isavailable,
[1 The terminal has permission (pg) to transmit,
[1 No contending voice terminal has permission,
[1 No other backlogged data terminal has permission,
[1 There are no packet header errors.

Therefore, successful transmission probability of a data packet is
—1
w = W(C.RB) = pdp (1-p -l RL 4.

A successful data packet transmission does not providethe dataterminal with areserva-

tion. Data terminals must contend for each packet transmission.

A terminal which hasj packetsinitsbuffer issaid in state BUF;. For alow bit rate data
transmission, it is assumed that no more than one packet arrival occursin aslot at a par-
ticular dataterminal. For each dataterminal, a birth—death processis obtained, as shown

infigure4.2.
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1-0, wa + (1-w) (l—od) wa + (1-w) (1—0d) wa + (1-w) (1—0d)

FIGURE 4.2 —A model of a dataterminal in a PRMA system

Inthischapter, errorswhich corrupt the packet header are considered sincethesedirectly
affect the PRMA performance. Errorswhich occur within the databitsare not considered.
The effect of these errorswill depend on the nature and requirements of the datain ques-
tion. Inthe analysisasimple error model is used where packet header errors are assumed
to occur independently and at random with some predetermined packet header error
probability. Based on this simple error model, this non—ideal radio channel isreferred to

as arandom packet error channel.

4.3 Joint Voice—Data PRM A Performance

A joint voice—data PRMA system can be represented by aMarkov process{C!, R!, B},
where Ct, and Rtare the number of voiceterminalsin contention (CON) and reservation
(RES; 1 [T N) #tates and Btis the number of backlogged data terminals at the tth time
dot respectively. Ct, Rt and Bt are random variables in the sets of {1, 2, [I..OCE 11, 2,
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(.00 ahd {1, 2, [I.. O g} fespectively, where M isthetotal number of voiceterminals,
Mg isthetotal number of dataterminals, and N is the number of slotsin aframe. M and
Mg are assumed to be timeinvariant. System performance parameters such as the packet
dropping probability, data packet delay and channel throughput can be obtained by the
expectation of the system performancefunctionsat astate (C,R,B) and the stationary state
probability distribution Pr(C,R,B). Pr(C,R,B) can be expressed as follows:

Pr(C,R,B) = Prlc,R/B) Pr(B) (4 .2)

where Pr(C,R/B) is the conditional steady state distribution of (C,R) given the number
of backlogged dataterminals, B. Pr(B) isthe marginal distribution of B.

In the following, two approximation methods for calculating Pr(C,R,B) are presented.
Oneisacombined Markov and equilibrium pointsanalysis. The other isaMarkov analy-

sis using approximation of the marginal distribution of B.

4.3.1 A Combined Markov and Equilibrium Point Analysis

Equilibrium point analysis (EPA) can be easily used to analyse multidimensional Mar-
kov processes sinceit isnot necessary for EPA to calcul ate the system state distribution.
EPA assumesthat the system isalways at a stable equilibrium point [41]. In practice, the
PRMA system moves in a state space according to a state distribution. The combined
method described in this chapter uses the EPA methodology but also considers the sys-
tem’s dynamic behavior. Firstly the equilibrium number, b, of backlogged dataterminals
is obtained. Asfor the EPA, the system always has b backlogged data terminals is as-
sumed, that is Pr(B=b)=1. Secondly, the conditional steady state probability distribution
Pr(C,R/B) can be approximated by Pr(C,R/b). Since the data subsystem operates near b

with alarge probability, the process described by { C,R}, given b, is assumed steady, and
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its probability distribution Pr(C,R/b) can be calculated through Markov analysis. Lastly,
the steady state distribution Pr(C,R,B) is obtained by equation (4 .2).

4.3.1.1 System Equilibrium Points

Theequilibrium points of thejoint voice dataPRMA system can be obtained by thefol -

lowing two non-linear equations [72][ 73]

(1%@%@] 4 .3)

bpy(1-p) (1-py)(1-DXA-) LI, (4 4)

where cistheequilibrium number of contending terminals, r isthe equilibrium probabili-

ty of areserved time slot and

r = op(1-p)* 1-py) 1~ .
[ cpl—p)* {1-pg) (1- 00~ O T T{BH]

Since the values of b and c are not easily obtained from the equations (4 .3) and (4 .4)

(4.5

an iterative technique wasintroduced [ 73]. After appropriate variable changes, the vari-

able b can be written explicitly in terms of ¢ asfollows,

cpl L 1- N CLACT

b [Cmih PP _LMy1-]) Myl - (4.6)
P19 [OCOBELI\MH1 CL/ad

Thus the equilibrium points and the system stability can be determined by (4 .3) and

(4 .6). If the data subsystem is unstable the number of backlogs at the data terminals will

grow without bound. The equilibrium value of b at this case is the total number of data

terminals. That is, b=Mg.
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4.3.1.2 Markov Analysis

In this section, the conditional stationary state probability distribution Pr(C,R/B=Db) is
computed. The case of asinglevoice contender entering or asinglevoiceterminal depart-
ing the silence state during any single slot interval is considered since in most practical
systemsthedlot sizeissmall and the probability of thishappening simultaneously to more
than one terminal is small. The one step state transition probability Pr(i,j | C,R,b) from

state (C,R) to (i,j) under the condition of given b can be obtained by

[ Pr(noSC,oneCR,0neCS) i=C-2, j=R+1
Pr(noSC, oneRS, oneCS) i=C-1, j=R-1
PnoSC, noCR, noRS, noRC, oneCS) i=C-, j=R
PA(NoSC, oneCR, noCS)+Pr(oneSC, oneCR, oneCS) i=C-1, j=R+1

PA(noSC, oneRsS, noCS)+Pr(oneSC, oneRS, oneCS)

+#Pr(oneRC,0neCS,noSC) i=C, j=R-1
PA(NoSC, noCR, noRS, noRC, noCS)+

Pr(ij | CRb)= o
Pr(oneSC, noCR, noRS, noRC, oneCS) i=C, =R
Pl oneSC, oneCR, noCS) i=C, j=R+1

PH(oneSC, oneRS, noCS) +Pr(oneRC, oneSC, oneCS)

-—+r(0oneRC,noSC, noCS) i=C+l, j=R-1
oneSC, noCR, noRS, noRC, noCS) i=C+l, j=R
P(oneSC, oneRC, noCS) i=C+2, j=R-1
l 0 others
4.7)
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Asin chapter 3, SC denotes the event of new contention terminals coming from a SIL
state, RC denotes the event of new contention terminals coming from aRES state and so
on. The events oneSC, oneRC, oneCR, oneCS and oneRS result in system state changes
from (C'=C, R'=R) to (Ct*1=C+1, Rt*1 =R), (Ct*1=C+1, Rt*1 =R-1), (Ct*1=C-1, Rt*1
=R+1), (C*1=C-1, R"*1 =R) and (Ct*1=C, R*1=R-1) respectively. The probabilities

of these events and their combinations are listed in table4 withS=M -C-Randu=

(1-p) ™ (1-pg)® (1- D01

Table 4: Probabhilities of events

Events Probability
noSC (1- DS
oneSC 1-(1-D3 CSI]
noCS (1-D% c13cd
oneCS c
oneCR Cpu(1-R/N)
oneRS R/N
oneRC R/N(1 - )1
noCR, noRS,noRC R/N(1 - [9{1- D+[1Cpu)(1-R/N)
oneCR, oneCS C(C-1)pu(l-R/N)[]
oneCR, noCS Cpu(l-R/N)(1-(C-1)D1

Substituting probabilitiesin table 4 into (4 .7) with by = (1-03 by =1 - (1-D3 we

obtain
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( R . .
bOC(C—l)pu(l—N) O i (C2,j CRT T
by R G i CCALj CRA
bouh—mjﬁ(l—mpu)(l—%)] cl i CCaLj CR
bOCpu(l—E)(l—(C—l)[DE@(C—l)pu(l—%)I:I i (CAL,j CRT T
by R [1-COI B, K [ CLIh (1- [0 i CCJ) CRA

railcry = | HomRa-orme(s-§)| [ be-corsen i rey cr

b@pu(l—%)(l—(C—l)D] i [C) CRILL
by R [(1-C 01 CR -1 {B,C T BI-COT i CCILLj CRA
1 N 1
ml—Q]E(l—DiECEDpu)(l—%)] [ b,(1-COl i CCILj CR]
b, & (1-LH1-C O] i CCIZ) CRIL]
L O others
(4.8

Therefore the conditional stationary state probability distribution Pr(C,R/b) can be ob-

tained by solving a set of linear equations.

N MR

Pr(i,j/b) 31 > Pr(i,j | C,R,b)Pr(C,R/b) (4.9)
R COCICO 1
and
N M-
> Pr(i,j/b) I (4 .10)
j [OITo1
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Therefore the steady state distribution Pr(C,R,B) is

Pr(C,R,B) = Pr(C,R/B) Pr(B) = Pr(C,R/h) (4 .11)

4.3.2 Markov Analysis by Approximating the Marginal
Distribution of B

The above combined Markov and equilibrium point analysis assumes that the number
of backlogged dataterminalsisfixed at b, the equilibrium value. Thisassumption gresatly
simplifies the computation. However, the impact of the simplification on the result is
somewhat unpredictable since it is dependent on the actual probability distribution of B,
Pr(B) [41]. In the following, a method for calculating Pr(C,R,B) more accurately is de-
rived. A probability distribution of B, Pr(B), isfirst derived. Then Pr(C,R/B) iscal culated
under the assumption that the processdescribed by { C,R} isstationary. Findly, Pr(C,R,B)
can be calculated from equation (4 .2). This procedure avoids the assumption that the
number of backlogged data terminals is fixed at the equilibrium value,b, at the expense

of introducing a weaker assumption of stationariness.

The equilibrium value of backlogged dataterminalsisbin equation (4 .6), and the equi-
librium probability of backlogged dataterminalsis

q = b/My (4.12)

Therefore the distribution of B isabinomial distribution [70], that is,

Pr(B) = E(m)“”fﬁ‘ (4.13)

Pr(C,R/B) can be derived directly from equations (4 .7) to (4 .10) with B substituted
for b, assuming the process{ C,R} isstationary. A similar assumption has been madein

[74].
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Therefore Pr(C,R,B) can be obtained by equation (4 .2). It is noted that when the data
subsystem becomes unstable, b=My, and from equation (4 .13), Pr(B=Mg)=1. In this
case, since B takes only one value, b, this method is the same as the combined Markov

and equilibrium point analysis.

4.3.3 System Performance Measures

4.3.3.1 Voice Packet Dropping Probability

A voice terminal drops all packets which incur a contention delay longer than some
maximum delay limit D dots. In order to obtain the voice packet dropping probability
Parop, the access procedure of aterminal from the beginning of anew talkspurt to the end
of the talkspurt is observed. At the beginning of the talkspurt, the terminal contends for
areservation. Packets would be dropped at this contention state and the expression of its

dropping probability Pgropo(C,R,B) is the same as the equation (3 .10)

yor i L g ol
ko L gt [

EAR Rpiiiga RV s @19
ERc Mo B e R i i
where the unsuccessful contention probability v now is
v [W(T,R,B) mzp(l—p)cmﬁ (@ p,B-na-m (4 .15)

After asuccessful contention, the terminal will obtain areservation. However, because
of the channel errors, the terminal may lose this reservation and return to the contention

state, thus risking further packet dropping. The packet dropping probability,
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Parop1(C,R,B), in this case is derived in appendix A. After that the terminal may repeat
thiscycle: reservation, packet header error, contention and packet dropping, until theend
of the talkspurt. Let Pyropn(C,R,B) be the dropping probability at the nth such cycle. nis
an integer number from 1 up to the total number of the cyclesduring thetalkspurt. There-
fore the total packet dropping probability at state (C,R,B) is the summation of all
Paropn(C,R,B) and the Pyropo(C,R,B). However, the total number of the cyclesin atalk-
spurt is uncertain due to the random packet errors. Furthermore, the calculation of
Paropn(C,R,B) for n [Zhécomes prohibitively complex due to the accumul ating time de-
laysin atalkspurt which requires multiple contentions. The methodology issimilar asfor
Parop1(C,R,B) in equations (4 .19) to (4 .29), but the calculation of Dy (cf. equation

(4 .29)) becomes conditional upon previous delays.

Let k be the average number of packet header errors occurring during atalkspurt dur-
ation, k= L/IdIf Cidsmall, k [1,and it is clear that Pgrop(C,R,B) can be very closely
approximated by

Paiop(C: R, B) PGl o(C.R,B) [ P4l 1(C.R,B) for k I (4.16)

If Cisllarge, k [I,(#.16) isnolonger valid and Pyrop(C,R,B) can be roughly approxi-
mated by

Parop(C, R, b) LByl o(C, R, b) LKP},1(C R, b) for kK 11 (4.17)
Therefore Pgrop(C,R,b) can be calculated by combining (4 .16) and (4 .17)
I:)drop(c1 R, b) I:E;'opo(c’ R, b) IE({ 1, k} I:)dropl(Q R, b) . (4 -18)

Parop1(C,R,B) is derived in appendix A and can be expressed as follows
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Popa(C. R, B) g1} I%@i_m&;ﬁigjﬂlﬁmﬂ—@ﬂ
@_1?':'/;?;':@@_@% éli-\i;@—_j DmN_hﬂwN o
where
9; Lhllhgl g, Lhllhgdhs , g3 Lhgdhs-Ahy, (4.20)
hy CREA-CE (4.21)
h, Caral=aa ld-ohld-oA (4.22)

v D 1 eyt
K %N(l—tﬁl T-N(-0 D%HIEM oo

1—VNTﬂ gv'\'(]l-—t)fl m®(l_mﬁl o
hs i 1 VDiﬁA)N@f\,ﬁg VDl(ll__v F’AD (4 .24)
h |ﬂfv ,?:fé’);% ng(i— = Ij%l—llj (4 .25)
hy C=H qﬂ_% (4 .26)
h, C=H§ qﬂ-qﬂi% 4 .27)
A, [CIOH(C, R, B)/N] (4 .28)
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D,(C,R,B) [DD,(C,R, B) (4 .29)

where Do(C,R,B) isthe first successful packet contention time of atalkspurt derived in
appendix B. D1(C,R,B) is the remaining maximum packet holding delay for subsequent
packetsin thistalkspurt. Again for the special case of R=N, the same reason as explained
in section 3.2.3, the packet dropping probability for each contending terminal isequal to
1 and hence Pdrop(C, N, B) L[CIM. Therefore the average packet dropping probability

can be obtained by
— N MR
Py 0Ll l(crB)PICRB) . (4 .30)

B [ORILOCI[O 1

4.3.3.2 Data Packet Delay

Thesuccessful transmission probability of adatapacketisw inequation (4 .1), therefore
the waiting time for one successful transmission at any backlogged dataterminal is 1/w.
For apacket that arrives at aterminal that hasj backlogged packets (i.e. isin state BUF;),
thewaitingtimeis(j+1)/w. Thustheaveragewaitingtimefor datapacketsat state (C,R,B)
[73] is

we.r ) =T @ 31

j 1

where Prj is the probability of a dataterminal in state BUF;. Referring to figure 4.2, Pr;

can be obtained from the following set of equations,
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rProoOI Iﬁ—odﬁrl
Prooy Iﬂ—odﬁrz Iﬁg(l—w) Iﬂ—cd[@rl

e\

—1
ZPrj 11
\jl:D:l

The solution of these equations leads to

f W—0
Pro L=—
o

% Pry I%@—Tdm

1-w) [ .

Pr, ¥t [T | CZ3.. 1
' Twdko 4

1oy

"

Substituting (4 .33) into (4 .31), we obtain

wW—02
W(C, R, B) .
w{w-o,)

Therefore the average data packet delay is

Mg N M-R
Wa @ Z Z W(C, R, B)Pr(C,R,B) .

B [ORILOCICO 1

4.3.3.3 System Throughput

The throughput at the state (C,R,B) is

(G, R,B) CRE-GIC@pu Compyu,dalRL]

0g(1-w)Pr_; w0 P, - la)(1-w) Cwilo,IPr, |

j C23,.. (.32

(4.33)

(4.34)

(4 .35)

(4 .36)

where u T (1) Ep,O(1-DE-0 vy TP Ep,0 (1-DThe average

throughput of this systemis

80



PH.D. THESIS OF HONGHUI QI

= Ai‘:hﬁjﬁ R, B)PI(C,R,B) . (4 .37)

B [ORILOCI[O 1

Note that the number of termsin the computations using marginal distribution analysis
(equations (4 .30) (4 .35) (4 .37)) is(My+1) times greater than that in the equivalent cal-
culation using the combined Markov and equilibrium point analysis because of the

summation over B.

4.3.4 Outline of Simulation Procedure

In ajoint voice data PRMA system, data packets are generated at a generation rate of
Ly packets per ot and queued at its buffer. A timer at each dataterminal is set to record
the time of data packets delayed in the buffer. The delay of each data packet is the time
from the moment the packet is generated to the instant the packet is successfully trans-
mitted. A data packet transmission is determined by slot status and a permission which
isgenerated by a pseudo random number generator, with a predetermined probability pq,
at each dataterminal. For each voiceterminal, its operation is simulated according to the
description in section 3.3.1. Therefore, thejoint voice data system is simulated based on
the PRMA protocol for both voice and data terminals. The system performance estima-

tion is then obtained.

4.4 Results

In thissection, theformulasderived in previous sectionsare used to eval uate the system
performance. The system parameters are listed in section 3.3. Additional parametersare

listed below. Datasourcerate= 1.2 Kbpsor 2.4 Kbps, data packet retransmission permis-
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sion probability pg=0.044 or 0.07, voice packet retransmission permission probability
p=0.3 or 0.2.

Thetwo analysisresultsarefirstly comparedintable 5. The combined Markov and equi-
librium point analysisisreferred to asanalysis 1, and the Markov analysis by approximat-
ing marginal distribution of backlogged data terminalsis referred to as analysis 2. The
resultsfor My [ 27hrelisted. If Mg > 27, the data subsystem becomes unstable and the
two analyses give the same results. From this table it can be seen that the results of the
two analyses are very close. However, the computation of analysis2isMg+1 times more
complex than that for analysis 1. In the following, the results of the analysis 1 are pres-

ented and compared with simulation results.

Table 5: Comparison between two analyses

Rq=2.4Kbps, p=0.7, p4=0.07, [=0.0, M4=M
Parop ( CI0F) Way (ms)
Mg 22 24 26 27 22 24 26 27
Analysis1® [1.4561 |1.815 [3.4389 [4.4219 |36.147 39.609 |55.795 |71.324
Analysis 2™ 11.1269 [1.9066 |3.4058 |4.6446 (32.791 |40.223 [54.745 | 71.761

* Analysis 1 = The combined Markov and equilibrium point analysis.
** Analysis 2 = The Markov analysis by approximating marginal distribution of back-
logged data terminals.

Figure 4.3 showsthe rel ationship between packet dropping probability Pgrop and simul-
taneous conversations M for different [Cinlavoice-only system. Thisisaspecial case of
the joint voice—data system (B=0). It can be seen that the analysis and simulation results
agree well, especially when the packet header error rate [idsmall. The discrepancy at

higher packet header error ratesis because of the approximate nature of equation (4 .17).
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The accuracy of the approximation can be judged through comparison with simulation
results. It can be seen that the higher the [Tilhe worse the approximation. The reason for
thisisthat the analysis becomes|ess accurate if more than one header error occurs during
atalkspurt, asexplained in section 4.3.3.1. It isalso clear that the higher the value of [[1
the higher the Pyrop andthe poorer the system capacity. When Lislncreased to 0.05, ssmu-
lation showsthat only 25 conversations can be supported for Pgrop [1%) little more than
the TDMA capacity R/Rs=22.5 conversations. However when [=10.01, 34.3 conserva-
tions and 0.71 throughput can be supported. Therefore the system capacity is degraded
marginally compared with 36.4 conversationsand 0.75 throughput for [=0.0. With refer-
enceto[76], itispossibletoachieve [afllessthan 0.01 over slow and fast fading channels
using ssmpleerror correction coding and diversity schemes. A modified PRMA protocol

proposed in [78] is less susceptible to channel errors.

Figures4.4 and 4.5 show the Pyrop and datapacket delay Wy, versus number of terminals
respectively for joint voice-data PRMA on an error free channel assuming Mg=M. The
lines represent analytical results and the isolated points represent simulation results. The
discontinuitiesinthefiguresindicate that the system becomesunstable. It can be seen that
good agreement between analysis and simulation is demonstrated. The difference be-
tween analysis and simulation is due to the approximation anaysis using the equilibrium
value b of backlogged dataterminals. Table 6 shows acomparison of the combined Mar-
kov and equilibrium point analysis, simulation and equilibrium point analysisin[72][ 73].
Itisclear that the combined analysisintroduced in thischapter providesanimproved esti-
mate of the maximum number of users M max, whereas the analysisin [72] and [73] ap-
pearsto provide a better estimate of dropping probability, Pyrop, due to the overestimate

iN Mmax-

83



PH.D. THESIS OF HONGHUI QI

Table 6: Comparison of analysis 1, simulation and EPA analysisin [72][73]

R4=1200bps R4=2400bps
P Pd [Mmax | Wav | Pdrop P Pd | Mmax | Wav | Padrop
(ms) | x10-3 (ms) | X103

Analysis1 [0.3|0.044]| 33 (195 | 7.96 |0.26 [0.069| 26 60 2.3
Simulation |0.30.044| 33 | 194 | 994 (0.26 |0.069| 27 126 | 6.5

Analysis [0.3]10.044| 36 | 150 | 9.00 |0.26 [0.069| 31 70 4.7
[72][73]

M max: Maximum number of terminalswith (1) Pgrop<0.01, and (2) bound data packet

delays

The capacity of the system isdetermined by the maximum number of users supportable
in the system under the constraints of Pgrop =< 0.01 and bounded data packet delay. It can
be seen that with areduction in the number of speech terminalsall terminals can provide
alow rate data capability with data packet delays of afew hundred milliseconds. For ex-
ample, at adatarate of 1.2 Kbps the system can support 33 simultaneous conversations,
down from 36 for a voice-only system. The average data packet delay is about 190 ms.
At 2.4 Kbps the system can support 27 simultaneous conversations with an average data
packet delay of about 100 ms. The system throughput for these two cases are calculated
to be 0.749 and 0.663 respectively. Compared with the throughput of 0.758 in the voice—
only PRMA system obtained in chapter 3, it can be seen that the throughput has not been
improved by integrating data information, the data packet transmission is established at

the cost of a reduction of the number of voice terminals.

Figures 4.6 and 4.7 show the Pyrop and Wa, versus number of terminals respectively for
joint voicedataPRMA when [=0.01. Both approximateanalysisusing equilibriumvalue
b and the approximation introduced for Pyrop in equation (4 .16) — (4 .17) contribute to
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the discrepancy between the analysisand simulation. Thefigures show that a0.01 packet

header error rate insignificantly degrades the joint voice data PRMA performance.
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FIGURE 4.3 —Packet dropping probability for different [
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FIGURE 4.5 —Average data packet delay versus number of terminals
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FIGURE 4.7 —Average data packet delay versus number of terminalsfor [=0.01
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4.5 Conclusions

Inthischapter, two analysismethodsfor ajoint voice-dataPRMA system are presented.
Oneisacombined Markov and equilibrium point analysis. Theother isaMarkov analysis
using an approximate marginal distribution of backlogged dataterminals. Expressionsfor
voice packet dropping probability, data packet delay and system throughput in the pres-
ence of uplink packet header transmission errors are derived. The two analysis methods
are compared with each other for computation complexity and accuracy. It isfound that
they givevery closeresults, however computation with thelatter method ismore complex
thanwiththeformer one. Simulationresultsareal so presented for comparison with analy-
sisresults and good agreement is observed, especially when the packet header error rate
issmall. The obtained performance parameters indicate that the joint voice data PRMA
gracefully accepts|ow rate dataterminalswith moderate data packet delay. However the
throughput isnot improved by theintegration of voice and data, the data packet transmis-
sionisestablished at the cost of areduction of the number of voiceterminals. Its perform-

ance isonly marginally degraded for low packet header error rate.
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Chapter 5
Adaptive Retransmission Probability

PRMA

5.1 Introduction

InaPRMA system, the retransmission permission probability p isan important param-
eter. Its effects on the performance and stability of PRMA have been analysed in chapter
3andin[68] —[70]. If thevalue of pislarge, when the systemisin low load, the system
has low packet dropping probability. However when the system is under a high load, it
has very high packet dropping probability and becomes a bistable system. Otherwise, if
the value of p is small, although the system is stable, the packet dropping probability is
high, thus channel efficiency and throughput islow. Thereforeit isdesirableto adjust the
retransmission probability p with the system load to obtain low packet dropping proba-

bility and maintain system stability.

PRMA also allows data information to share the channel with voice information. The
performance of thejoint voice-dataPRMA hasalready been studied in chapter 4 and [72]
[73]. Itisfoundthat with areduction of speechterminal s, thevoicedataPRMA gracefully
accepts low rate data terminals with moderate data packet delay. However, the channel
efficiency isnot improved by the integration of voice and data. Based on these previous

studies, an adaptive retransmission probability (ARP) scheme, then ak action estimation
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ARPfor possible practical applications are proposed. Finally, achannel efficient method

of voice dataintegration in PRMA employing the ARP schemes is presented.

Thechapter isorganised asfollows. In section 5.2, an optimal and k action ARP schemes
are proposed and examined. An estimation ARP (E-APR) schemeissimulated in section
5.3. In section 5.4, a slot stealing scheme which efficiently utilises channel resource is
presented. Simulation and analysis results are also shown in this section. A conclusion

isgiven in section 5.5.

5.2 ARP Schemes

5.2.1 Optimal and k action ARP schemes

An adaptive retransmission probability (ARP) schemeisarulefor varying the retrans-
mission probability p as system variables, such as the number of contending terminals,
change. The sequence of p values chosen by a scheme may depend on the history of the
process. However, for a stationary scheme, it depends only on the state of system at the
current timeslot [45][46]. Thusastationary ARP schemewould haveastationary retrans-
mission probability vector [={p(0,0), ..., p(C,R), ... }, where p(C,R) isused for asys-
temin state (C,R). If the stationary ARP schemeisimposed on aPRMA system, { Ct, RY}
is still an irreducible Markov process [45][46]. Thus there exists an optimal stationary
ARP scheme which has an optimal retransmission probability vector Lgid minimizethe
packet dropping probability Pyrop. The Pgrop can be obtained from formula(3.12). How-
ever it isnot easy to find [gihrough thisformula. This problem is now examined from
the PRMA protocol itself. Let P{(C,R) be the successful contention probability of C
contentionterminals. Itisclear that thelarger thevalueof Pg(C,R), thesmaller the number

of contending terminals. Consequently, lower average packet dropping probability and

92



PH.D. THESIS OF HONGHUI QI

a stable system are obtained. Therefore the optimal ARP scheme can be obtained by
maximising P(C,R) for all C and R except C=0.
The P§(C,R) is expressed in the form (cf Figure 2.5)

P{C,R) [CPC,R)(1 [T, R))C'Imli%ﬂ 10l (5.1)

The [gdan be obtained by taking the derivative of Py(C,R) with respect to p(C,R) and

setting it to zero,

[PYC,R)

moR T 5 .2)
Thus we have

po(C,R) Iila__l C [I2 [IITM: R [0, [ITN (5.3)

It can be seen from (5 .3) that po(C,R) is only dependent on the number of contention
terminals C and independent of the number of reservationterminalsR. Thereforethe opti-
mal retransmission probability vector [gidreducedto{pg(1), Po(2), ... [o(C), ... [Ax(M)}

anditis

1 1
Lo 1T{1 05 g I} (5.4

which contains M different values. To examine the sensitivity of system performance to
thevalueof p(C) and the possibility of practical applications, k (k CM) Tather than M dif-
ferent p(C) valuesare used in an adaptive retransmission probability scheme. Thisscheme
is referred to as a k—action ARP scheme which is of the form {p(C)=p; for C [Cy1
P(C)=p2 for C; LCTIC,1 ... , p(C)=pk-1 for Cx LCTIC,Hh, p(C)=pk for C LT h}.
Ps(C,R) asafunction of C for different values of retransmission probability p isshown
infigure 5.1. It is noted that the factor (1-R/N)(1—-0xin (5 .1) is a constant with respect

to C. For simplicity, it isassumed to be 1 in thisfigure.
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FIGURE 5.1 —P4C,R) as the function of C for different values of p
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5.2.2 Numerical Analysis

Inthissection, aperformance comparison of several ARP schemesemployedinaPRMA
system is presented. The parameters of the PRMA system are listed in section 3.3.
Simulation model for an ARP scheme is the same as described in section 3.3.1 except
that the transmission permission probability, p, now varieswith the number of contending
terminals, C, according to the ARP scheme.

Three ARP schemes are analysed and ssimulated. These are:

[1 Optimal ARP scheme

[15action ARP scheme. From figure5.1with{p(C)=1.0forC<1,
p(C)=0.5 for 1 LCH2, p(C)=0.3 for 2 LCHA3, p(C)=0.2 for
3 [CHA7, p(C)=0.1for C>7}

[1 3 action ARP scheme. From figure 5.1 with { p(C)=0.85 for
C=1, p(C)=0.5for 1<C=2, p(C)=0.3for C>2}

The selection of p(C) is based on making packet dropping probability as small as pos-
sible and keeping system stable. Other value of p(C) for 3 and 5 action schemes can also
be selected.

Figure 5.2 showsthe simulation and analysis results of the packet dropping probability
Pdrop Versus simultaneous conversations M under the three ARP schemes. All ARP
schemes have lower Pyrop than that of fixed retransmission probability PRMA systems
showninfigure 3.3 and it isclear that the optimal ARP schemeis superior. It can be seen
from the figure that the optimal ARP and 5 action ARP schemes have nearly the same
Parop, although p(C) is not selected to be the optimal value when C = 3 for the 5 action
ARP scheme. The 3 action ARP scheme has slightly higher Pyyop than the 5 action ARP
scheme mainly because p(C)=0.85 rather than 1 when C< 1. It follows that the system

performanceis sensitive to the value of p(C) for small C and insensitiveto p(C) for large
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C. Figure 5.3 shows the analysis results for the probability distribution of the contender
number C for the optimal and 3 action ARP schemes. It is clear that the system stays at
zero and asmall number of contender states with alarge probability. That also explains
why Pgrop is more sensitive to the selection of p(C) for small C than for large C. Based
on the above analysis, it can be concluded that perfect contender knowledge can be re-
laxed when practical control procedures are considered.

For the optimal ARP scheme, capacity isincreased to 37.6 users as compared with 36.4
users for fixed retransmission probability PRMA and thus its normalised capacity isin-
creased from 1.62 to 1.67 conversations per channel. The throughput increasesto 0.784
ascompared with 0.758 of fixed retransmission probability PRMA. Itisnoted that arela-

tively small increase in capacity and throughput are obtained.
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FIGURE 5.2 —Pgrop as afunction of M for the optimal, 5 and 3 action ARP schemes
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5.3 Practical Control Scheme

The lowest packet dropping probability system performance given in the last section
isachievableif the system users have exact knowledge of the system contention number
at any time. Inapractical system, the system usersoften have no ideaabout the contention
number in the system. Each user may individually estimate this contention number or the
base station may estimate it and broadcast it to each user. Here we give an estimation
method which can be executed by the base station and implemented using a feedback

mechanism.

5.3.1 Estimation ARP Scheme

The states of aterminal can be classified into 2 categories: contention which represents
theterminal isin contention (CON) state, and non—contention which representsthetermi-
nal isin reservation (RES) or silence (SIL) states. Assume that the base station has a
knowledge of the number of contenders at the tth slot. The base station can estimate the
contention number C for the (t+1)th slot, if all of terminals can inform the base station
their state change during thetth slot. Let 2 bitsbereserved for al usersto send their state
changeto the base station at the end of each slot [39] [47]. Onebit indicatesastate change
from contention to non—contention, the other bit indicates the opposite change. After the
base station receives these 2 bits, it will estimate the increased or decreased number of
contenders at the end of the tth dlot. If two or more terminals move into contention from
non—contention state during the tth slot, the base station will underestimate the number
of contenders(referredto as*‘ underestimation” error). Similarly, if two or moreterminals
changetheir state from contention to non—contention, an *‘ overestimation” error will oc-

cur. Otherwise the base station can perfectly estimate the number of contenders for the
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(t+1)th dot. Then the base station selects the retransmission probability p(C) and feeds

it back to each user, along with the contention results of thisslot. Following the same pro-

cedure, the base station estimatesthe number of C and sel ectsthe retransmission probabil -

ity p(C) for thedot t+2, t+3, ... and so on. This estimation schemeisreferred to as Es-

timation — adaptive retransmission probability control scheme (E-ARP). Itisillustrated

in figure 5.4 where ahigh level at any terminal represents a contention state, and a low

level represents a non—contention state. Dashed lines indicate that state change informa-

tion will be transmitted by the bit indicated by arrows.

The disadvantage of this E-ARP schemeisthe estimation errors and their aggregation.

The effect of these errorsis studied in section 5.3.4.
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FIGURE 5.4 —Diagram of E-ARP control scheme
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5.3.2 Frequency of Estimation Errorsand Error Correction

The probability of these ** underestimation” and “* overestimation” errors can be calcu-
lated. Assumethe systemisin state{ C'=C, R=R} at thetthslot, S=M —-C—R. The proba-
bilities of two or more terminals moving from silence into contention state at the tth slot

are

Pr(moresSC) = 1 [C(TIra) CSall a3 (5.9)
Similarly, the probability of two or more terminals leaving contention status at the tth

dotis

Pr(moreL.0) Lot Cp@)© i Rl crol) car
crEr S com o<l

(5.6)

Therefore the probabilities of *“ underestimation” and ““ overestimation” errors are

M

Prob(underestimation) 11 Br(horesC)Pr(S) - (5.7)
sz
N—MJIE 1]
Prob(overestimation) 1! Pr(norel C)Pr(C, R) (5.8
R [0 (21
where Pr(S) is
M
Pr(S) dﬁ@ R and R, CMILCS I C] (5.9
cro

The value of Prob(underestimation) and Prob(overestimation) are very small. For the
optimal ARP scheme when M=37, Prob(underestimation) is 7.63587 [_IO-P, Prob(over-
estimation) is 1.38826 [_10-P.

As previously discussed in section 5.2.2, agood system isin alow contender number

state for most of time. In this case, only ““underestimation” errors would occur. If new
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contenders appear, they will obtain reservations quickly. Thus the estimated contention
number could be negative which isimpossible for area system. Therefore we set the
negative estimated contention number to zero. This procedure can correct certain estima-

tion errors.

In the next section, an example system studied in section 5.2.2 is given to examine the
effect of these estimation errorsand E-ARP system performance. Theresultsareobtained

by computer simulation.

5.3.3 Simulation M ethodology

The simulation methodol ogy isquite similar asdescribed in section 3.3.1. Theonly dif-
ferenceisthat theretransmission probability, p, varieswith the estimated number of voice
contending terminals, C. In the simulation program, the estimated C is incremented by
1if oneor moreterminalsenter talkspurtsfrom silent states, or decremented by 1if acon-
tending terminal obtains areservation or reservation terminals give up their reservations
at the end of their talkspurts. Then the value of p is adapted according to the E-FARP
schemes. Therefore E-ARP system performance can be evaluated by combining the

above estimation procedure and PRMA protocol.

5.3.4 Effectsof Estimation Errorsand System Performance

The packet dropping probability Pyrop asafunction of simultaneous conversation M for
the estimation of the 3 and 5 action ARP schemes are shown infigure 5.5. It isfound that
the 3 action E-ARP scheme has slightly higher Pgrqp than the 3 action ARP schemes, but
the 5 action E-ARP schemeis much worse than the 5 action ARP scheme. The difference

between the 3 ARP and 3 E-ARP or between 5 ARP and 5 E-ARP schemesis caused by
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estimation errors. It is clear that the same estimation procedure used in different ARP
schemeshasdifferent consequenceson system performance. Thiscan beexplained asfol-
lows.

Consider an underestimation error case where the estimate of C is 1 while the actual
value of Cis 2. If no estimation errors occur, both 3 and 5 action E-ARP schemes have
the samep(C) value, thusthe same packet dropping probability. However, when an under-
estimation error occurs, different p(C) valuesare used inthetwo schemes. For the5 action
E—-ARP scheme no contender can obtain areservation, whilein 3 action E-ARP scheme,
itssuccessful contention probability still takesacertain value. Therefore packet dropping
probability of 5 action E-FARPishigher than that of 3 action EFARP. Fromthisit canalso
be concluded that the selection of p(C) when C 114 very important for the E-ARP

schemes

Figure 5.6 shows the packet dropping probability of 3 E-ARP scheme under the uplink
packet header error case. It can also be seen that 0.01 header error rate only marginally
increasesthe packet dropping probability. Thisconclusion isthe same as obtainedin sec-
tion 4.4 for fixed permission probability PRMA systems.

Consider the 3 action E-ARP schemeand the example PRM A parametersused pervious-
ly. The capacity is 37.42 users as compared with 37.6 usersfor the optima ARP scheme
assuming perfect knowledge of C. Hence the 3 action E-ARP scheme is a good choice

for this estimation procedure.
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FIGURE 5.5 —Packet dropping probability for 5 and 3 action E-ARP schemes
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FIGURE 5.6 —Packet dropping probability for 3 action E-ARP scheme
for [=10.0 and 0.01
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5.4 A Channdl Efficient Method of Voice Data
Integration in ARP PRMA

PRMA allows not only voice but also datainformation to share the channel [68] [69]
[72] [73] [92]. Thenatureof information isspecified by the packet header in every packet.
A protocol for ajoint voicedataPRMA schemeisdescribed and analysedin[72] [ 73] and
chapter 4. In the system, both voice and data terminals contend for time slots. The voice
terminals will reserve the dotsif they contend successfully, while data terminals cannot
reserveslotsand haveto contend for each packet. Thevoiceterminalshavehigher priority
than dataterminal sbecause of their sensitivity to delay. It wasshownin chapter 4and [72]
[73] that the data transmission is established at the cost of areduction of the number of
voice terminals, due to the collisions between voice and data packets and unused time

dots.

However the channel throughput may be significantly improved by avoiding collisions.
This can be achieved by synchronising the data terminals to utilise the time slots which
remain unused by voice terminals. The unused time slots may occur in 3 ways referred
toastypel, 2and 3. Type 1 occursat theend of talkspurts, type 2 occurswhen voicetermi-
nals have packets to transmit but fail to obtain permission [69], and type 3 occurs when
no contending terminals are in the system. The first type of unused time slots cannot be
utilised unlessthe PRMA protocol ismodified[78]. The second and third types of unused
timesotsmay be‘* stolen” by dataterminals (asinthe ALOHA system) through acarrier
sense type protocol which assumes that terminals are in line—of—sight and within range
of the data terminals [48]. However this assumption is not true in cellular systems, be-
cause terminals can be within range of the base station but out—of—ange of each other;

or they can be separated by some physical obstacle opaque to UHF signals [52]. Since
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both simulation and analysis results show that the last type of unused time slots occur
much more often than the others, aswill be shown in section 5.4.4, aschemecalled ** slot
stealing” isintroduced. In this scheme dataterminals** steal” the unused time slots when
no voiceterminals contend for them. Therefore aknowledge of the number of contending
voiceterminalsin each dotisrequired, which can be satisfiedif either the ARP or EFARP

scheme is employed.

5.4.1 A Protocol for Slot Stealing PRMA

In PRMA, voice packets contend and reserve time slots on the uplink channel. The dlot
status is broadcast by the base station on the downlink channel via acknowledgment
packets. Thus each user is aware of the status of each slot in the current frame. In ARP
PRMA discussed in section 5.2, the voice terminals still contend and reserve time slots
inthe PRMA fashion but their retransmission probabilities p are adapted according to the
number of contending voice terminals, C. For the optimal or k action ARP scheme, per-
fect knowledge of contending voiceterminalsisassumed to beavailableto all terminals.
In the E-ARP scheme, the number of contending voice terminalsis estimated by a base
station, thus the base station has knowledge of the contending number at every slot.
Therefore dataterminals can be integrated into PRMA by only transmitting their packets
on the time slots when no voice terminals need them. A protocol integrating data packets

into those time dlots, called sot stealing, is proposed as follows.

5.4.1.1 A Single Data User

A singledatauser *“ steals’ unused time slots when there are no contending voice termi-

nalsin the system. Because the base station has knowledge of the number of contending
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terminals at every dot, it feeds the information about whether the number of contending
voice terminals, C, is zero or nonzero to the data user by 1 bit in the acknowledgement
packet. Thedataterminal transmitsitspacket when C=0and thecurrent slotisunreserved.
If perfect knowledge of C isavailable (optimal ARP or k action ARP) the data terminal
does not collide with voice terminals. However, the estimation errors of C inthe E-ARP
scheme could result in collisions between voice and dataterminals. In order to decrease
the collisions, atransmission permission probability pg isintroduced to the dataterminal.
We have pg=0for C=0; 0< pg= 1.0 for C=0. Clearly p4=1.0 for C=0 only when perfect
knowledge of C isavailable.

5.4.1.2 Several Data Users

When the above special caseisextended to the case of several users, the datausershave
to cooperate with each other to ** steal” the unused time slots when no contending voice
terminals are in the system. Here we propose the following protocol for organising

packets from different data terminals into the unused time slots.

During call set-up, each user isassigned an identification number (1D) by the base sta-
tion. If the estimated voice contention number at the base station for the jth slot is zero
andthedlot isalso unreserved, the base stationinformsadataterminal to transmit apacket
on this dot. The base station would typically select the termina with, for example, the
lowest ID number. If there is no packet in the buffer of this terminal, the slot is wasted
and packets in other data terminals cannot access this dot. Again if the kth (k>j) dot is
unreserved and C is zero, the dataterminal with the next ID number isinformed to trans-
mit a packet. This process continues until thelast ID number has arrived. It then restarts
from the lowest ID number. Therefore each user has one chance to transmit a packet in

each period. Similar to the single data user case, a permission probability pqis aso
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introduced to each dataterminal. We assume pq isthe samefor all datausers. Inthiscase,
0 < pg=< 1.0 when C=0 and dataterminals areinformed of transmission, otherwise p4=0.

Clearly pg=1.0 is selected only when perfect knowledge of C is available.

Itisclear that thisprotocol isefficient when all dataterminals have the same data source
rate. If thedataterminalshavedifferent datarates, lower datarateterminalsdo not always
have packets to transmit when requested. This results in slots being wasted. Higher data
rate terminals have more packets to transmit but no extra slot assignmentsresulting in a
long queue and long datapacket delay. However, the protocol could be adapted efficiently
by assigning more slotsto the higher datarate users according to their datarate. Here the

case of data users with the same data bit rate is considered.

5.4.2 Throughput —Delay Analysis

In this section, the throughput—delay performance of the data subsystem is analysed. For

convenience, several symbols arelisted in table 7.

Table 7: Definitions of the symbols

Symbols | Definitions
Rs, Ry Source rate of each voice and data terminal respectively

M, Mg | Total number of voice and data terminals respectively

N Number of slotsin aframe

[g] The data packet generation rate in any slot of adata user [¢3Ry/(RJN)

g1 Thetotal data packet generation rate in any slot of the data subsystem
LealaM g

] The probability that talkspurt ended in the most recent frame

R,C The number of reservation and contention terminal s respectively

p(C) The transmission permission probability of voice terminals when system

has C contending voice terminals
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Asdiscussed in section 5.1, the unused time slotsin a PRMA may occur in 3 waysre-
ferredtoastypel, 2and 3. Type 1 occursat theend of talkspurts, type 2 occurswhen voice
terminals have packets to transmit but fail to obtain permission, and type 3 occurs when
no contending terminals arein the system. In avoice only system, the mean numbers of

unused time dlots of type 1 per frameis

N
n, = > RLA(R) . (5.10)
R=0
The mean numbers of unused time slots of type 2 per frameis
N M-R
=N Z(l—p(C))CELEB(C, R) . (5.12)

R=0C=1

The mean numbers of unused time slots of type 3 per frameis
N
ng CNCY @% lekc rom) . (5.12)
R=0

Here Pr(C,R) isthe stationary state probability of state (C,R) which can be obtained by

M
the Markov analysis method, and Pr(R) I@ Pr(C,R).
C=0

5.4.2.1 Data Subsystem Throughput

According to the protocol described in section 5.4.1, dataterminals‘*‘ steal” the unused
time slots n3 to transmit their packets. Therefore, the maximum packet generation rate

Lardax Of the data subsystem supportableis

Lol = N3/N (5.13)
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The throughput of the data subsystem [gisthe minimum of [gand [gdax, thatis,

[l= min { Ll Corly }- (5.14)

Its maximum valueis [ggdax. Thetotal channel throughput isthe summation of [qand
the throughput of voice subsystem [ Wvhich was discussed in chapter 3 and [70]. For the
case of severa dataterminalswith the same databit rate, the maximum data rate of each

terminal supported is

Ramax = Ldrdax Rs N/Md (5.15)

Mg=1 represents the case of a single data terminal.

5.4.2.2 Data Packet delay

Assume that at each data terminal, data packets are generated, buffered in an infinite
size buffer and served on a first come first service (FCFS) basis. A terminal that has |
packetsinitsbuffer iscalledinstate BUF;. For low bit rate datatransmission, that no more
than one packet arrival occursinadot at aparticular dataterminal isalso assumed. Based
on the above assumptions and proposed protocol, a data terminal can be modelled by a
birth—death process, the same model as shown in figure 4.2. However for slot stealing
PRMA, the probability of a single successful data packet transmission, w, is given by
equation (5 .16), rather than (4 .1).

A data packet at a dataterminal is transmitted when the third type of unused time slot
occursand the dataterminal isinformed by base station to transmit its packet. The proba-
bility of the third type of unused time slots occurring is ng/N, the probability of a data

terminal being informed is 1/My. Hence, one successful transmission probability now is

(5.16)
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where My isthe number of dataterminalsinthe system. The averagewaiting timefor one
successful transmission at any dataterminal is 1/w. For apacket that arrives at aterminal
that hasj packetsin its buffer, the waiting timeis (j+1)/w. If the average number of buf-

fered packets at any dataterminal is J, the expected data packet delay is
Wa I (5.17)
The average number of buffered data packets at any data terminal, J, can be obtained
by

—1
J @j Pr,
j Co1

(5.18)

where Prj isthe probability of adataterminal in state BUF;. It can be obtained in the same
way as in equations (4 .32) and (4 .33). Thus J is obtained by substituting (4 .33) into
(5.18),

J % (5.19)

Therefore

w-L3]
Wy I:w_('vﬁ)] . (5 .20)

Inthe E-ARP scheme, because of random estimation errorsin the number of contending
voiceterminals, the parameters defined in equations (5 .10) to (5 .20) aredifficult to cal-

culate analytically. However, they can be generated by simulation.

5.4.3 Simulation M ethodology

The same simulation methodol ogy and contention number estimation procedure as de-

scribed in section 5.3.3 and the same data packet generation model asdescribed in section
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4.3.4 are used in thissimulation procedure. A data packet transmission is determined by
theslot status, estimated contending number of voiceterminal, C, and apermissionwhich
isgenerated by a pseudo random number generator, with a predetermined probability pq,
at each dataterminal. When aslotisavailable, theestimated Ciszero and thetransmission
isapproved, adatapacket of adataterminal istransmitted. If the above situation happens
again, a data packet of another dataterminal istransmitted. The sequence of data termi-
nals being informed of transmission isdetermined by a predetermined order. If voiceand
data packets are transmitted on the same slot, both packets are retransmitted according
to different protocols, that is, PRMA for the voi ce packet and the sl ot stealing schemefor
the data packet. Therefore, the voice packet dropping probability, data packet delay and
throughput are obtained according to the same definition in section 3.3.1 and section

4.3.4.

5.4.4 Results

Simulation and analysisresultsfor the slot stealing PRMA system are presented in this
section. The same example system is used. Optimal ARP{p(C)=1/C, when C> 0}, 3ac-
tion ARP and 3 action E-ARP {p(C)=0.85, when C<1; p(C)=0.5, when 1<C<2;
p(C)=0.3, when C> 2} are considered.

Table 8 liststhe simulation and analysisresults of voice only system with ARP schemes
assuming thetotal number of voiceterminalsM=37. Thisvalue of M representsthe maxi-
mum number of simultaneous conversations supportable for the system under the limita-
tion of 1% voice packet dropping probability. However, we will show that the additional
datauserscan beadded without significantly affecting thevoiceusersperformance. [aghax
and Rymax Classifiesthe upper limit which can be achievable only for a system with opti-

mal ARP or 3action ARPwhen dataterminals(My=37) areintegrated. It can beseenfrom
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thistabl e that the number of unused time slots nz ismuch larger than ny and ny. Therefore
when data terminals ** steal” the unused time slots ng, the majority of channel resources
wasted in avoice only system are utilised and the total channel throughput [c# [gisclose
to 1.

Table 8: Results of voice only systems when M=37 ( [pdx= LcH Laghax)-

Schemes n ny n3 [e] |Pdrop | [adhex | Lemdx | Rdmax
(Kbps)

optimal ARP

(analysis) 0.2470 [0.0123 [4.1695 [0.780 [0.0062 |0.209 [0.989 |3.60

optimal ARP

(smulation) [0.2471 [0.0116 |4.0776 [0.783 |0.0071 |0.204 |0.987 |3.50

3 action ARP

(analysis) 0.2468 [0.0526 |4.1405 (0.773 [0.0072 (0.207 |0.980 |3.58

3 action ARP

(simulation) 0.2472 [0.0530 (4.0374 (0.783 [0.0074 |0.202 |0.985 |3.49

3 action E-FARP

(simulation) 0.2469 10.0516 {4.0359 [0.782 |0.0075 [0.202 10.984 |3.49

Figures 5.7 and 5.8 show the simulation results of data packet delay and voice packet
dropping probability respectively asafunction of dataterminals’ permission probability
pginthe 3 action E-ARP scheme. It can be seenfromthetwo figuresthat with theincrease
of pg, the data packet delay, Wa, is decreased, voice packet dropping probability, Pgrop,
isincreased very slowly, however, when pg approachesto 1.0, Wy, isincreased and Pgrop
isincreased rapidly. Thiscan be explained asfollows. Increasing pq allows dataterminals
to transmit morefrequently, thus decrease the data packet delay. Meanwhiletheincreased
probability of data packet transmission leads to the increase of collisions between voice
and data packets and therefore increase the voice packet dropping probability. When pqg

iscloseto 1.0, excessive collisions occur. Thisresultsin the increase of W, and rapidly
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increased Pgrop. Fromtheabove, itisclear that pgisanimportant design parameter insuch
asystem. pq can be chosen according to different criteria, such asthe lowest data packet
delay, or thelowest data packet delay under the condition of non reduction of voicetermi-
nals and speech quality compared with voice only system when the system is fully uti-
lized. Different criteriacan be set for different system requirements. From figures 5.7 and

5.8 pg can be selected to be 0.98 for the above criteria.

Figures5.10and 5.11 show themean datapacket del ay and throughput of datasubsystem
for data users respectively versus data source rate Rq for systems with different ARP
schemes when M=M4=37. They show that the lower the Ry, the lower the data packet
delay and throughput. With an increase of Ry from 1.2Kbps to 3.5K bps, the data packet
delay increases from 178 ms to 2800 ms and throughput of data subsystem from 0.069
to 0.20 for the optimal ARP scheme. Therefore, the total throughput of the system in-
creasesfrom 0.85t0 0.98. When Ry increases beyond acertain value, for example, Rgmax
in the optimal or 3 action ARP system, the mean data packet delay increases sharply and
isunbounded, the data subsystem become unstabl e and the channel isin saturation. How-
ever the voice terminals still work properly and the throughput of the data subsystem is
kept at the value shown in figure 5.11. The maximum throughput [ghax Can be achieved
in optimal and 3 action ARP schemes but cannot be achieved in the 3 action E-ARP
schemedueto pq being lessthan 1 for C=0 and collisionsbetween voice and data packets.
Figure 5.10 also shows that the analysis and simulation results agree very well. For the
case of asingle dataterminal, similar results can be obtained, but the data packet delay

as shown in figure 5.9 is much larger than for the several data user case.

Figure 5.12 shows the mean data packet delay as afunction of the number of voice or

dataterminalsfor Rg=3.4Kbps. It displaystheeffect of voicetraffic onthedataterminals.
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With an increase of the number of terminals (both M and M) from 30 to 37, the delay

increases from 50 msto 1900 ms for the optimal ARP scheme.

The above figures also show usthe effects of estimation errors on the data packet trans-
missions. The difference of data packet delay, or the difference of data subsystem
throughput, between the 3 action ARP and the 3 action E-ARP quantify the effects of es-
timation errors. Because of the estimation errors, there exist collisions between voiceand
data packets, resultsin long data packet delay and low system throughput in the 3 action
E-ARP scheme.

Finally, acomparison between the slot stealing PRMA and the joint voice data PRMA
studied in chapter 4 is made in table 9. The latter system is referred to as system 1, the
former system as system 2. The main performance parameters of the two systems are
listed in table 9. It can be seen that system 2 has lower voice packet dropping probability
and lower data packet delay compared with system 1 under the same input traffic load.
For system 1 the maximum number of supportable terminalsisgivenintable 9 (cf table
6). With an increase of databit rate, the maximum number of terminals supported in sys-
tem 1 isdecreased. However, since ot stealing is employed, the addition of datatermi-
nal's causes no reduction in the supportable number of voice terminals. Higher rate data
transmission can be accommodated in the sl ot stealing scheme up to the maximum values
shownintable 3 (typically around 3.5 Kbps). Therefore, system 2 not only provides short
data packet delays but al so can be applied to higher datarate terminals, while voice com-

munications are insignificantly affected by the data transmissions.
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Table 9: Comparison between two systems

R4 (Kbps) M=Mq Wa, (Ms) Pdrop L]
System1” 12 33 194 0.0099 0.75
System 2 ** 12 33 89 0.0017 0.76
System1” 2.4 27 126 0.0065 0.67
System 2 ** 3.2 37 3540 0.0090 0.96

* System 1 = joint voice data PRMA system studied in chapter 4.
Rg=1.2 Kbps, p=0.3, pg=0.044, or Rg=2.4 Kbps, p=0.26, pg=0.069
** System 2 = dot stealing PRMA with the 3 action E-ARP scheme.
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FIGURE 5.7 -Mean data packet delay of 3 action EFARP when M=M =37 and

R4=3.2Kbps Vs data terminals' permission probability Py
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5.5 Conclusions

In this chapter, we propose and analyse the optimal adaptive retransmission probability
(ARP) scheme based on maximising the successful contention probability. Since optimal
ARP requires perfect knowledge of the number of contenders, ak action ARP schemeis
presented to relax the requirement. A simple method to estimate the number of con-
tenders, which could be executed practically by the base station, isgiven. The sensitivity
of the system performanceto the value of retransmission probability isexamined for dif-
ferent number of contenders and it is shown that the estimation procedure is efficient
when the procedure appliesto the 3 action ARP scheme. Results show that for the voice
only system, arelatively small increase in capacity and channel throughput is obtained

even for the optimal APR scheme.

Furthermore, we propose asl ot stealing scheme which multiplexes voice terminalsand
dataterminalsto utilisethe channel resource moreefficiently. Inthisscheme, the protocol
for speech users is PRMA with an adaptive retransmission probability (ARP) scheme,
while data terminals are scheduled to transmit their packets on unused time slots when
no voiceterminasare contending. The channel throughput and data packet delay are ana-
lysed and simulated. A comparison between slot stealing PRMA and joint voice data
PRMA studied in chapter 4 is made. It can be concluded that the slot stealing PRMA not
only provides short average data packet delays but also can be applied to higher datarate
services. For the slot stealing scheme, voice quality, in the sense of packet dropping
probability, and the maximum number of voice terminals supportable in the system are
not affected by data packet transmissions if perfect knowledge of the number of voice
contending terminalsisavailable. Inthepractical E-ARP schemethevoicequality isonly
insignificantly affected by estimation errors. The channel throughput is made to ap-

proaches unity.
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Chapter 6
Effects of Packet Capture and Co—
Channel Interference on PRMA Per -

formance

6.1 Introduction

Intheperviouschaptersand references[68] —[ 73], theperformanceof PRMA inasingle
cell environment has been studied. These investigations assumed that the concurrent use
of one time slot by more than one terminal (thisis called collision) would result in the
destruction of all packets involved. All those packets would have to be retransmitted in
later timeslots. Thisis, however, not arealistic assumptioninaPRMA radio network with
mobileterminals. Inlocal radio environments, dueto different distances between the ter-
minals and the base station, and due to shadowing and Rayleigh fading, different power
levels will be received at the base station. This phenomenon degrades the performance
of many transmission systemsand it isoften countered by power control devicesthat seek
to equalise the received power from all mobile terminals. In a PRMA system, this phe-
nomenon gives rise to capture effects at the base station. The packet arriving with the
highest energy has a good chance of being detected accurately, even when other packets

are present.

The capture effects on the performance of PRMA have been studied in [68] [81]. [68]

presents simulation results when near—far problem is considered. [81] investigates the
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PRMA performance in the presence of capture effects where a test packet suffers from
Rician fading and the near—far effect and interfering packets suffer from Rayleigh fading
and near—far effect. Inthe ALOHA system, it isshown that capture increases system effi-
ciency and reducessysteminstability [55] —[67]. Also shadowing enhancesALOHA sys-
tem capacity more than Rayleigh fading does[66]. Thereforeit is necessary to study the
potential benefits to the PRMA system in terms of performance and stability with the

three propagation mechanisms, shadowing, Rayleigh fading and near—far effect.

Moreover inacellular layout, the performance of packet transmission, just like conven-
tional systems, isaffected by theinterference coming from other cells. The quantification
of this effect is somewhat different from the case of systemswith dedicated channels. In
the PRMA system, every slot will experience adifferent interferencelevel depending on
the status of the same slot in the neighbouring interfering cells. Thelevel of interference
experienced dependson theaverage dot utilisation in cochannel cellsand will berandom
in nature due to the operation of the access protocol and the bursty nature of the source.
Another difference to the interference characteristics between packet transmission sys-
tems and dedicated channel systemsis the duration of a particular slot occupancy. For a
TDMA based circuit switched system, aparticular slot will be occupied for the total dur-
ation of acall, whereasin a packet system, each mobilewill use aparticular slot only for

the duration of the talkspurt.

PRMA performanceinthecellular radio environment isstudied [82] [84]. [84] examines
PRMA performance assuming that the interfered packets only apply to access packets.
In [82] the authors eval uate the performance of PRMA with fixed and dynamic channel
alocation and make a comparison between PRMA and multiple access with dedicated
channels. In[82], it is assumed that packet headers have ideal protection. That is, in the

case of interference occurring during the transmission of agiven packet, only that packet
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will be lost, but the following ones of the same talkspurt can be transmitted. In this
chapter, we provide an analysis method to consider the case of non—-ideal header error
protection. We assume that if a packet is interfered, the interfered packet cannot be de-

coded correctly, and interfered packets can be access packets or reservation packets.

The chapter isorganised asfollows. In section 6.2, the capture model is established and
the capture effects on PRMA stability and performance are analysed by Markov analysis
(MA). Insection 6.3, the MA method is extended to study the effects of co—channel inter-

ference. Simulation results are also presented. Conclusions are given in section 6.4.

6.2 Effectsof Captureon the Stability and

Perfor mance of PRM A

Inthissection, acapturemodel ispresented. Analysisresultsof captureeffectson PRMA

stability and performance are shown.

6.2.1 Capture M odel

A test packet isassumed to capturethebase station if and only if itsinstantaneous power

exceeds the instantaneous joint interference power by a certain margin,

Ps = Zgpn (6.1)

where ps is the power of the test packet, p, is the instantaneous joint interference power
and Zg is the packet capture ratio or receiver threshold. The value of Zg depends on the
modulation and coding schemes used. Zg= Lreplesents no capture; Zg=1 represents per-
fect capture, i.e. the receiver always succeeds in correctly detecting the strongest packet,

irrespective of the number of simultaneously transmitted packets; 1<Z< [Cisreferred to
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aspartial capture. Inthischapter, itisassumed that thereceived signal power psisconstant
over apacket duration and two successive packet transmissions by the sameterminal are

entirely uncorrelated. The thermal and man—made noise will also be neglected.

Let fps(ps) be the PDF of an instantaneous packet power ps of atest terminal, fpn(pn)
be the PDF of the instantaneous joint interference power p, of n interferers. Then the

probability that condition (6 .1) istrue is obtained by [59]

C—1 L1

Pr(ps/pn = Z,) I%&iz f

Zy 0

e )

(2W)fp, (W)W dw. (6.2)

Assume that the distribution function of packet power isthe samefor all terminalsand
the received packet powers from different terminals are independent of each other. Then
the probability distribution fpn(pp) of the instantaneous joint interference power p, of n
interferersisthe (n—1)—fold convolution of fpg(ps). Therefore the capture probability that

one out of n+1 packets captures the base station is found from

On (I DA (pstph = Zg) - (6.3)

However, it isdifficult to calculate the conditional probability in equation (6 .3). [57]
givesacomplicated weight function approach based on Laplace transform to analyse the
capture probability. A Monte Carlo simulation method for obtaining gy is used in this
study.

6.2.2 PRMA Stability and Performance

Asdiscussed previously,aPRMA systemisassumed to compriseM identical, independ-

ently operating mobile terminals. During any time slot each terminal will be in any of
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(N+2) states[70]: the silent state (SIL ), the contention state (CON), the reservation states

(RES 1<i<N).

The behaviour of the entire PRMA system is modelled by means of a finite Markov
chain. With M terminals, we have (M—N/2+1)(N+1) possible states (C,R), defined asthe
number of terminalsin contention and reservation states at the start of atimeslot. Theone
step state transition probability Pr(i,j|C,R) that the system will move from (C,R) to (i)
and the system equilibrium function F(C) were obtained in chapter 3 with no capture.

With capture, giveni (0<i < M) CON terminal stransmitting in onetimesl ot, the proba-
bility that exactly one of them will contend successfully is the capture probability g; in
eguation (6 .3). Therefore at state (C,R), the probability of any one terminal contending
successfully of C contenders P{(C,R) is

PYC,R) %?)pi(l—p)c_iqi(l—gél—%) o) (-F) (6.4)

Therefore the system equilibrium function F(C) can be obtained

o o b e 2

where p isthe retransmission permission probability, [ahd [ate the transition probabili-

tiesfor aspeech termina from talking to silent states and from silent to talking statesre-

spectively, and I:_lle(ll—[)ﬂ. Therefore the system stability can be determined by the

number of roots of the equilibrium equation F(C)=M [70].

With capture, the one step state transition probability Pr(i,j|C,R) is found to be
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- bo(C—l)IZE’s(C)(l—%) i CC2,j CRILI]
bO%IT_CIZI i CCAL,j CRA
bo[ (1-GR ECEIPS(C))(l—%)] cl i CCAL,j CR1
bOPS(C)(l—ﬁ)(l—(c—l) [OCB(C-1) IZIPS(C)(l—%) i [CA,j CRIL]
by R 1-COOCBR [0 Cr i CC) CRA

Pr(ij CR) =1
[ (1R E(ZEIPS(C))(l—%)] [ byl-COOCBE | G CR1
blPs(C)(l—%)(l—(C—l)[D i ) CRT L
b, R G{1-crp i CCITj CRAL
[ (1-tpR I:CEIPS(C))(l—%)] [ by(1-CI]] i CCT L) CR1
L O others
(6.6)

where by, (o), b, [CI=hy, S [CM3AC-R. Then the stationary state probability
Pr(C,R) can be calculated asin equations (3 .3) and (3 .4).

The expression for the speech packet dropping probability at state (C,R), Pgrop(C,R),
isthe same asin equation (3.10). However, v, the unsuccessful contention probability of

apacket at state (C,R), is now given by

=) Eki(l—p)c_br(ps/pi (ZgH{1-R )2~ 6.7)

The throughput at state (C,R) is
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[Q,R) C-GICPLCR) - (6.8)

Therefore the mean packet dropping probability and the throughput can be obtained by
averaging Pgrop(C,R) and [{T,R) over the stationary state probability Pr(C,R) in equa-
tions (3.12) and (3 .14).

6.2.3 Applications

Theexamplesystem previously definedin chapter 3isusedinthissection. Threepropa
gation mechanisms, i.e. near—far effect ([=4), log—normal shadowing (0s=1.36 (or 6dB))
and Rayleigh fading are considered. A uniform spatia distribution of the offered traffic
in equation (2 .8) is assumed.

Figure6.1 showsthe capture probability g; that oneof i colliding packetswill bedecoded
correctly by the receiver for various propagation models and different values of receiver
threshold Zg. It is observed that g; is monotonously decreasing with i, but does not tend
to zero when near—far effect is considered. The reason is the unrealistic traffic assumed
in theimmediate vicinity of the base station (rq —> 0) [55]. It isalso obviousthat low re-

ceiver thresholds Zg will result in high capture probability.

The system equilibrium function F(C) is plotted in figure 6.2. It shows that Rayleigh
fading, shadowing and near—far effect serve to improve the system stability. Since the
capture effect is more pronounced on the above channel than that on a Rayleigh fading
channel, for astrong capture PRMA system, alarge value of p can be selected and more

users can be accommodated before system stability suffers.

Figure 6.3 showsthe packet dropping probability asafunction of thenumber of simulta-
neous conversations for the different propagation models and receiver threshold Zgwith

the same permission probability p. It can be seen that at 1% packet loss rate, compared
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with the no capture situation, capture causes little decrease to the packet dropping proba-

bility even if low receiver threshold Zg is used, or high capture probability is achieved.

However the results shown in figure 6.4 are very different. Figure 6.4 also shows the
packet dropping probability as a function of the number of simultaneous conversations
for the different propagation models and receiver threshold Zg but with different retrans-
mission permission probability p. Firstly, PRMA on aRayleigh fading channel with dif-
ferent receiver threshold Zg, thus employing different values of retransmission permis-
sion probability p, is considered. It can be seen that a low Zg results in high PRMA
capacity. The number of conversations supportedinthe PRMA system goesfrom 38 with
Zo=410 39 with Zg=2 on aRayleigh fading channel. Secondly, PRMA with receiver thre-
shold, Zg=4, onvariouspropagation channels, isconsidered. It isclear that PRMA system
with Rayleigh fading, shadowing and near—far effect can support more simultaneous con-
versations than with Rayleigh fading only. Thisis because the former has higher capture
probability, its stability is improved significantly, thus a larger value of retransmission
permission probability p can be used, resulting in terminals waiting less time between
successive transmissions and eventually leading to lower packet dropping probability.
Taking the PRMA system with receiver threshold Zy=4 on the radio channel with Ray-
leigh fading, shadowing and near—far effect as an example, it is found that the example
system gains 3 simultaneous conversations compared with 37 conversationswith no cap-
ture. Equivalently, its throughput is increased from 0.76 with no capture to 0.82 which

is0.02 less than that with perfect capture.
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FIGURE 6.1 —Capture probability that one out of i packets successfully

captures the base station for various propagation models
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FIGURE 6.2 —System equilibrium function F(C) for different propagation models
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FIGURE 6.3 —Packet dropping probability for partial and no captures

with same permission probability p=0.3
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FIGURE 6.4 —Packet dropping probability versus simultaneous

conversations for perfect, partial and no captures

136



PH.D. THESIS OF HONGHUI QI

6.3 Effects of Co—Channdl I nterference on the Per -
formance of PRM A

In this section, we study the effects of co—channel interference on PRMA system per-
formance. Signal and voice terminal models are described and the co—channel interfer-
ence probability is calculated. The capacity of PRMA is obtained by simulation and a

Markov analysis.

6.3.1 Model Description

6.3.1.1 Signal Model

Thetransmission path between abase station and mobile unitsisgenerally characterised
by rapid Rayleigh fading and log—normal shadowing. Since diversity isquite effectivein
mitigating Rayleigh fading, we will focus on log—normal shadowing. In acellular radio
environment, the signal will also suffer co—channel interference due to other usersin
nei ghbouring cellswhich simultaneously use sameradio channel. Thenearest 18 interfer-
ers corresponding to two tiers of cochannel cellsin a seven—cell cluster are considered.
Signal to interference ratio (SIR) is usually used to characterise signal quality. Signal
quality istakento beacceptableif SIRisabovetherequired threshold, R,. For packet com-
munications, if the SIR of a packet is lower than the minimum required SIR, then the

packet is said to beinterfered. Therefore the interference probability, I, can be obtai ned.

_ number of interfered packets/s
~ total number of transmitted packets/s Prob(SIR < Ry) - (6.9)

With log—normal shadowing, both the signal and individual interferer powers are log—

normally distributed. Since the sum of log—normal variates can be approximated by
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another log—normal variate [108], it follows that the interference power is also log—nor-

mally distributed. Therefore the interference probability can be obtained [107]

—1
| CPab(SIR [ Ry} %D f exp(—x2/2)ax m]m_s—mi&)
Lt (6..10)

where [,] Iﬁlﬁj mg, m; are the mean of the signal and interference powers re-
spectively, and [, [ dretheir standard deviationsrespectively. The calcul ation of mg, m;[J
[sand 1k shown in appendix C.

From the expression of mgand m; in appendix C, it isobserved that | is a function of

mobile positions ( L), T T, TTaré the vectors whose el ements are composed by
19 (1 test terminal plus 18 interfering terminalsinthefirst 2 interferencetiers) individual
mobile positions (rj, [[Jlshown in figure A.2. Consequently, to be more precise, | should
be written as I1=I( L_II).Th order to obtain the average value of |, we use the following

equation

17

1 el
j o

(6.11)
by generating alarge set of random positions ( [, 1I}), #valuating | ( [}, 1) Tbr each, and

then averaging. It isfound that 2000 trails are enough for I to converge [107].

6.3.1.2 PRMA Voice Terminal Model

Aspreviously described, if the SIR of apacket islower than the minimum required value
of R, thenitisinterfered. We assumethat once apacket isinterfered, the base station can-
not decodeit correctly. That is, if interference occursin the contention phase, the conten-

tion fails and the terminal continues to contend; if interference occursin the reservation
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phase, the interfered terminal losesits reservation and it returns to the contention phase.
We also consider the capture effect when more packets are transmitted on the same slot.
The capture model isthe same as described in section 6.2.1. Therefore, an access packet

istransmitted successfully if and only if the following two conditions are satisfied;
[T It is not affected by interference from other cells.
1 It captures the base station.

A reservation packet is transmitted successfully if the first condition is met. From the
above, themodel of aPRMA voiceterminal isshowninfigure6.5whichissimilar tothe

one described in figure 4.1 of chapter 4.

RES, [€— RES, le— L ~<{ RES [«

l P{(C)(1-R/N)(1-1)/C

CON :

1~ ] 1-[=P4(C)(1-R/N)(1-1)/C

[A-G)
1
> e
~ 1]

FIGURE 6.6-A model of aPRMA voice terminal

Markov model can also established in asimilar way to chapter 4. Its one step transition
probability Pr(i,j | C,R) can be obtained in a similar way as equations (4 .7) and (4 .8).
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With the consideration of capture phenomenon discussed in section 6.2, the one step

transition probability Pr(i,j | C,R) now is

[ bc-DEIC)ED(-F) i CCR,j CRIL]
O ol i CCA,j CRA
bOEﬁ—lﬂ%u—D ECEIPS(C)(l—T))(l—E)lj:I:I i CCALj CR1
bOPS(C)(l—T)(l—%)(l—(C—l) OICB,(C-1) H(C)(l—T)(l—%) i [CA,j CRILT]
by & [A1-COI By [ CLIhgR (-1 CL i [CJ CRAL

PijlcR =1 LiiRan cowoan(-B) Ubacorsem | CC) CR]
blPs(C)(l—I')(l—%)(l—(C—l)[)] i CCJ) CRILT]
by & [(1-CO1 LR -1 B,CCIbyiL-COT i CCILLj CRAL
(bR ramegoya-n)(1-R)[hb,a-com i CCI L)l CR]
N N
b, R (1-L1-C O i CCIZj CRIL]
L 0 others
(6.12)

where bg=(1-0)M-CR b;=1-hg, P5(C) isin equation (6 .4).

Thenthe stationary state probability of theMarkov chain can beeasily obtained by equa-
tions (3.3) and (3 .4).
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6.3.2 Performance Study

This section outlines the main procedures of calculation and simulation for evaluating

the effects of co—channel interference on the capacity of PRMA.

In calculations and simulation, a seven—cell cluster with a fixed channel assignment
scheme and 18 interference cellsis considered. A dynamic traffic model with a Poisson
processfor arriving callsand auniformly distributed mobileterminalsin each cell areas-
sumed. The signal level follows an inverse 4th power law attenuation with distance; the
superimposed log—normal shadowing hasastandard deviation equal to 6 dB. Two succes-
sive packet transmissions by the same terminals are assumed to be entirely uncorrel ated.
Shadowing in the wanted and unwanted signalsis assumed to be uncorrelated. The stan-
dard deviation of interference of individual component isalso assumed to be 6 dB. Ther-

mal and man—made noise is neglected.

6.3.2.1 Analysis Methodology

A Markov analysis (MA) method is used here to cal culate the simultaneous number of
conversations supportable in each cell and the Erlang capacity of the system. The basic
aimisto compute the packet dropping probability, then the capacity. The following steps

are carried out:

1. Calculate the co—channel interference probability, I, by using
equations (6 .10) and (6 .11).

2.  Caculate the capture probability g; in equation (6 .3) for
1 LT M by aMonte Carlo simulation

3. Use(6.12) to calculate the one step transition probability
Pr(i,j | C,R) for afixed M
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10.

11.

Use (3.3) and (3 .4) to calculate the stationary state probabili-
ty Pr(C,R) for afixed M

Use (3.10) to calculate Pgrop(C,R) and then (3 .12) to calcu-
late Pgrop(M) for afixed M

The maximum simultaneous number of conversations Mg o1

supported in the system is the largest M for Pyrop(M) < 1%
(3.22) and (3.19) are used to calculate Pr(M) and Pr(C,R,M)

The x—percentile packet dropping probability can be obtained
from Pr(M <Mgg1) <x/100<Pr(M <Mgo1+1)

Use (3 .25) to calculate the blocking probability Ppjocking

Erlang capacity is obtained for the 3 different performance

criteriadiscussed in section 3.4.5.

6.3.2.2 Simulation Methodology Outline

In the ssimulation program, one test cell and 18 interfering cells are considered. The
PRMA operation with the consideration of capture and interference from the 18 interfer-
ing cellsis simulated. The simulation of PRMA with ateletraffic model, i.e. a Poisson
call process and an exponentially distributed call duration, in the test cell isbased on the
outline described in section 3.4.4. The traffic load in each interfering cell is assumed to
bethe sameasthetest cell. The simulation methodol ogy of capture and co—channel inter-
ferenceisoutlined below. Since the calls are assumed to be uniformly distributed in each
cell, the distance between amobile unit and its base station is generated according to the

distribution in equation (2 .8). From figure A.2 in appendix C, the distances between in-
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terfering mobileterminalsand the base station are also cal culated. Thusthetest and inter-
fering signals mean val ue can be cal cul ated by theinverse 4th power law attenuation with
the distances. Finally thetest signal and interfering signal levels are obtained with the su-
perimposed shadowing according to the log—normal distribution. Therefore, the signal
level iscompared with the sum of interferencelevel sto judge whether the packet isinterf-
ered or not. For an access packet, whether the strongest signal captures the base station
is determined by simply examining whether it islarger than the sum of all other signals
transmitted on the same slot by acapture threshold Zg. Therefore the estimates of the sys-
tem performance can be obtained by combining the PRM A operation and theabove simu-

lation model.

6.3.3 Results

The same example system as previously defined in chapter 3 isemployed in this study.
Additional parametersarelisted below. The retransmission probability p=0.3, capturera-
tion Zg=4, standard deviation cs=6dB, [=4, required signal to interference ration
R=8dB.

Sincetheretransmission probability p=0.3 isselected, capture only marginally increases
system capacity, as shown in section 6.2. In the following discussion, the effects of co—

channel interference are examined.

The packet dropping probability asafunction of the number of simultaneous conversa-
tionsfor different traffic levelsininterfering cellsisshownin figure 6.7. It isknown that
the interference probability depends on the interfering cell traffic. For the 55% and 75%
interfering cell slot utilisation, the interference probability is0.0117 and 0.0194 respec-
tively. It can be seen from figure 6.7 that there is no much increase in voice packet loss

rate with the increasing traffic level in interfering cells. Thisisdueto the retransmission
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capability of PRMA. At 1% packet dropping level, the capacity of PRMA can be meas-
ured. Fromfigure 6.7 we seethat the averageload of 75% in neighbouring cellsdecreases

the PRMA capacity by 1 user compared with 55% average load.

550 ~o— 1
75% o |

01F 1

0.01

packet dropping probability Pdrop

0.001

0.0001 : : :
25 30 35 40 45
simultaneous conversations M

FIGURE 6.7 — Packet dropping probability as a function of simultaneous

conversations for different traffic levelsin interfering cells
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The effects of co—channel interference on the Erlang capacity of PRMA are now ex-
amined. The same traffic level in each cell is assumed. The 3 performance criteria de-

scribed in section 3.4.5 are used. Both simulation and analysis results are shown.

Figures6.8t06.10 show the averagetrafficload of PRMA under the 3 different perform-
ance criteriain co—channel interference. It is noted that the curvesin these 3figures have
asimilar shapetothat infigures 3.7 to 3.9. However they give different Erlang capacities.
Figure 6.8 shows that the Erlang capacity of PRMA is 33 Erlangs when the maximum
call threshold level, M max, isset to be 43. Under criterion 2 and 3, Erlang capacity is25.5
and 28.5, which are obtained when My« is 34 and 38 respectively. Compared with the
ideal case shown infigures 3.7 to 3.9, the co—channel interference decreases Erlang ca-

pacity by about 2 Erlangs for these 3 performance criteria.

Table 10: A comparison of Erlang capacity between systems with co—channel interfer-

ence and no co—channel interference for a seven—cell reuse cluster.

Erlang capacity of PRMA
system with no co—channel | system with co—channel
interference interference
performance criterion 1 35.5 33.0
performance criterion 2 27.0 25.5
performance criterion 3 30.0 28.5
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FIGURE 6.8 —System average traffic load in Erlangs versus call

threshold Mmax under criterion 1
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FIGURE 6.9 —System average traffic load in Erlangs versus call

threshold Mmax under criterion 2
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average traffic load in Erlangs
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FIGURE 6.10 —System average traffic load in Erlangs versus call

threshold Mmax under criterion 3

148



PH.D. THESIS OF HONGHUI QI

6.4 Conclusions

In this chapter, the capture effects on the PRMA stability and performance in asingle
cell by the means of Markov analysis (MA) is studied. Various propagation mechanisms
are considered for examining the different capture effects. It is shown that for strong cap-
ture, the PRM A system stability isimproved significantly. Thusalarger value of retrans-
mission permission probability can be used, resulting in significantly increased capacity.
The MA method isthen extended to analyse the effects of co—channel interference onthe
PRMA performance. We cal cul ate the interference probability, and examinethe effect on
thevoi ce packet dropping probability. We a soinvestigate the effects of co-channel inter-
ference on the Erlang capacity of PRMA. A seven—cell cluster with fixed channel aloca-
tion is considered. Numerical results show that there is aminor increase in voice packet
loss rate with the increasing traffic level in the interfering cells and the Erlang capacity

of PRMA is not degraded significantly by co—channel interference.
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Chapter 7

Conclusions

The thesis presents a performance analysis of the packet reservation multiple access
(PRMA) protocaol, from voice-only to joint voice—data systems, from fixed to adaptive
retransmission permission probability PRMA, and from aideal channel caseto acellular

co—channel interference case. Simulation results are also presented.

Starting with the PRMA configuration of previous studies [68] [69] [70], a Markov
model for voice-only PRMA is established. Voice terminalsin a PRMA system can be
in one of the 3 states: contention, silent and reservation. The three system state variables
aredefined to bethe number of terminalsin each of these states. A Markov analysis(MA)
of thismodel isthen performed. Markov analysis allowsthe system performance includ-
ing packet dropping probability, random accessdel ay, and throughput to be cal cul ated ac-
curately for both stable and unstable systems. A more detailed insight into the channel’s
dynamic behaviour follows, and an indication of the system instability by the FET (First
Exit Time) is obtained. The Erlang capacity of PRMA is aso calculated with the MA
under different performance criteria. A close match between theoretical calculationsand

computer simulation is shown.

A typical PRMA system with 720 Kbps channel rate and 32 Kbps voice sourcerateis
studied. Itis shown that the maximum simultaneous number of conversationsis 1.62 per
channel (or slot) under the constraint of packet dropping probability less than 1%. The
Erlang capacity of PRMA ismorethan doublethat of afixed assigned TDMA systemwith

the same dotsin one frame.
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TheMA method isthen extended to thejoint voi ce—datasystem with uplink packet head-
er errors. Two new analysis methods have been derived in the thesis. One is a combined
Markov and equilibrium point analysis. The other isaMarkov analysis using an approxi-
mate marginal distribution of backlogged dataterminals. Equilibrium point analysis[72]
has the disadvantage of underestimating of system performance parameters, like data
packet delay and voice packet dropping probability, because these parameters are esti-
mated from the equilibrium values of the system state variables. The two analysis ap-
proaches proposed in this thesis give the distribution of the system state variables, thus
more accurate performance estimates are obtained. Following the derivation of expres-
sions for voice packet dropping probability, data packet delay and system throughput in
the presence of uplink packet header transmission errors, simulation results are presented
for comparison. Good agreement isobserved, especially whenthe packet header error rate

issmall.

Theanalysisalso indicatesthat the PRMA system performance is marginally degraded
for low packet header error rate. Thejoint voice—-data PRMA gracefully acceptslow rate
dataterminals with moderate data packet delay. However, the data packet transmissions

are established at the cost of a reduction of the number of speech terminals.

Tofurther increasethe PRMA channel efficiency, an adaptiveretransmission probability
(ARP) schemeisproposedin chapter 5. Based on someanalytical propertiesof thePRMA
system, an optimal adaptive retransmission scheme is derived, then a k—action estimate
ARP (E-ARP) schemeis presented for possible practical applications. Simulation results
show that arelatively small increase in capacity and channel throughput is obtained due
to wasted channel resource, e. g. unused time slots in voice only system. Consequently,
adlot stealing scheme, which efficiently utilisesthe PRM A channel resource, isproposed.

Theaccessprotocol for speech usersisPRM A with an adaptive retransmission probabili-
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ty (ARP) scheme, while dataterminals are schedul ed to transmit their packets on unused
time slots when no voice terminals are contending. Analysis and simulation show that
PRMA channel efficiency isimproved significantly and throughput approachesthe maxi-

mum value of unity.

Lastly, the performance of PRMA in the presence of packet capture and co—channel
interference is studied. In local radio environments, differences in propagation loss be-
tween terminals and base stations and the effects of shadowing and fading cause differ-
ences in received power levels. This phenomenon gives rise to the capture effect. The
packet arriving with the highest energy has a good chance of being detected accurately,
even when other packets are present. It is demonstrated that PRMA system stability and
capacity are improved by packet capture. The evaluation of PRMA performanceisthen
extended to the cellular co—channel interference case. A Seven—cell cluster with fixed
channel allocation is considered. We calculate the co—channel interference probability,
and examine the effects of co—channel interference on the voice packet loss rate and the
Erlang capacity of PRMA. Numerical results show that thereisno muchincreaseinvoice
packet |ossrate with theincreasing traffic level intheinterfering cells. Theseresultsaso
show that Erlang capacity of PRMA isnot degraded significantly by co—channel interfer-

ence.
The main contributions of this thesis can be summarised as follows.

1. Development of aMarkov analysis method for voice-only PRMA

[1 The Markov analysis method can obtain more accurate perform-
ance measuresand providesmoredetailed insight into the system

dynamic behaviour.
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[1 The system instability measure FET (first exit time), previously
used in ALOHA systems, is introduced into the PRMA system
and is qualified with the MA.

[1 Utilising the MA, the packet capture effects on PRMA stability
and performance are obtained. Theeffectsof cellular co—channel

interference are also obtained.
[1 Erlang capacity of PRMA is obtained viathe MA.

2. Development of acombined Markov and equilibrium point analysis,
and a Markov analysis by approximating the distribution of back-
logged data terminals for joint voice-data PRMA. A comparison be-
tween the two analyses is made. The two analyses give a more accu-
rate estimate of system performance than equilibrium point analysis

previous proposed.

3. Derivation of expressions for voice packet dropping probability in

the presence of uplink packet header transmission errors

4. Development of adaptive retransmission probability (ARP) schemes
and a dlot stealing scheme for efficient voice data integration. The

main components are as follows.

1 An optimal adaptive retransmission probability (ARP) scheme
is derived to maximise the channel efficiency for voice-only
PRMA. k—action ARP schemes are proposed for examining the
sengitivity of system performance to the value of retransmission

probability.
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[1 A simple estimation procedureis proposed for possible practical
applications of k—action ARP schemes. The effects of estimation

errors are analysed.

[1 A slot stealing scheme, which multiplexes voice and data termi-
nalsto utilise the channel resource more efficiently, isdeveloped
and analysed. Thed ot stealing PRMA channel throughput can be

made to approach the maximum value of unity.

We now propose some topics for future study.

Most of the research conducted in the area of PRMA performance study so far hasfo-
cused on either ideal channel (error—free) or uplink channel error cases. In the presence
of downlink channel errors, only simulation results are presented in some publications.
Therefore, oneissuein this areaisto study the PRMA performance under the consider-
ation of downlink channel errors by an accurate analysis method. It is expected that the
Markov analysis (MA) method developed in this thesis can be applied to this case. The
remaining problemisto modify the modelsof PRMA voice and dataterminalsand possi-

bly modify the PRMA protocol for better performance.

PRMA study isextended to cellular environmentswith fixed channel allocation (FCA).
FCA iscommonly used in today’s systems. In this thesis we examine the effects of co—
channel interference on the PRMA performance. In cellular systems, there are other fac-
tors that affect the PRMA operations, e.g. handover, system cluster size and modulation
schemes. Therefore, another issuerelated to PRMA isthe further investigation of its per-
formance in cellular environments. In addition, FCA requires complicated frequency
planning in cellular systems, dynamic channel allocation (DCA) is strongly recom-

mended. It is also necessary to study the compatibility between PRMA and DCA.
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Recently spread spectrum (SS) techniques in mobile communications has received
wide attention. It has the advantages of multiple access capability, anti—-multipath and
interference rejection. Spread spectrum is also proposed for packet switching [105]. In
addition to the above advantages, spread spectrum in packet switching provides astrong
capture capability and also offers very high immunity to the perturbation in the time of
packet arrivals. Such packet switched code division multiple access (packet CDMA), or
spread (slotted) ALOHA systems warrant further investigation, perhaps in conjunction

with techniques such as diversity, power control and powerful error correction coding.
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Appendix A
Derivation of Voice Packet Dropping
Probability Pyrop1(C,R,B) [70]

Parop1(C,R,B) isthe packet dropping probability of aterminal at system state (C,R,B)
due to afirst false transition from reservation to contention states in a talkspurt caused
by packet header errors. Inorder to obtain Pgrop1(C,R,B), we make the following assump-

tions;

[1For areservation terminal, itsfirst reservation is obtained by the
first packet of its talkspurt, and the first packet is delayed by Do
slots. In the calculation, Dg is approximated by thefirst success-

ful packet contention time obtained in appendix B.

[1After reservation, the first packet header error occurs at the ith
transmitted packet. So the remaining maximum packet holding
delay for all subsequent packetsin thistalkspurt is D4 equal to
D-Dg dots.

[1Thereare L packetsin awholetalkspurt, and L1 packets follow-

ing the ith packet (inclusive).

The basic mechanisms of packet dropping are the same asin the no error case. That is,
packets delayed longer than some maximum limit aredropped and all packetsinitsbuffer
aredroppedif aterminal still contendswhen atalkspurt ends. Threedifferent packet drop-
ping cases are classified according to the different first transmission instant of the ith

packet as shown in Figure A.1.
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FIGURE A.1 —Relationships between transmitted packets and transmitting time

and between dropped packets and waiting time for 3 different cases

Case (@) holds when the first transmission instant of the ith packet is after the end of
talkspurt. Thatis, LN [Dg C(i=L)N,or L;N [Dgl All L1 packetsare dropped without
waiting and contending.

Case (b) holds when thefirst transmission instant of the ith packet is before the end of
talkspurt and the time between theinstant and the end of talkspurt islessthan theremain-
ing maximum packet holding delay Dj. That is, 0 < LNHD, [{i=L)N) D3, or
D, < L;N [Dinthiscase, theith packet will be retransmitted and will contend for an
available dot. If the ith packet gets areservation before the end of talkspurt, no packets

are dropped, otherwise all L1 packets are dropped.

Incase(c), LNHD, C(=1)N) Dy, or L;N [CD,theterminal dropstheith packet after

waiting D4 slots. The (i+1)th packet has waited exactly N slots less than the ith packet,
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therefore the terminal drops the (i+1)th packet if it is still contending for a reservation
after D1 + N dots. If after L1N dlots, or at the end of the talkspurt, the terminal still has

no reservation, it drops all packetsin its buffer.

For aterminal that contends with C other terminals already in the contention state, its
unsuccessful contention probability isv(C,R,B) in equation (4 .15). Assumethe terminal

waits | time slots to obtain a reservation. Its waiting probability is

Pu() TV (A.1)

Referringto Figure A.1, ngrop(j), the number of dropped packets asafunction of waiting

time j, can be obtained for case (a), (b) and (c¢)

Ngropli | L1N [DgHEL] j ol (A .2)
ng} | Dy CIGN CDIC0] 0

a7 | Do [N DTS j (TN (A3
[ngl, I LN CDBCo 0 1Dy
Ry vy e S

@p(j | LN CDWCIIA 1 D, [{I3AN [T I I L,N
Moo | LN CDFC j 15N

respectively. From (A .1), (A .2), (A .3) and (A .4), the conditional packet dropping

probability for these 3 cases are given below

Prlhge Tl LN DT (A 5)

L.N

Py, 01D, [N rob—he,g r=n
j (o

ertt)

drop

(A 6)

[, D, CIGN DN
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"

Taking theexpectationof (A .5), (A .6) and (A .7) respectively, we obtain the conditional

mean number of dropped packets,

L
E[Ngop | LoN ED;DIﬂ(ndmp CKJL,N CDg (A .8)
k I

L
E[Ngrop | Do LN E@Iﬁl(ndmp [KJID, CIGN D3t (A9

k I

L
E[Ngrop | LiN E@lﬂl(ndrop CkJL,N D
k [I1 (A .10)

According to assumptions (1) and (3), the conditional probability Pr[L|L] of L1 packets
after the first packet header error in atalkspurt with L packetsis

PriLy | L) Com-D 7 a-rR (A .12)

Thefactor (1-[R/N reflectsthe probability that the terminal isin the reservation state
and that packet header errorsoccurring during thelast packet of thetalkspurt do not neces-

sitate another contention.
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Now we have to consider the talkspurt length. Case (@) and (b) in the Figure A.1 would
occur if (L—=1)N CD.®therwiseall 3 cases, (a), (b), (c), would occur. Therefore the mean

number of dropped packets given the condition of atalkspurt with L packetsis

Eldlyqp | LUCED,, | (L-)N CDLIEW,,, | (-ON CD],

ol

(A .12)

While

Ag-1
Elnlyg, | L-DN CDBIES Eld,, | LN g, (L0
L, L1
(A .13)

L-1 _
> Elfy, | Dy CLN CDJIRD, LT
L, [Agl

AL

Elyop | (L-)N D E3 Eldy, | LN 0Pl | L0
L, L1 1

A-1 : L-1 _
> Eldyg, | Dy CIGN CDIPAL, | LOCEY Eld,, | LN CDIPAL, | LO

L, [Ag L, (A

(A .14)

where A, IO} NIL_Therefore the mean number of dropped packetsis

A 1 .
Eﬂdmﬁ%%m | (L—UN CDoPr(L) |?z Elyop | (L-DN CDJIPr(L)

(A .15)

where Pr(L) is the probability of atalkspurt with length L packets,

Pr(L) CLA-GI . (A .16)
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The packet dropping probability is the ratio of the mean number of dropped packets,
E[Ndropl, to the mean number of packets per talkspurt, 1/[¢] that is,

Peropt(C, R B) CTrEl, [ (A .17)

Substituting (A .8), (A .9), (A .10), (A .11) and (A .16) into (A .13) and (A .14), then
(A .15), finally into (A .17), we can obtain the Pyrop1(C,R,B) in equation (4 .19). During
the derivation, the following 2 main formulae are used

J

> (1 Cad B g (A .18)
j L

i ket =% —KaK L] (A .19)
k 11
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Appendix B
Derivation of Mean Contention Time Dg

The mean contention time is defined to be the average time from the moment the initial
packet of atalkspurt contends until the instant the talkspurt acquires reservation. At the
system state (C,R,B), the probability of one successful contentionis 1-v (C,R,B), where
V(C,R,B) is defined in equation (4 .15). The contention time can be expressed as

DO(C’ R, B) = m dots (A 20)

When R= N, then v(C,N,B) = 1, and equation (A .20) is not valid for calculating
Do(C,N,B). Infact, when v(C,N,B) = 1, no contending terminal s can obtain reservations
and all contending terminals are delayed until the end of their talkspurts. Therefore the

contention time of each contending terminal is equal to the talkspurt duration. Hence
Do(C,N,B) = (t;/t) (C/M) dots (A.21)

wheretq isatalkspurt duration, T isaslot duration. It isworthy to notethat it is possible
for Dg(C,R,B) to be larger than the maximum packet holding delay D dlots. This means
that one or more packets are dropped at the beginning of atalkspurt. Sincethe next packet
has waited exactly N slots less than the immediately previous one, the first successful
packet contention time Do(C,R,B) used inthe expression of Pgrop1 should subtract N until
the Do(C,R,B) < D. Therefore the remaining maximum packet holding delay for all sub-
sequent packetsin thistalkspurt D1(C,R,B) is

D,(C,R,B) = D-Dy(C,R, B) dots. (A .22)
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Appendix C
Derivation of mg, m;, 05 and o

Consider a‘“‘test” cell Cp, at the centre of the cell isa* test” base station. Denote the
relative positionsof auser inthecell fromthebaseby (rg, [g)] and external usersin neigh-
boring interference cells Cj from the samebaseby (rj, [)]1<i<18for 2tier interference
cellsin aseven—cell cluster, as shown in figure A.2. The normalized power received by

the test base station from the user initsown cell is

ms [TA (A 23)

The normalised power received by the test base station from any interference user is

m, (Rt (A 24)

where R; ij [DA-2r,D;cosID; are4.6 for 6first tier cells, 2 [46For 6 second tier

cellsand /3 CZ56Kor other 6 second tier cells. o5 and o; are assumed to be 6 dB.

Sincetheindividual interfering power are log—normally distributed, the sum of the 18
interfering power isalso log—normally distributed with mean of m; and standard deviation
o). The m; and o) can be approximated by the technique of Schwartz and Yeh in [107].
Therefore the interference probability can be obtained by equation (6 .10).
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RE A.2 —-Geometry for interference calculation
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