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Abstract

In this paper, we compare the availability and perfor-
manceof a wirelessTDMA systemwith and withoutauto-
matic protectionswitching. Stochastic reward net models
are constructedandsolvedby SPNP (StochasticPetri Net
Package). Hierarchical decompositionis adoptedto sim-
plify theanalysis.Theoptimizationof thenumberof guard
channelsreservedfor thehandoff calls is studied.Numer-
ical resultsprove the accuracy of the decompositionand
showthesignificantimprovementof theavailability andthe
performanceindexedas the new call blocking probability
andhandoff call droppingprobability, broughtbyautomatic
protectionswitching.

1 Introduction

Thewirelesscommunicationnetworksaremoresubject
to the channelimpairment than wireline communication
networks. Theunreliability of communicationstemsfrom
disconnectsat thephysicallayerdueto thehandoffs of the
mobile terminals,noiseandinterference,run-down batter-
ies,blockingby buildings,andweaksignalsetc. In thispa-
per, weconsideraTDMA (TimeDivisionMultiple Access)
wirelesssystem[11], wherethebasetransceiver systemof
eachcell has � baserepeaters(alsocalledbaseradio,BR
in short),onecontrollerandalocalareanetworkconnecting
thesesubsystems(seeFig. 1). Eachbaserepeaterprovides�

time-division-multiplexed channels. The cell reserves
one channelfor signalingtransfer, which residesin oneof� baserepeaters.Therefore,thereare

� ����� traffic chan-
nelsand1 controlchannelin this system.Thisarchitecture
is generalandcanbeusedto describetheexisting TDMA
wirelesssystems,suchasGSM (GlobalSystemfor Mobile	
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Communications)andUSDC(UnitedStatesDigital Cellu-
lar) [10].

BR BR BR BR 1 2 3 N

M slot / frame

Control  channel 

M slot / frame

controller 

and  PSTN

To  Base Site Controller 

Figure 1. A Base Transceiver System for TDMA

Thereareseveralkindsof failuresthatmayoccurin the
system:


thecontrolleror thelocal areanetwork connectingthe
baserepeatersandcontrollergoing down causingthe
systemas a whole to go down. This event is called
sysdownin thispaper.

thebaserepeaterwherethecontrolchannelresidesgo-
ing down causingthe systemasa whole to go down.
Thiseventis calledctrl downin thispaper.

any otherbaserepeaterwherethecontrolchanneldoes
not residegoingdown doesnot causethesystemasa
whole to go down, but systemis degraded(partially
down). Thiseventis calledbr downin thispaper.

The first two caseswill causethe wholesystemto shut
down. The lastcasewill stopall theongoingcommunica-
tionson thefailedbaserepeaterandreducethecapacityof
thesystem.In sucha TDMA system,thesystemavailabil-
ity is certainlya measureof importance.Two otherperfor-
mancemetricsareof greatinterestaswell, blockingproba-
bility of new callsanddroppingprobabilityof handoff call



whichconflictwith eachotherdueto thesharingof thecom-
monbut limited channelresourcebetweenthesetwo kinds
of calls.

In orderto increasetheavailability of theTDMA wire-
less system,a proposalis madein [4] to introduceAu-
tomaticProtectionSwitching (APS), which automatically
switchestheongoingtalkson thefailedchannelsto theidle
channels.This mechanismis extendedin [5] to thesystem
with multiple baserepeaters,which allows the systemto
automaticallyswitchall theongoingcallsonthefailedbase
repeaterto theworking baserepeaters.However, only traf-
fic channelsareconsideredin [4] and[5]. Evidently, it will
complicatethe analysisby alsotaking the control channel
into account.

This paperstudiesthe availability and performanceof
theTDMA wirelesssystemwith andwithout APSconsid-
ering both traffic and control channels,not just focusing
on performanceof handoff andchannelassignmentwhich
hasbeeninvestigatedextensively in the literature[6, 7, 8].
Stochasticreward net (SRN) modelsare constructedand
solved by using SPNP (StochasticPetri Net Package)[3].
Hierarchicalmodelsusingdecompositiontechniques[2] are
alsoprovidedto simplify theevaluationof availability and
performance,which save significantcomputationaleffort.
Anothercontributionof thispaperis theoptimizationof the
numberof guardchannelsreservedfor thehandoff calls.

Theorganizationof thepaperis asfollows. In Section2,
theSRNmodelandhierarchicalmodelfor TDMA wireless
systemwithout APSarepresented.In Section3, the SRN
modelandhierarchicalmodel for TDMA wirelesssystem
with APSaregiven.Numericalresultsarediscussedin Sec-
tion 4. Conclusionsaredrawn in Section5.

2 TDMA Wireless System withoutAutomatic
Protection Switching

2.1 SRN Model of System without APS

In ordertoquantifytheimpactof br downonthesystem,
weshouldknow thenumberof ongoingtalkingchannelson
thefailedbaserepeaterwhenit fails. Supposethechannels
areallocatedrandomlyto theusers.Denotethenumberof
talking channelsin thewholesystemas � , andthenumber
of idlechannelsin thewholesystemas� ( ��
���� � ����� ),
whenthefailurebr downoccurs.Thentheprobability, ��� ,
of � talking channelsresidingin the failedbaserepeater, is
givenby


if ��� � ,

����� � !#"�$ �&%(')�*,+.-�/10324/50' / � 6 )�* �76) *1-�/50' 6 $ �&8(' (1)



if
�:9 ��� �<; �=�7�4>?�@� ,

�A�B� ) *C+D-E/F0G24/F0' / � 6 ) * � 6)H*C-E/F0' 6 (2)

if ��I �<; �=�7�4>J�7� ,

�A��� � ! "A$ �LK *M/?N)�*C+D-E/F0G24/F0N�/5*POF0 6 )Q**R/ � 6) *C-�/50N 6 $ �LS *M/?N (3)

TheSRNmodelfor aTDMA systemwithoutAPSis de-
pictedin Fig. 2. In words,wedescribethemodelasfollows:

Whenever thereis one token in Place T?U�V , the system
is working perfectly, without any outageor partial outage.
Transition WYX[Z\X^]`_ representsthe occurrenceof sysdown.
When Transition W X[Z\X^]`_ fires, it removes the token from
PlaceT UaV anddepositsonetokenin PlaceT X[Z\X _bU�c`V . Tran-
sition W XAZ\X^]ed representsthe correspondingrepair. Upon
its firing, Transition W XAZ\X^]ed returns the token in PlaceT XAZ\X _bUac`V to PlaceT UaV .

The occurrenceof ctrl down event is representedby
Transition WYfhg daij]k_ . Upon its firing, Transition WYfhg d�ij]`_ re-
moves the token in Place T UaV and depositsone token in
Place T?fhg dai _bU�c`V . Transition WYfhg d�ij]kd representsthe corre-
spondingrepair. Uponits firing, Transition W`fhg daij]kd returns
the token from Place TJfhg dai _bUac`V to T U�V . The pair of tran-
sitions, WYl d\]k_ and WYl d\]ed , with Place TJl d _bU�c`V , represent-
ing br downfailureandthefollowing repair, operatein the
samemanner. We point out that, in this paper, sysdown,
ctrl downandbr downareassumedto beexclusiveevents.
Thus, for example,when one baserepeateris down, no
otherfailuresareassumedto occuruntil thefailedbasere-
peaterhasbeenrepaired.

Thenumberof tokensin PlaceT �m_^ion representsthenum-
ber of idle channelsin the whole system,while the num-
berof tokensin PlaceT g3p ioq representsthenumberof talk-
ing channelsin the whole system. As describedbefore,r Ts�m_^iont
 r Tsu p ioq7� � �v�w� alwaysholds for a work-
ing system.

Transition W f representsan arrival of a new call, while
Transition W`xy� representsan arrival of a handoff call com-
ing from outside.z guardchannelsarereservedfor handoff
calls.Thismeansthatwhenanew call arrivesandfindsless
than z idle channelsin thesystem,thecall will beblocked.
Handoff calls can only be droppedwhen all the channels
arebusy. Thisis recognizedasaneventof droppinghandoff
call. Whenonecall terminates(or handsoff) to theadjacent
cell, Transition Wkg (or W xyU ) fires. Thefiring ratesof transi-
tions Wkg and W xyU areproportionalto thenumberof tokensinT{g3p ioq .

Wheneithersysdownor ctrl downoccurs,i.e.,thenum-
berof tokensin eitherPlace T XAZ\X _bUac`V or TJfhg dai _bUac`V is 1,
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immediatetransitions| _~} and | _�� fire, removing all the to-
kensin T �m_^ion and Tsg3p ioq , whichis representedby thevariable
cardinalitiesof arcsrespectively from TJ��_^i�n to |�_~} , andfromT g3p i�q to |�_�� . Whenthesystemrestores,|Ad�} fires,which re-
movesall thetokensin TJd�} indicatingtherepairfor thesys-
temor thecontrolchannel,andreturns

� ���#� tokenstoTs�m_^ion . In orderto guaranteethecorrectactionof themodel,
weassign| _~} and | _�� a higherpriority over | db} .

Whenbr downoccurs,� and
� �M� ( � 9 � 9�� ) tokens

will be removed from T{g3p ioq and T ��_^i�n , respectively, with
probability � � . This is realizedwith

�
immediatetransi-

tions, i.e., |[� to |�� , eachis assigneda probability to fire.
Whenthe failedbaserepeaterrestores,| d^� fires,which re-
movesthetokenin TJda� anddeposits

�
tokensto Ts�m_^ion .

The firing rates,guardsandprobabilitiesof the transi-
tionsarelistedin Table1 andTable2.

Note that the rateof W xy� , i.e., � x , is an unknown pa-
rameter. In order to solve the continuoustime Markov
chainunderlyingtheSRNmodel,oneadditionalconstraint
is needed.If we assumethe cells in the wholesystemare
homogeneousandthecell understudyis generic,thenthe
rateof W xy� shouldequalto thethroughputof the transitionW`x4U . Using a fixed point iterationscheme[9], we canget��x .

TheSRNmodelcanbesolvedby usingSPNP (Stochas-
tic PetriNetPackage),asoftwarepackagefor theautomated
generationand solution of Markovian stochasticsystems
developedby researchersin DukeUniversity[3]. SPNP can
calculatethethroughputof eachtransition,which is usedto
find the fixed point. The blocking probability for the new
callsanddroppingprobability for thehandoff calls canbe
obtainedby definingrewardfunctionsin theSRNmodel.

Table 1. Rates for Timed Trans. in Fig. 2
Transition Firing rate Guardfunction�������a��� � �� �h���a�B� �e������m�A����� ���3�� �h�m�A���B� � �3�� �3����� ���w���~� � �3�� �3�b��� � �3���� ��� ���k  �a�¢¡C£�¤��¥b  �B¥��¥�¦ � ¥ � ��� ��§��.¨y���� � � � ��� �o§b�.¨©�

2.2 Markov Chain of System without APS

Fig. 2 alsoillustratesthecorrespondingcontinuoustime
Markov chainof theSRNmodel.

Let s d be the stateof the systemafter the occurrence
of sysdownandlet c d bethestateafter theoccurrenceof

(b) Underlying Markov Chain of the above SRN model
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(a) SRN model of system without APS

Figure 2. SRN and Markov Chain for System w/o APS

Table 2. Guards and Prob. for Immed. Trans. in Fig. 2
Transition Guard Probabilityª ��« ��� ¦�¬®­(­ � �ª ��¯ ��� ¦�¬®­(­ � �

(
��� �h�m�A� � ¦�°B¬ ­(­ �ª �~«

or
��� ����� � ¦�°B¬ ­(­ �

)
�

and
��� �b«J­(­²± �

(
���e�h�m�A� � ¦�°B¬E­(­ �ª �^¯

or
��� ����� � ¦�°B¬ ­(­ �

)
�

and
���e�b« ­(­²±ª�³ ��� �3� � ¦�°B¬ ­(­ � ´ ³

to
ªAµ

and
���e�a¯ ­(­²±

to
´ µ

ctrl down. In state
; �k¶a��> , thesystemis working perfectly,

with � busytraffic channels.In state
; �k¶©�y> , oneof thebase

repeaterswherethecontrolchanneldoesnot resideis down
while � traffic channelsarebusy.

We denoteT?X _ , T f _ , T?qy· � and T?qy· } asthesteady-state
probabilityof thesystembeingin states d, c d,

; �`¶a�L> and; �k¶©�y> , respectively. The availability of the system, ¸ , is
definedastheprobabilityof thesystembeingworking, in-
cludingthecasethatonebaserepeateris down if thecontrol
channeldoesnot residein thefailedbaserepeater. Then¸¹�º�(�²T X _ �²TJf _ (4)

Theblockingprobabilityfor thenew calls, T l , is givenby

T l � �¼» ]Y}½V¿¾ �¼» ]�À TsV�· � 

�PÁo» ]`}�Â�]`}½V¿¾ �PÁo» ]`}�Â�]eÀ TJV�· }4
ET?X _&
�T f _ (5)

Thedroppingprobabilityfor thehandoff calls, T _ , is given
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by T _ �#TJ�¼» ]`}b· �C
�T �PÁo» ]`}�Â�]Y}�· } 
�T X _ 
�T?f _ (6)

2.3 Hierarchical Model of System without APS

We notice that failure andrepaireventsare ratherrare
comparedwith thenew call andhandoff call arrival andde-
parture. Consequently, we canusehierarchicaldecompo-
sition [2] to obtainanapproximatesolution. Themodelin
Fig. 2 canbe decomposedhierarchically, with the higher
level focusingonavailability (seeFig. 3), wherestate� and� aretheaggregationof states

; �`¶a�L> ; � 9 � 9Ã� �Ä�¹�y>
and

; �`¶\�y> ; � 9 � 9w� �Å���y> respectively, andthelower
level focusingonperformance(seeFig. 4).

(N-1)

s-d

sλ

s

0 1

µ br

c-d

brλ

µ

 λbrbrµ

Figure 3. Availability Model for System w/o APS

SolvingtheMarkov chainin Fig. 3, wecanget� ! Ts�Æ�º�4Ç ; �F
�� X Ç4È X 
����el d Ç4È{l d >TÉ}(� Áo» ]`}�Â3Ê4ËjÌÍ ËjÌ T � ¶JT?X _Æ� Ê4ÎÍ Î T � ¶sT f _Æ� Ê Ë�ÌÍ Ë�Ì T � ¶
(7)

thentheapproximatesolutionof theavailability is givenas

¸Ï��Ts�C
ÐT } � �1
 ; �=�@�y>�� l d4ÇÑÈ l d�1
�� X Ç4È X 
����el d Ç4È{l d (8)

When the systemis either perfectly working or work-
ing but having onebaserepeaterdown, thebehavior of the
systemcanbedescribedby a birth-deathprocess(seeFig.
4). We denoteÒ asthetotal numberof availablechannels.
Clearly, ÒÓ� � �Å�Ô� , whenthesystemis perfectlywork-
ing; and ÒÕ� �<; �Ö�º�y>Æ�º� , if the systemis partially
working having onebaserepeaterdown. We alsodenoteTJl · � , and T _©· � astheblockingprobabilityof new callsand
handoff calls whenthe systemis perfectlyworking, whileTJl · } and T _©· } astheblockingprobabilityof new callsand
handoff callswhenthesystemis partiallyworkingwith one
baserepeaterdown.

Solving the Markov chain,the blocking probability for
thenew callsandhandoff callsaregivenby

T l ; Ò{>F�Ø× Vqb¾{V�]�ÀbÙs} ��q�1
 × V qb¾J} � q (9)

... ...0 1 2 n-g n-g+1n-g-1 n-1 n

+++++λc λh λ λ λ λ λ λ λ λ λ λ λ λc c c ch h h h h h h h

µ µ+ + + µµµµc c ch h h( ) ( () )1 2 )µh+cµ((n-g) (n-1) (µc+ hµ ) n (µc+ µh)3

Figure 4. Bir th-death process: Ò#� � �Ú�#� (system
working) or ÒÃ� �<; �Û�w�4>(�w� (one base repeater

down)

and T _ ; Ò{>5� ��V�1
 × V qb¾s} �Bq (10)

where

� q �
�ÜÜ ÜÜ! }q\ÝJÞ Êyß�Ù{Ê4àÍÑá Ù Í àkâ q ¶ � 9 � 9 Ò��Óz
}q\Ý Á Ê4ßAÙsÊyà©Â�ã /Lä Ê ' / ã O�äàÁ Í á Ù Í àyÂ ' ¶ÄÒ��Óz®
#� 9 � 9 ÒÉ¶

(11)
As statedpreviously, therateof incominghandoff calls,� x , is unknown in themodel.We againapplya fixedpoint

schemeto determinethe parameteraswe do in the exact
SRNmodel.Undertheassumptionthatcellsof thesystem
arehomogeneousand the cell understudy is generic,the
incominghandoff rateequalsto thethroughputof outgoing
handoffs. Given the new calls arrival rate � f , the handoff
outrate È x andthecall terminationrateof calls È`g , thefixed
point equationto seekthehandoff arrival rate, � x , is given
by ��xå�#È g&× Vq~¾YV�]�ÀbÙs} � q�1
 × V q~¾s} � q (12)

By definition,wehaveT?l · �Æ�#T?l ;G� �=�@�y>b¶ (13)T _©· �Æ�#T _ ;G� �=�@�y>b¶ (14)TJl · } �#TJl ;G�<; �=�7�4>?�7�4>b¶ (15)T _©· } �#T _ ;G�<; �Å�7�4>J�7�4>bæ (16)

Then,the total blocking probability is givenby assign-
ing rewardratesto states� , � , c d ands d, i.e., assigninga
rewardrateof 1 to c d ands d, T l · � to � and T l · } to � .T?l1��Ts�4TJl · �C
�T } TJl · } 
�T X _ 
�T?f _ (17)

Thetotaldroppingprobabilityis givenbyT _ �¹Ts�©T _©· �1
ÐT } T _©· } 
�T X _ 
�TJf _ (18)

3 TDMA Wireless System with Automatic
Protection Switching

With APS, whenbr downoccurs,the talking channels
on the failedbaserepeaterwill beswitchedto otherwork-
ing baserepeatersif excessidle channelsareavailable. If
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the numberof idle channelsis not lessthan
�

when the
baserepeaterfailure occurs,then all the talking channels
canbe switchedto the working baserepeaters.Note that
the talking channelscanbe switchedto differentbasere-
peaters.If the numberof idle channels,� , is lessthan

�
whenthebaserepeaterfailureoccurs,then(1) someof the
talking channelscannot be switchedto the working base
repeaters,(2) all the channelsarebusy after APS,and(3)� �ç� ongoingcallswill bedropped.

When ctrl down occurs, the control channelwill be
switchedto otherbaserepeatereven if thereareno spare
channelsavailable, i.e., oneongoingtalk will be preemp-
tively droppedto makeroomfor thecontrolchannel.

3.1 SRN Model of System with APS

The SRN model in Fig. 2 is modifiedasfollows: (See
Fig. 5)


becausebr downandctrl downhave the sameeffect
on the systemperformance,we aggregate them to-
getheras W�è ]`_ with rate ��fhg dai 
��el d . Thecorrespond-
ing repairrateequalsto È{l d .

whensysdownoccurs,immediatetransitions|�_~} and|�_�� fire, removing all thetokensfrom TJ��_^ion and T g3p ioq .
Whenthe systemrestores,|Adb} fires, removing all the
tokensfrom TJdb} and depositing

� �Ö�é� tokenstoTs�m_^ion .

when br down or ctrl down occurs,and the number
of idle channelsis not lessthan

�
,
�

tokenswill be
removedfrom T �m_^ion . Whenbr downor ctrl downoc-
curs,andthenumberof idle channelsis lessthan

�
,� �#ê and ê tokenswill be removed from Ts�m_^ion andT g3p ioq , respectively. Whenthe failedbaserepeaterre-

stores,|Ad�} firesandremovesthe token in Tsdb} andde-
posits

�
tokensin TJ��_^i�n .

Theexpressionof ê is givenbyê{� � � r TJ��_^i�n (19)

The guardsand firing probabilitiesof the immediate
transitionsin Fig. 5 arelistedin Table3.

Theblockingprobabilityfor thenew callsanddropping
probabilityfor thehandoff calls is obtainedby definingre-
wardfunctionson theSRNmodel.

3.2 Markov Chain of System with APS

Fig. 5 alsoillustratesthestatediagramof theunderlying
continuoustimeMarkov chain.Statec d in Fig. 2 doesnot
exist in Fig. 5, becausethebaserepeaterwherethecontrol

M(N-1) ,0

t_r1

t_d1

t_r2

t1

MN-1 M

MN-1

M

t2

(a) SRN model of the system with APS

(b) The underlying Markov Chain of the above model
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M(N-1)-1,0

Figure 5. SRN and Markov Chain for System w/ APS

channelresidesshuttingdowndoesnotcausethewholesys-
temdown. State

; �k¶a��> representsthatthesystemis working
perfectly, with � busy traffic channels.State

; �k¶\�4> repre-
sentsthatoneof thebaserepeatersis down while � traffic
channelsarebusy.

3.3 Hierarchical Model of System with APS

The modelin Fig. 5 canbe decomposedhierarchically
with the higherlevel focusingon availability (seeFig. 6),
wherestate� and � aretheaggregationof states

; �k¶^�L> ; � 9� 9@� �ë�ì�4> and
; �`¶\�y> ; � 9 � 9�� �ë�ì�4> respectively,

andthelower level focusingonperformance.
SolvingtheMarkov chainin Fig. 6, wehave�Ü Ü! Ts���w�?í Þ �1
 ÊyÎÍ Î 
 » Ê ËjÌÍ ËjÌ â ¶

TÉ}î��T � » Ê4ËjÌÍ Ë�Ì ¶MTJX _Æ�#T � Ê ÎÍ Î æ (20)

Thesystemavailability is givenas,

¸¹�¹T � 
ÐTÉ}î� �1
Ð�Ó��l d Ç4È{l d�1
�� X Ç4È X 
����el d Ç4È{l d æ (21)

Applying thesamederivationasin theprecedingsection,
thetotalblockingprobabilityis givenbyT?l1�¹T{�yTJl · �C
�T } T?l · } 
ÐT X _ (22)
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Table 3. Guards and Prob. for Immed. Trans. in Figure 4
Transition Guard Probabilityª ��« ��� ¦�¬ ­(­ � �ª ��¯ ��� ¦�¬ ­(­ � �

(
��� ���m�A� � ¦�°B¬ ­(­ �ª �~«

or
��� �h��� � ¦�°B¬ ­(­ �

)
�

and
���k��« ­(­²±

(
��� ���m�A� � ¦�°B¬ ­(­ �ª �^¯

or
��� �h��� � ¦�°B¬ ­(­ �

)
�

and
��� ��«J­(­²±����ï©��� ¦�°B¬E­(­ �ª «

and
���k��¯ ­(­²± �

and
���e  �a�¢¡Cðòñ��� ï©��� ¦�°B¬ ­(­ �ª ¯

and
���k��¯ ­(­²± �

and
���   �a�¢¡Có ñ

where T?l · � and T?l · } aregiven by (13) and (15).Thetotal
droppingprobabilityis givenbyT?_Æ�¹T � T?_©· � 
ÐTÉ}bT?_©· }5
�TJX _ (23)

whereT _©· � and T _©· } aregivenby (14)and(16).

N

s-d

λ

µ s

0 1

µ br

 λbrs

Figure 6. Availability Model for System w/ APS

4 Numerical Results

We reportnumericalresultsin this section.We consider
a TDMA wirelesssystemhaving 24 baserepeaterswith 8
RFchannelsavailableoneach.Table4 summarizesparam-
etersused.

Parameter Meaning Value
N Numberof baserepeaters 24
M Numberof channels 8

on eachbaserepeater���
Systemfailurerate 1/year� �
Systemrepairrate 1/(4hours)���G�

SingleBR failurerate 1/year� �G�
SingleBR repairrate 1/(2hours)

Table 4. Parameter s used in numerical stud y

Beforeany further exploration, it is worthwhile to dis-
cussfixed point iterationsinvolved in both the exact SRN
modelsandthehierarchicallydecomposedmodelsto deter-
mine the rateof incominghandoff call, �ex . Theexistence
of fixedpoint canbeprovedby following thegeneralpro-
ceduresuggestedin [9]. In ourparticularmodels,theproof

of existencecanbe even simpler: we aredealingwith it-
eration � x �ôW ; � x > as definedin (12), where W is the
thoughputof outgoinghandoffs. W ; �exL>H�=È{xLõ�ö r WÆ��êh��÷ ,
where õ�ö r WÆ��êh��÷ is the expectednumberof talking chan-
nels. It is obviousthat õ�ö r WÆ��êh��÷ 9 Ò given Ò is the total
numberof availablechannels.Now, continuityof ø ; �ex�> is
guarenteedby the proof in [9]. Also, ø ; ��x�> is bounded:�R�Ïø ; � x >��¹ÒÉ¶ for � xçù � . So,theremustbea positive
fixedpoint existing for theequation.Althoughtheproofof
theuniquenessof thesolutionsremainsopen,experiments
have not revealedcaseswith morethanonefeasiblesolu-
tion.

In whatfollows,wefirst confirmthattheaccuracy of our
hierarchicalmodelsis high enoughto be usedto quickly
conductthe evaluationsof systemavailability andperfor-
mance. We then report (1) the improvementof system
availability andperformancegainedby introducingtheAPS
mechanism;(2) the effect of increasingthe number of
reserved handoff channels;and (3) the optimal z for a
weightedobjectivefunctionof new call blockingprobablity
andhandoff droppingprobabilty.

4.1 Accuracy of hierarchical models

To confirmtheaccuracy of our hierarchicalmodels,we
comparesystemavailabilities ¸ , new call blockingproba-
bilities T l andhandoff droppingprobabilities TJ_ obtained
from the SRN modelsand the correspondinghierarchical
modelswith differentsetsof parameters.Observe from Ta-
ble 5 (for È`g��ú�ÑÇ¿ûBæ � and È x �Ú�ÑÇ¿ü�æ û ) that availabilities
obtainedfrom SRNmodelsandhierarchicalmodelsmatch
very well, providing a very small relative errorof lessthan
(2e-4)%.We alsoobserve thatnew call blockingprobabil-
ities T?l andhandoff droppingprobabilitiesT _ solvedfrom
SRNmodelsandhierarchicalmodelsshow verysmallmis-
match,a relativeerrorof lessthan2.2%for all casestested.

Parameters APS ý (SPNP) ý (Hiera) þ (%)� ­ �~ÿ���� ± ���Ñÿ
no 0.9993191 0.9993191 -� ­ �~ÿ���� ± ���Ñÿ
yes 0.9995460 0.9995448 1.2e-4

Table 5. Availabilities from SRN and hierar chical models

Theprovenhighaccuracy of hierarchicalmodelwith re-
spectto accurateSRNmodelsallowsusto carryout a vari-
etyof testswith muchhighercomputationalefficiency. The
following studyis thereforeconductedby solvingthesehi-
erarchicalmodels.

4.2 Performability Improvement by APS

4.2.1 System Availability

We noticethatsystemavailability of our modelsis a func-
tion of thefollowing parameters:� (totalnumberof BRs),

6



� X , È X , � X , and È{l d . The improvementof availability by
APSis achievedby eliminatingthectrl downoutage.Table
5 shows theavailability gainof (2.257e-04)dueto APS,a
reductionof 118.6minutesdown timeperyear.

4.2.2 Blocking probability of new calls and Dropping
probability of Handoff calls

In thissection,westudytheeffectivenessof APSin termsof
reductionin new call blockingprobability T l andthehand-
off droppingprobability T _ . We evaluateperformancewithÈ`gÆ�Ø�4Ç¿ü�æ û (i.e., theaverageholding time of a new call is
2.5minutes),È x �<�ÑÇ��&æ¢ü&û (i.e., outgoinghandoff happens
at a rateof onceper 1.25 minutes). In Figure7, we plotTJl and T _ of systemswith andwithout APS againstnew
call arrival rate. We find that (I) Both TJl and T _ in sys-
temswith and without APS are monotonicallyincreasing
functionswith respectto new call arrival rates, �ef . In the
testswith thegivenparameters,bothprobabilitiesincrease
but staynearlyflat whennew call traffic is low (within 10
- 60 calls/minute).Theprobabilitiesthenincreasesharply
after � f exceeds60calls/minute;(II) Improvementby APS
is seenasreductionsof T l and T?_ . Improvementremains
steady(a ù�� �	� relativereductionof both TJl and T _ ) given
low traffic but diminishesrapidlyastraffic becomesheavier.
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Figure 7. T?l (top) and T _ (bottom): Impr ovement by APS

4.3 Effect of channel reservation for handoff calls: z
Intuitively, it is expectedthat increasingthe number

of channelsreserved for handoff calls, z , would decrease
handoff drops( TJ_ ) with thepriceof theincreasednew call
blockings( TJf ). It is thereforea trade-off for a network de-
signerto decidethenumberof reservedchannels.Themod-
elsproposedenableusto providequantitativeresultswhich
arepracticallyusefulfor sucha decision.We visualizethe
effect of increasingz on TJl and T _ in Fig. 8. TJl and T _ in
logarithmicscalefor differentnew call arrival rates(20,40,
60 and80 calls/minute)areplottedagainstz . It is indeed
interestingto notethat,underhigh traffic condition,sacri-
ficing a small portion of new calls maybring a noticeable
reductionin handoff dropping.
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Figure 8. T l (top) and T?_ (bottom) vs. z (w/ APS)

4.4 Optimization of z
Wehavepointedoutin theintroductionandshownquan-

titatively thatbecauseincomingnew callsandhandoff calls
sharethe commonchannelsof a limited number, new call
blocking probability, T l , andhandoff call droppingprob-
ability, T?_ , areconflicting with eachother. It is therefore
of greatinterestto introduceanobjective functionin terms
of both probabilitiesandthento optimizeit by varying z .
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From a systemdesigner’s point of view, suchanobjective
functionshouldencompassthetrade-off betweenthesetwo
quantities.A handyobjective function is in the form of a
weightedfunction, ø ; z�>F��
sT l 
 ; �1��
J>�TJ_L¶M� 9 
 9 � .
Here 
ÉÇ ; �t��
?> is therelative importanceof handoff drop-
pingprobabilityovernew call blockingprobability. Gener-
ally, 
 � ��æ¢û . Theproblemnow is to find z suchthat the
weightedfunction is minimizedwith othersystemparam-
etersgiven. As anexample,we plot ø ; z�> for systemwith
APS given an incomingnew call rateof 
L� calls/minutes,
a call durationof 2.5minutesandanoutgoinghandoff rate
of onceper 1.25 minutes. We find that for certainvalues
of 
 , the objective function, ø ; z�> , is a concave function.
Minima of ø ; zB> canbefoundfor differentvaluessof 
 as
demonstratedin theplotsin Fig. 9.
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5 Conclusion

CompositeSRNmodelsarebuilt to studytheperforma-
bility of wirelessTDMA systemwith/without automatic
protectionswitching. In orderto simplify theanalysis,the
modelsaredecomposedhierarchically. From this paper, it
is concludedthattheautomaticprotectionswitchingcanen-
hancetheavailability of thewirelessTDMA systemsignif-
icantly. It alsoimprovesthe performancein termsof new
call blocking probability and handoff call droppingprob-
ability. The effect of increasingthe numberof reserved
channelsfor handoff calls is also investigated. A related
optimizationproblemhasalsobeenraisedby introducing
a weightedobjective function of new call blocking proba-
bility andhandoff call droppingprobability. Minimum of
theobjective functioncanbefoundby varyingthenumber
of reservedchannelsfor handoff calls. Furtherstudiesin-
cludeevaluatingtheperformabilityof wirelessTDMA sys-
temwith multiplecontrolchannelsandintegratedservices.
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