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Abstract

In this paper, we investigatean on-demand,link-state,
multi-pathQoS(quality-of-service)routing protocol in a
MANET, which is important for many real-time multi-
media applications. The basic idea of the on-demand,
link-state, multi-pathroutingprotocolis to reactivelycol-
lect link-state information from source to destinationin
order to dynamicallyconstructa partial networktopol-
ogy which is only sketchedfrom source to destinationin
a MANET. Therefore, a multi-pathQoSrouting protocol
is proposedby finding multi-path routesat the destina-
tion undertheCDMA-over-TDMA channelmodel,which
satisfiesa given bandwidthrequirement. Existing work
mainlyaimsto exploit a uni-pathfromsource to destina-
tion. Thedestinationaccuratelydeterminesa QoSmulti-
path routing and repliesto the source host. This greatly
improvesthesuccessrateby meansof searching theQoS
multi-pathrouting. Performanceanalysisresultsdemon-
strate that our proposedprotocoloutperformsotherpro-
tocols.

1. Intr oduction

A mobilead-hocnetworks(MANET) [5] consistsof wire-
lesshoststhatcommunicatewith eachotherin theabsence
of a fixedinfrastructure.In a MANET, hostmobility can
causefrequentunpredictabletopologychanges,thus the
designof a MANET QoSrouting protocol is morecom-
plicatedthan that of traditionalnetworks. Extensive re-
searchefforts have beendevoted to the designof rout-
ing protocolsfor MANETs [9]. However, theseproto-
cols,whensearchingfor a routeto a destination,areonly
concernedwith shortest-pathrouting andthe availability
of multiple routesin theMANET’sdynamicallychanging
environment. Connectionswith quality-of-service(QoS)
requirements,suchas thosefor multimediaapplications
with delayandbandwidthconstraints,arelessfrequently
addressed.

Somework recentlyhasbeenintensively studiedQoS
issuesin MANETs. Theseproblemshavebeenaddressed�
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in several studies[2, 3, 4, 6, 7, 8]. Initially, in a quite
ideal model, it is assumedthat the bandwidthof a link
canbedeterminedindependentlyof its neighboringlinks
[2]. Undersucha model,a ticket-basedQoSroutingpro-
tocol wasproposedin [2]. Usingthesamemodel,Liao et
al. recentlyproposeda QoSmulti-pathrouting protocol
[6] basedon a ticket-distribution scheme. Observe that
Liao et al.’s routing protocol presentsa multi-pathcon-
ceptto satisfybandwidthconstraints.Unfortunately, Liao
et al.’s schemedoesnot considerradiointerferenceprob-
lems. Efforts will be madeto develop a QoSmulti-path
routing protocol with consideringthe radio interference
problem. Observe that, a CDMA-over-TDMA channel
modelwas recentlyassumedin [7, 8] to develop a QoS
routing protocol in a MANET, wherethe useof a time
slotonalink is only dependentonthestatusof its one-hop
neighboringlinks. A codeassignmentprotocolshouldbe
supported.Therefore,Lin andLiu calculatedtheend-to-
endpathbandwidthto developDSDV-basedQoSrouting
[8] andon-demandQoSrouting[7] in a MANET.

This papercalculatesthe end-to-endpath bandwidth
of a QoSmulti-path routing following the CDMA-over-
TDMA channel model, as defined in [8]. This pa-
per presentsan on-demand,link-state, multi-path QoS
(quality-of-service)routing protocol in a MANET. The
basicideaof the on-demand,link-state,multi-path,rout-
ing protocolis to reactively collect link-stateinformation
from sourceto destination.Thepurposeis to dynamically
constructa flow network, which is a network topology
sketchedfrom sourceto destinationin a MANET. There-
fore, a multi-path QoS routing protocol is proposedby
searchingmulti-pathroutesat the destinationwhich sat-
isfy the bandwidthrequirement. The destinationaccu-
ratelydeterminesa QoSmulti-pathroutingandrepliesto
the sourcehost. This greatly improves the successrate
by meansof searchingthe QoSmulti-pathrouting. Per-
formanceanalysisresultsdemonstratethat our proposed
protocoloutperformsotherprotocols.

Therestof thepaperis organizedasfollows. Section2
presentsbasicideasandmotivation.Ourprotocolis devel-
opedin Section3 andexperimentalresultsarediscussed
in Section4. Section5 presentstheconclusions.



Figure1: Themulti-pathapproach.

2. BasicIdea and Challenges

Recently, Liao et al. presenteda QoS multi-path rout-
ing approach[6]. Themulti-pathapproachwasdeveloped
which doesnot considerthe radio interferenceproblem.
Thechallengeof our work wasin attemptingto designa
QoSmulti-pathrouting in a strongermodel,which is the
CDMA-over-TDMA channelmodel. We review Liao et
al.’s multi-pathapproach[6]. Theoriginal bandwidthre-
quirementis split into sub-bandwidthrequirements,where
eachsub-pathis in chargeof onesub-bandwidthrequire-
ment. Let By

x denotethe link bandwidthfrom nodex to
nodeyasB, anddenote

�
h1 � h2 � � � � � hk � asapathfromnode

h1 � h2 � � � � � to nodehk. GiventhatasourcenodeS initiates
aQoSrouterequestwith abandwidthrequirementB � Fig.
1(a) revealsthat a successfulQoSroute,from S to D � is
constructed,with link bandwidthsof

�
S� D � � and

�
D � � D �

being BD�
S� and BD

D� � respectively. Fig. 1(b) illustratesa
failedQoSroutesincethesub-pathbandwidthof

�
S� � D � �

is bD�
S� � whereb � B. This indicatesthata QoSroutemay

fail if we do not know the enoughlink-stateinformation
in a MANET. However, multi-paths

�
S� � X � D� � � � S� � Y� D� � �

and
�
S� � Z � D � � canbeusedfor theQoSrouterequestwith

bandwidthrequirementB 	 Weassumethatmulti-pathsex-
ist in the network. However, if thereareno multi-paths,
thentheQoSfails. Fig. 1(c) shows thatthebandwidthre-
quirementB is divided into threesub-bandwidthrequire-
ments.For instance,

�
S� S� � X � D� � D � , � S� S� � Y� D � � D � � and�

S� S� � Z � D � � D � arethreemulti-pathsfrom sourceSto des-
tination D 	 Eachmulti-path is responsiblefor one sub-
bandwidthrequirement.Notably, multi-pathsareallowed
to sharethe samesub-paths. For instance,multi-paths�
S� S� � X � D� � D � , � S� S� � Y� D � � D � � and

�
S� S� � Z � D� � D � share�

S� S� � and
�
D � � D � . This indicatesthatall multi-pathsare

not necessarilydisjointed.
TheMAC sub-layerin ourmodelis implementedby us-

ing the CDMA-over-TDMA channelmodel. Eachframe
is divided into a control phaseand a dataphase. The
CDMA-over-TDMA channelmodel is assumedby fol-
lowing the samemodelasdefinedin [7, 8]. The CDMA
(codedivision multiple access)is overlaid on top of the
TDMA infrastructure.To overcomethe hidden-terminal
problem,anorthogonalcodeusedby a hostshoulddiffer
from that usedby any of its two-hopneighbors.A code
assignmentprotocolshouldbesupported.Thebandwidth
requirementis realizedby reservingtime slotson links.
Under sucha model, the useof a time slot on a link is
only dependenton the statusof its one-hopneighboring
links. Thismodelcanbeemulatedby wirelessLAN cards
which follow theIEEE802.11standard[1].

Thetraditionallink-staterecordsall informationof net-
work topology; however this is difficult and inefficient.
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Figure2:
Exampleof multi-pathin CDMA-over-TDMA channelmodel.

This protocol reactively collects link-state information
from sourceto destination. This forms a flow-network.
Basedon theflow-network, abettermulti-pathresultthan
that of Liao et al. [6] is obtained. The overview of our
protocol is given now. A mobile host knows the avail-
ablebandwidthto eachof its neighbors.Whena source
nodeSneedsarouteto a destinationD of bandwidthB, it
will sendoutsomeRREQ(RouteREQuest)packets,each
of which carriesthe pathhistory andlink-stateinforma-
tion. EachRREQpacket recordsall link-stateinforma-
tion from sourceto destination.The destinationcollects
all possiblelink-state information from different RREQ
packetssentfrom thesource.A partialnetwork, which is
a flow-network, is constructedin thedestinationnodeaf-
ter receiving multiple informationpackets. An algorithm
is appliedat thedestinationto determineabetterresultfor
QoSmulti-path routing. After determininga multi-path
route, a reply packet is sentfrom the destinationto the
source.On thereply’s way backto thesource,theband-
widthsareconfirmedandreserved. Observe that,Liao et
al.’s schemepossiblyfails to identify the QoS route al-
thoughmulti-pathsexist in a MANET, sinceLiao et al.’s
schemeusesthe hop-by-hopQoS route discovery oper-
ation. This shortcomingcan be overcomeby usingour
on-demand,link-state,multi-pathQoSroutingprotocol.

Some notations are defined herein. LetZ
α1 � α2 � � � � � ακ [ 1 \ denote the free time-slots list of

a node. Let ]X̂Y denotea link from X to Y	 If free
time-slot lists of two neighboringnodesA and B areZ

α1 � α2 � � � � � ακ1 \ and
Z
β1 � β2 � � � � � βκ2 \ � κ1 _` κ2 � we

define an intersection function a � Z α1 � α2 � � � � � ακ1 \ �Z
β1 � β2 �b� � � � βκ2 \ � `dc γ1 � γ2 � � � � � γκ3 e � where c γ1 � γ2 � � � � �

rκ3 egf Z α1 � α2 � � � � � ακ1 \ � c γ1 � γ2 � � � � � γκ3 ehf Z β1 � β2 � � � � �
βκ2 \ � and κ3 i min

Z
κ1 � κ2 \ 	 Let c γ1 � γ2 � � � � � γκ3 e

represent shared free time-slots between nodes A
and B. This indicates that time slots for commu-
nicating between A and B must be selected fromc γ1 � γ2 � � � � � γκ3 e 	 For instanceasillustratedin Fig. 2(a), if
the free time-slot lists of S and A are

Z
1 � 2 � 3 � 4 � 5 � 6 � 7\

and
Z
1 � 2 � 3 � 4 � 5 � 6 � 7 � 8\ � then a � Z 1 � 2 � 3 � 4 � 5 � 6 � 7\ �Z

1 � 2 � 3 � 4 � 5 � 6 � 7 � 8\ � `jc 1 � 2 � 3 � 4 � 5 � 6 � 7e 	 Time slots will
be reserved from the sharedtime-slotlist of c 1 � 2 � 3 � 4 � 5 �
6 � 7e 	

Our multi-path routing is constructedusing multiple
uni-paths.An exampleof multi-pathroutingis illustrated
in Fig. 2(b); paths

�
S� A � B � D � and

�
S� A � C � D � areestab-



k l m n op
q r s tvu

w x y z {
| } ~ � �

Figure3: Exampleof hop-by-hoptimeslot reservationscheme.

lishedif thepathbandwidthrequirementis four slots.We
now discussthebasicideaof theuni-pathroutingscheme
adoptedin this paper. Under the CDMA-over-TDMA
channelmodel,Lin [7, 8] calculatedthe end-to-enduni-
pathbandwidthby thehop-by-hopcalculationfor thetime
slot reservation. For instanceasshown in Fig. 3, a QoS
routerequest,with pathrequirement= two slots, is sent
from sourcenodeA to destinationnodeF � Thehop-by-hop
time slot reservation repeatedlycalculatesthe free time
slotsbetweentwo adjacentnodes.FromnodeA, we ini-
tially allocatetime slots � 1 � 4� and � 2 � 7� to � �AB and � �BC �
respectively. Continuing,thetime slot � 4 � 5� is allocated
to � �CD � Unfortunately, thisQoSroutefailsin link � �DE since
thereis only onefreetimeslot � 8� in � �DE � Underthesame
network environment,however, it is possibleto exploit
a QoS uni-path,which satisfiespath requirement= two
slotsasshown in Fig. 4. We canfirst allocatetime slots� 3 � 5� and � 4 � 8� to � �CD and � �DE, respectively. Continuing,
slot � 1 � 2� is reserved to � �EF , and then slots � 1 � 3� and� 2 � 7� aredispatchedto � �AB and � �BC � respectively. There-
fore, a uni-pathwith two slots is establishedfrom A to
F . Obviously, this is not the hop-by-hopcalculationof
time slot reservation. Existingon-demandroutingproto-
cols [7, 8] usually adoptthe hop-by-hopcalculationfor
time-slotreservation.Thepropertyof thehop-by-hopcal-
culationis thateachnodeonly needsto maintainthelink
bandwidthof its neighbors.

3. The On-Demand,Link-State, Multi-P ath
QoSRouting Protocol

3.1. Phase1: On-Demand, Link-State Delivery and
Collection

The sourcenode initiates a QRREQ (QoS Route RE-
Quest)packet andfloodstheMANET until arriving at its
destination.Eachpacket recordsthe pathhistory andall
link-stateinformation. The link-stateinformation is de-
liveredfrom the sourcetoward to the destination. The
destinationpossiblycollectslink-stateinformation from
differentQRREQpackets,eachof which travels alonga
differentpaths.

Foreachbandwidthrequest,anumberof QRREQpack-
ets may be sent. Each QRREQ packet is responsible
for searchinga path from sourceto destinationnodes.
However, final pathsare eventuallyselectedfrom all of
the pathswhich arereceived by the destination.A QR-
REQ packet is denotedas QRREQ(S, D, node history,

� � � �v�
� � � � �

� � � � �

� � � � ��� � � �

Figure4:
Exampleof slot reservationby ourQoSuni-pathprotocol.

f ree time slot l ist, B, TTL   , where each field of the
packet is definedasfollows:¡ S: thesourcehost;¡ D: thedestinationhost;¡ node history: a list of nodes,whichdenotesthenode

historywhichrecordsthepathfrom sourceto thecur-
renttraversednode;¡ f ree time slot l ist: a list of free time slot of links,
eachof which recordsfreetime slotsamongthecur-
renttraversednodeandthelastnoderecordedin the
node history;¡ B: thebandwidthrequirementfrom S to D; and¡ TTL: (Time To Live) thelimitation of hop-lengthof
thesearchpath.

We now formally definethe on-demand,link-statede-
livery/collectionoperationasfollows.

A1) Source node S initiates and floods a
QRREQ(S� D � node history ¢£� S� � l ink
bandwidth l ist ¢¤� � � B � TTL   packet into the
MANET toward the destinationnodeD if the given
bandwidthrequirementis B �

A2) If nodee receivesa QRREQ packet, thenwe adde
into node history andappendthe free time slotsof
nodeeandthelastnoderecordedin thenode history
into the f ree time slot l ist � anddecreasethe value
of the TTL � If e is not the destinationand TTL
is not equalto zero, thenwe re-forward the packet
to all neighboring nodes which do not exist in
node history�

The destination eventually receives many different
QRREQ packets from the source. The destinationwill
re-configurethe network topologyandall corresponding
free time-slot information. For instanceas shown in
Fig. 6(a), 6(b), 6(c), 6(d), QRREQ ¥ S� D � � S� A � B � D � �¦ � 1 � 2 � 3 � 4 � 5 � 6 � 7� �§� 2 � 3 � 4 � 5 � 7 � 8� �£� 2 � 3 � 4 � 5 � 7� �
B � TTL   � QRREQ ¥ S� D � � S� A � C � D � � ¦ � 1 � 2 � 3 � 4 � 5 � 6 � 7� �� 2 � 5 � 6 � 8� �¨� 2 � 5� � B � TTL   � QRREQ ¥ S� D � � S� E � C � D � �¦ � 3 � 4 � 5 � 6� � � 5 � 6� � � 2 � 5� � B � TTL   � andQRREQ ¥ S� D � � S� E � F � D � � ¦ � 3 � 4 � 5 � 6� �©� 3 � 4 � 5 � 6� �©� 3 � 4 � 5 � 7� � B � TTL  
packetsarecollectedat the destinationnodeD � A partial
network topology, asshown in Fig. 2(a), is re-configured
atdestinationnodeD �
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Figure5: Exampleof T andTLCF trees.
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Figure6:
On-demand,link-statedelivery andcollectionoperation.

3.2. Phase2: Uni-Path Discovery

Observe thata network topologywith link-stateinforma-
tion is re-constructedin the destinationnode. All of the
uni-pathand multi-path discovery operationsare identi-
fied in the destination.Our uni-pathdiscovery operation
is accomplishedby constructingaleast-cost-firsttime-slot
reservation treeTLCF . Beforedescribingconstructionof
theTLCF tree,thetraditionalhop-by-hoptime-slotreserva-
tion is againdiscussedherein,becauseour approachdoes
not usehop-by-hop.

Existing on-demand time-slot reservation results
mainly calculate the end-to-endpath bandwidth from
sourceto destinationby the hop-by-hopapproach. For
instance,Lin’sapproach[7] is oneof them.For example,
there is a path

¢
A £ B £ C £ ¤ ¤ ¤ £ F ¥ betweensourcenode A

and destinationnode F . Let a £ b £ c £ ¤ ¤ ¤ £ e denote free
time slotsof links ¦ §AB£ ¦ §BC £ ¦ §CD £ ¤ ¤ ¤ £ and ¦ §EF £ respectively,
as illustrated in Fig. 5(a). To follow the hop-by-hop
reservingsequence,our reservation schemefollows the
orderof ¦ §AB£ ¦ §BC £ ¦ §CD £ ¤ ¤ ¤ £ and ¦ §EF ¨ Theexampleshown in
Fig. 5(c) is a hop-by-hopreservationscheme.A maximal
reservedtime-slotnumberis denotedto reservethelargest
numberof time slotsof a link in a path. For examplein
Fig. 5(c), if a ©'ª 1 £ 3 £ 4 £ 5 £ 8« and b ©¬ª 2 £ 3 £ 7 £ 8« , then
1 £ 4 £ 5® is reserved to link ¦ §AB and


2 £ 3 £ 7® is reserved to

link ¦ §BC ¨ The maximalreserved time-slotnumbersof ¦ §AB
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Figure7: Theoriginalnetwork andfoundmulti-paths.

and ¦ §BC are3. Additionally, slot

2 £ 3 £ 7® is allocatedto ¦ §BC £

andthe free time slot of c is thusupdatedfrom

3 £ 4 £ 5 £ 8®

to

4 £ 5 £ 8® ¨ Further,


4® is reserved to link ¦ §CD and


5® is

reserved to ¦ §DE £ so

1® is then given to ¦ §EF ¨ Therefore,

the path bandwidthof path
¢
A £ B £ C £ D £ E £ F ¥ is 1 using

hop-by-hopreservation. Observe that,our approachdoes
not use traditional hop-by-hopslot reservation. Efforts
are made to acquire greaterpath bandwidth than that
acquiredusing hop-by-hopreservation. For exampleas
shown in Fig. 6, a pathwith bandwidth© two slotsexists
by not adoptingthehop-by-hopslot reservation.

The purposeof constructingtreeTLCF is to identify a
pathwith maximalpathbandwidth.A time-slotreserva-
tion tree T is firstly constructed.The TLCF andT trees
are usedto efficiently reserve time slots for a uni-path.
This indicatesthatour time-slotreservationschemedoes
not follow theorderof ¦ §AB£ ¦ §BC £ ¦ §CD £ ¤ ¤ ¤ £ and ¦ §EF ¨ Observe
thattreesT andTLCF areconstructedto representall pos-
sible conditionsof time-slot reservation. Given a path¢
A £ B £ C £ D £ E £ ¤ ¤ ¤ Y£ Z ¥ £ letabcd ¤ ¤ ¤ yzdenotefreetimeslots

of links ¦ §AB£ ¦ §BC £ ¦ §CD £ ¤ ¤ ¤ £ and ¦ §YZ ¨ Assumethatx andx× are

freetime listsof links ¦Ø§XX × and ¦Ù¦ §X × X × × £ let ab ¤ ¤ ¤ xx× ¤ ¤ ¤ y de-

notethereservedtime slotsto links ¦Ú§XX × and ¦ ¦ §X × X × × in the
first order, andthe time slot is selectedfrom x andx× . A
time-slotreservationtreeT is constructedby thebreadth-
first-searchingapproach,whichis formally definedbelow.

Definition 1 Time-Slot Reservation Tree T: Given a
path
¢
A £ B £ C £ D £ E £ ¤ ¤ ¤ Y£ Z ¥ £ let the root of T be rep-

resentedas abcd ¤ ¤ ¤ yz̈ Children nodesof the root are
abcd ¤ ¤ ¤ yz£ abcd ¤ ¤ ¤ yz£ abcd ¤ ¤ ¤ yz£ and abcd ¤ ¤ ¤ yz, which
form thefirst level of treeT ¨ Thetreerecursivelyexpands
all children nodesof each nodeon each level of treeT,
andfollowsthesamerulesof thefirst level of treeT until
reachingtheleafnodes.Observethat leafnodesonlyexist
asonecomponent.Therefore, time-slotreservationtreeT
is constructed.

For instance,a tree T is constructedas illustrated in
Fig. 5(b). As shown in Fig. 5(b), the maximalreserved
time-slotnumbersare3 £ 3 £ 2 £ 3 from left to right in thefirst
level of treeT. Our uni-pathtime-slotreservationutilizes
treetraversalby the depth-first-searchingorder, which is
formally givenbelow.



B1) Given a time-slotreservation treeT andpathband-
width B, tree T is traversed by the depth-first-
searchingorder. Eachpath from root to leaf nodes
formsa time-slotreservationpattern.This patternis
usedto reserve timeslotsfrom sourceto destination.

- For instance,asillustratedin Fig. 5(b),thefirst reser-
vation patternis abÛ cd Û ande, whosereserved time
slot is 1, andthesecondreservationpatternis abÛ deÛ
andc, whosereservedtimeslot is 0.

B2) If a new reservation patternexists to reserve a path
bandwidthBÜ Û andBÜÚÝ B, thenwe proceedto tra-
versetreeT until identifying other reservation pat-
terns, and then go to step B2. Otherwise,if tree
traversalis finishedor BÜÙÞ B Û thenexits the proce-
dure.

All possiblereservationpatternsareidentified,andtheir
correspondingpathbandwidthsareexploited;therefore,a
maximalpathbandwidthis exploited. To reducethetime
neededtoseacrhapathwhile satisfyingagivenbandwidth
requirementB, treeT is modifiedto bethe least-cost-first
time-slotreservationtreeTLCF asfollows.

Definition 2 Least-Cost-First Time-Slot Reservation
Tree TLCF : A time-slotreservationtreeT is said to be a
least-costtime-slot reservationtree TLCF if the children
nodeson each level of treeT are sortedby the maximal
reservedtime-slotnumberfrom left to right in ascending
order.

For instanceasillustratedin Fig. 5(d), treeTLCF is ob-
tainedfrom treeT asfollows. Childrennodesof theroot
of treeT areabcdeÛ abcdeÛ abcdeÛ andabcde, but children
nodesof the root of treeTLCF areabcdeÛ abcdeÛ abcdeÛ
andabcde, sincethemaximalreservedtime-slotnumbers
on thefirst level of treeTLCF , from left to right, are2 Û 3 Û 3 Û
and3 ß Theuni-pathtime-slotreservationalgorithmis the
samefor stepsB1 andB2.

C1) Thispartis thesameasstepB1, exceptfor providing
theleast-cost-firsttime-slotreservationtreeTLCF and
pathbandwidthB.

C2) Thispartis thesameasstepB2, exceptfor traversing
theleast-cost-firsttime-slotreservationtreeTLCF ß

For instance,asillustratedin Fig. 5(d), the first reser-
vation patternis cd Û abÛ ande, whosereserved time slot
is 2, and the secondreservation patternis abÛ cd Û ande,
whosereservedtimeslot is 1. ComparingT-treetraversal
with TLCF -treetraversalschemes,the TLCF -tree traversal
schemeis moreefficient thantheT-treetraversalscheme.

A simpleresultof searchinga uni-pathtime-slotreser-
vation can be usedwithout constructingand traversing
treesT and TLCF Û which is statedas follows. The re-
sult is thesameasthefirst reservationpatternin theTLCF

tree.Thisreservationpatternis easilyobtainedasfollows.
Givenapath à A Û B Û C Û D Û E Û á á á YÛ Z â Û andlet abcd á á á yzde-
notefreetime slotsof links ã äABÛ ã äBC Û ã äCD Û á á á Û and ã äYZ ß As-

sumethat x and xÜ are free time lists of links ãØäXX Ü and
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Figure8: Exampleof multi-pathdiscovery.

ã ã äX Ü X Ü Ü Û andlet ab á á á xxÜ á á á yzdenotereservedtime slotsof

links ãÚäXX Ü and ã ã äX Ü X Ü Ü in thefirst orderif xxÜ hasthesmall-
est value of maximal reserved time-slot number, where
time slotsareselectedfrom x andxÜ . If xxÜ is determined,
thenasecond-largestvalueof maximalreserved-timeslot
numberof tt Ü , tt Ü , ab á á á yz ã xxÜ , is reservedastimeslots
over andover again,until a simplereservation patternis
obtained.An exampleis givenin Fig. 4.

3.3. Phase3: Multi-P ath Discovery and Reply

Our multi-pathdiscovery operationsequentiallyexploits
multiple uni-pathssuchthat the total sumof pathband-
widths fulfills the original pathbandwidthB ß A central-
izedalgorithmis proposedat thedestinationto determine
themulti-paths.Givena pathbandwidthof B, themulti-
pathdiscoveryalgorithmis givenbelow.

D1) Let Bandwidth Sumdenotethetotalsumof multiple
uni-paths.Initially, we setBandwidth Sum - 0 ß

D2) The destinationwaits for a period of time to ob-
tain a possibleuni-pathfrom thesourcenode,while
Bandwidth Sum Ý B. A uni-path discovery pro-
cedureis applied to such a uni-path to acquireits
maximal path bandwidthbß Let Bandwidth Sum -
Bandwidth Sum . bß If Bandwidth Sum Ý B Û then
modify all link-state information of the network
topology accordingto the current constructeduni-
pathandthengo to stepD2. Observe thatall of the
modifying operationsarecarriedout at the destina-
tion node. Otherwise,if Bandwidth Sum Þ B Û then
exits theprocedure.

An exampleof searchingmulti-pathis shown in Fig. 7
andFig. 8.

4. Experimental Results

To examinethe effectivenessof our approach,we com-
pareour proposalwith anexisting on-demandQoSrout-
ing scheme,denotedasLIN, presentedin [7]. Ourscheme
is denotedMP1 if usingtheconstructedTLCF treeandde-
notedMP2 if not using the constructedTLCF tree. The
simulationparametersaregivenbelow.

/ Thenumberof mobilehostsrangesfrom 20 to 40.



Figure9:
Successratevs. network densityandnumberof routingpackets.

0 Thenumberof timeslotsin thedataphaseof a frame
is assumedto be16slots.

0 Threedifferentbandwidthrequirementare1, 2 and4
slots. We comparethe numberwith LIN-x, MP1-x,
and MP2-x, x 1 1 2 2 2 4, wherex denotesthe band-
width requirementB of eachQoSrequest.

0 Thebandwidthdensityis setfrom 25%to 75%of the
network density.

0 Themobility rangesfrom 2 to 10 ft/sec.

0 Eachsimulatedresult is obtainedby averagevalues
through5000runs.

The performancemetricsof our simulationare given
below.

0 SuccessRate 3 SR4 : the numberof successfulQoS
route requestsdivided by the total numberof QoS
routerequestsfrom sourceto destination.

0 Slot Util ization 3 SU 4 : theaverageslot utilization of
every link in all QoSroutes.

0 OverHead 3 OH 4 : the hop countof routing packets
beingtransmitteddividedby thetotalnumberof QoS
requests.

0 Incomplete Rate 3 IR4 : the numberof broken con-
nectionsdivided by the numberof successfulQoS
requests.

4.1. Performanceof Success Rate (SR)

1A) Effectof networkdensity: Eachvaluein Fig. 9(a) is
obtainedby assumingthat thenumberof mobilehostsis
30 and the numberof routing packets is 30. Fig. 9(a)
shows the successrateof searchinga QoSroutevs. net-
work density. Observethatourapproachacquiresahigher
successratethandoestheLin approachundera network
densityfrom low to high. This indicatesthatourproposed
protocol outperformsthe Lin protocol, especiallyif the
network densityis high. This is becauseour multi-path
schemecanindeedimprovethesuccessrate,andour uni-
pathschemehasahighersuccessratethantheLin scheme.
Fig. 9(a)illustratesthatif thebandwidthrequirementis 4

Figure10:
Slotutilizationvs. network densityandnumberof routingpackets.

andthenetwork densityis largerthan63%,theLin proto-
col cannotfind any QoSroutebecausethereis nouni-path
which satisfiesthebandwidthrequirement.However, our
protocolstill hasa successrateof 65% (density= 63%)
and28%(density= 75%)dueto themulti-pathrouting.

1B)Effectof numberof routingpackets:Everyvaluein
9(b) is obtainedby assumingthat the numberof mobile
hostsis 30 andthenetwork densityis 63%. Thenumber
of routing packets reflectsthe total numberof QRREQ
packetsin a MANET. EachQRREQ packet representsa
possiblepath from sourceto destinationif this QQREQ
packet canreachthedestination.Thegreaterthenumber
of routingpacketsis, themore-accuratethenetwork topol-
ogy will be re-configuredat thedestination.Fig. 9(b) il-
lustratesthat a high successrate is obtainedwhenusing
a greaternumberof QRREQ packets. Fig. 9(b) shows
that our approachhasa greaterthan70% successrate if
thesourcesendsmorethan40QRREQ packets.Thissim-
ulation result usesand controls the numberof QRREQ
packetsto representthefloodingschemein ourmulti-path
scheme.

4.2. Performanceof Slot Utilization (SU)

2A)Effectof networkdensity:Thesimulationassumption
is thesamefor case1A. Fig. 10(a)showsthatif theband-
width requirementis 4 slots,our MP protocolprovidesat
least7% moreslot utilization thandoestheLin protocol.
This is becauseLin‘s protocolfindsaroutewith difficulty
if the bandwidthrequirementis high, thereforethe slot
utilization is low. This revealsthe advantagesof our ap-
proach.

2B) Effect of numberof routing packets: The simula-
tion assumptionis the sameas for case1B. Fig. 10(b)
comparesslot utilization undervariousnumbersof rout-
ing packets.Ourapproachproducesat leasta6%increase
in slot utilization if agreaternumberof routingpacketsis
used.Thisalsoreflectstheresultfrom Fig. 10(b),thatthe
highersuccessrateobtainsbetterslot utilization.

4.3. Performanceof Overhead (OH)

3A)Effectof numberof mobilehosts:Eachvaluein 11(a)
is obtainedby assumingthatthenumberof mobilehostsis
30 andthenetwork densityis 38%. Fig. 11(a)shows the
performanceof overheadundervariousnumbersof mo-
bile hosts. Observe that our MP protocol hasthe same



Figure11:
Routingoverheadvs. network sizeandnetwork density.
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Figure12: Incompleteratevs. mobility.

overheadfor MP1-x andMP2-x � wherex � 1 � 2 � and4 �
sincetheoverheadof our approachmainly concernshow
many QRREQpacketsaredeliveredandcollectedin the
on-demandlink-statedelivery/collectionphase. That is,
our overheadis independentof the bandwidthrequire-
ment.However, in Lin’sapproach,overheadis dependent
on thebandwidthrequirement.For instance,asshown in
Fig. 11(a), the averageoverheadof MP1-x and MP2-x
rangesfrom 75to 91. However, Lin’sprotocolhasalower
overhead.Observethattheroutingpacketof ourapproach
will be re-forwardedto the destinationin an intermedi-
atenodeevenif this nodedoesnot have enoughfreetime
slots. Under the samecondition, the routing packets in
Lin’s protocolaredropped.This propertyof our protocol
is helpful to reducetheoverhead.

3B) Effectof networkdensity:Thesimulationassump-
tion is thesamefor case1A. Fig. 11(b)comparestherout-
ing overheadvs. network density. Lin’s protocol hasa
very low overheadfor high network density. The reason
is that whenthe densityis high, the successrate is very
low, thereforefew routing packetscanreachthe destina-
tion host. Many routing packetsare droppedvery soon
after leaving thesource.Thereforetheoverheadof Lin’s
approachis quite low for high network density. On the
contrary, ourapproachstill maintainsahighvalueof over-
headwith high network density.

4.4. Performanceof Incomplete Rate (IR)

4A) Effectof Mobility: Eachvaluein Fig. 12 is obtained
by assumingthat the numberof mobile hostsis 30, the
numberof routingpacketsis 30, andthenetwork density
is 38%. A transmissionconnectionmight not be com-
pletelyfinisheddueto link breakage.Fig. 12 shows that

our MP protocolhasan incompleterateunder1% if the
mobility is low, andhasan incompleterateunder10%if
themobility is high. Thesecorrespondto incompleterates
of Lin’sprotocolof 4%˜17%.This is becausethebackup
pathschemeimprovesthe routerobustness.This verifies
thatourmulti-pathapproach,whichutilizesbackuppaths,
hasa lower incompleterate.

5. Conclusions

This paperpresentsan on-demand,link-state,multi-path
QoSrouting protocolin a MANET. Our proposedproto-
col reactively collect link-stateinformation from source
to destination,andaims to dynamicallyconstructa par-
tial network topologywhich is only sketchedfrom source
to destination.A multi-pathQoSrouting protocol is de-
velopedby searchingmulti-pathroutesat the destination
undertheCDMA-over-TDMA channelmodel.Ourappo-
rachgreatlyimprovesthesuccessrateby meansof search-
ing theQoSmulti-pathrouting. Performanceanalysisre-
sultsdemonstratethatour proposedprotocoloutperforms
existingQoSroutingprotocol.

References

[1] IEEE Std 802.11-1999. WirelessLAN Medium Access
Control (MAC) and PhysicalLayer (PHY) Specifications.
Instituteof ElectricalandElectronicsEngineers, Inc.

[2] S. ChenandK. Nahrstedt. DistributedQuality-of-Service
Routing in Ad Hoc Networks. IEEE Journal on Selected
Areasin Communications, 17(8):1488–1505,Aug. 1999.

[3] S. ChenandK. Nahrstedt. DistributedQuality-of-Service
Routing in Ad Hoc Networks. IEEE Journal on Selected
Areasin Communications, 17(8):1488–1505,Aug. 1999.

[4] Y.-K. Ho andR.-S. Liu. On-DemandQoS-basedRouting
Protocolfor Ad HocMobile WirelessNetworks. In Proc.of
theFifth IEEE Symposiumon Computers andCommunica-
tions(ISCC), pages560–565,2000.

[5] D. B. JohnsonandD. A. Maltz. DynamicSourceRouting
in Ad HocWirelessNetworks. In MobileComputing, edited
byTomaszImielinskiandHankKorth, Chapter5, pages81–
153,1996.

[6] W.-H. Liao, Y.-C. Tseng,J.-P. Sheu,and S.-L. Wang. A
Multi-PathQoSRoutingProtocolin a WirelessMobile Ad
HocNetwork. In Proc.of IEEEICN’01: InternationalCon-
ferenceonNetworking, Part II , pages158–167,July, 2001.

[7] C.-R. Lin. On-DemandQoSRouting in Multihop Mobile
Networks. In Proc.of IEEE INFOCOM2001, pages1735–
1744,April 2001.

[8] C.-R. Lin andJ.-S.Liu. QoSRoutingin Ad Hoc Wireless
Networks. IEEE Journal on SelectedAreasin Communica-
tions, 17(8):1426–1438,Aug. 1999.

[9] S.ChenY andK.-C. Lai. MESH:Multi-Eye Spiral-Hopping
Protocol in a WirelessAd Hoc Network. IEICE Trans-
actions on Communications, E84-B(8):2237–2248,Aug.
2001.


