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Abstract

Due to developmentof computerand network tech-
nologies, mobile computernetworkshavebecomewidely
available. Sincemobilecomputers such as handheldPCs
and PDAs and mobile sensornodeswhich are required
to be small and light weight have only limited battery
capacity, a radiusof a wirelesssignal transmissionrange
is also limited. In order to achieve higher connectivity
even thougha network is composedof mobile computers
communicatingwith limited wirelesssignal transmission
power, a wirelessmultihop transmissionis applied where
messagesfrom a source mobilecomputerto a destination
one are forwarded by a sequenceof intermediatemobile
computers. Until now, manyad-hocroutingprotocolshave
beenproposed[3]. In a MAC protocolbasedonCSMA/CA
such asIEEE802.11[1] for a wirelessLAN, for avoidance
of collisions of signal transmittedfrom multiple mobile
computers, RTS/CTScontrol is introduced. Hence, only
oneneighbormobilecomputertransmitswirelesssignalat
a timeanda mobilecomputergetslesschancesto transmit
messages.This leadsto reductionof end-to-endbandwidth
along a multihop message transmissionroute. In order
to solve this problem, we proposea method to extend
end-to-endbandwidth with wireless signal transmission
power control and design protocols for route detection
and for message transmissionalong the detectedroute.
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1 Bandwidth in Wir elessMultihop Transmis-
sion

A wirelessmultihop network N = hM ; Li consistsof
a setM of mobilecomputersM i anda setL � M � M
of directionalwirelesscommunicationlinks jM i ; M j i from

a mobilecomputerM i to anotheroneM j . jM i ; M j i 2 L
if M j is in a wirelesssignaltransmissionrangeof M i with
themaximumsignaltransmissionpowerPtmax . In this pa-
per, it is assumedthat Ptmax is the samein every mobile
computerin M . Hence,if jM i ; M j i 2 L , jM j ; M i i 2 L .
For supportinga messagetransmissionfrom a sourcemo-
bile computerM s(= M 0) to a destinationoneM d(= M l )
even if jM s; M d i =2 L , intermediatemobile computers
M 1; : : : ; M l � 1 where jM i ; M i +1 i 2 L (0 � i < l )
forward messagesalonga multihop messagetransmission
routeR = jjM 0(= M s); M 1; : : : ; M l � 1; M l (= M d)ii .

In a wirelessmultihoptransmission,a mobilecomputer
M i 2 R doesnot simultaneouslyreceive wirelesssignal
from a previous hop mobile computerM i � 1 2 R and
transmit wireless signal to a next hop mobile computer
M i +1 2 R. Hence,a wirelessmultihoptransmissionalong
R satis�esthefollowing property:
[Property1] Messagesare not simultaneouslytransmit-
ted throughwirelesscommunicationlinks jM i � 1; M i i and
jM i ; M i +1 i . That is, M i � 1 andM i do not simultaneously
transmitmessagesalongR (Figure1). 2

A wirelessmultihop transmissionalways satis�es this
propertyevenif eachmobilecomputercontrolssignaltrans-
missionpower.

Figure 1. Restriction of Simultaneous Trans­
missions (1).

Accordingto Property1, thefollowing theoremfor end-
to-endbandwidthof awirelessmultihoptransmissionalong
R is induced:



[Theorem1] Let B i bebandwidthof awirelesscommuni-
cationlink jM i ; M i +1 i (0 � i < l ). The maximalend-to-
endbandwidthof a wirelessmultihop transmissionalong
R(l � 2) is min i (B i � B i +1 =(B i + B i +1 )) .
[Proof] Supposethat end-to-endbandwidthB of a wire-
lessmultihoptransmissionalongR is wider thanmin i (B i �
B i +1 =(B i + B i +1 )) . In a wirelessmultihop transmission
along R for a certain time period T, a total amountof
messagestransmittedthrougheachwirelesscommunication
link is B � T andB � T > T � min i (B i � B i +1 =(B i + B i +1 ))
sinceB > min i (B i � B i +1 =(B i + B i +1 )) . Let M i be a
mobile computerin R whereB i � B i +1 =(B i + B i +1 ) =
min i (B i � B i +1 =(B i + B i +1 )) . Thus,B � T > T � B i �
B i +1 =(B i + B i +1 ). Sincebandwidthof jM i ; M i +1 i is B i ,
a total time period while M i transmitsmessagesthrough
jM i ; M i +1 i is Ti = B � T=Bi > T � B i +1 =(B i + B i +1 ).
In addition, sincebandwidthof jM i +1 ; M i +2 i is B i +1 , a
total time periodwhile M i +1 transmitsmessagesthrough
jM i +1 ; M i +2 i is Ti +1 = B �T=Bi +1 > T �B i =(B i + B i +1 ).
Accordingto Property1, messagesarenot simultaneously
transmittedthroughjM i ; M i +1 i andjM i +1 ; M i +2 i . Hence,
Ti + Ti +1 � T . However, Ti + Ti +1 > T �B i =(B i + B i +1 )+
T � B i =(B i + B i +1 ) = T . This is contradiction.Therefore,
B � min i (B i � B i +1 =(B i + B i +1 )) . 2

If bandwidthof all wirelesscommunicationlinks along
R is BL (0 � 8i < l ; B i = BL ), accordingto Theorem
1, the maximal end-to-endbandwidthis BL =2 sinceB i �
B i +1 =(B i + B i +1 ) = BL =2 for all i .

Most of on-demandad hoc routing protocolssuch as
DSR [2] andAODV [4], a route requestcontrol message
Rreqis transmittedfrom asourcemobilecomputertoades-
tinationoneby �ooding [3] which is successive broadcasts
of themessage.A messagetransmissionroutedetectedby
suchanon-demandroutingprotocolsatis�esthefollowing
property:

Figure 2. Detected Route by Flooding­Based
Ad Hoc Routing Protocol.

[Property2] Let R = jjM 0(= M s); M 1; : : : ; M l (= M d)ii
beamessagetransmissionroutefromM s toM d detectedby
anon-demandroutingprotocolbasedon �ooding of Rreq
messages.Only M i +1 is a mobilecomputerM j 2 R(i <
j ) which is in awirelesssignaltransmissionrangeof M i .

[Proof] SinceM i +1 is a next hop mobile computerof
M i alongR, M i +1 receivesanRreqmessagebroadcasted
by M i . Hence,M i +1 is in a wirelesssignal transmission
rangeof M i . On the otherhand,let tk andd > 0 be be
timewhenM k receivesthe�rst Rreqmessagefrom oneof
neighbormobile computersandtime periodwhich is sum
of processingtime periodfor routingprotocolin eachmo-
bile computerand transmissiondelay througheachwire-
lesscommunicationlink. SinceM k 2 R(i � 8k < l),
M k+1 receives the �rst Rreq messagefrom M k at tk+1 .
Hence,tk+1 > tk + d andt j > t i + (j � i )d for M j 2
R(i + 1 < j � l ). Here,supposethat M j is in a wire-
lesssignal transmissionrangeof M i . SinceM j receives
anRreqmessagebroadcastedfrom M i at t0

j = t i + d and
j > i + 1, t j > t i + (j � i )d > t i + d > t0

j , that is, M j

receivestheRreqmessagebroadcastedfrom M i beforethe
Rreq messagebroadcastedfrom M i � 1. This is contradict
to M k 2 R(i < k < j ). Therefore,M j is out of a wireless
signaltransmissionrangeof M i . 2

In addition, in an on-demandad hoc routing protocol
basedon �ooding, it is assumedthateachmobilecomputer
transmitswirelesssignal with the maximumtransmission
power Ptmax . Underan assumptionthat signal transmis-
sionpowerof all themobilecomputersis thesame,thatis,
a radiusof a wirelesssignal transmissionrangeof all the
mobilecomputersis thesame,thefollowing propertyis sat-
is�ed:
[Property3] Let R = jjM 0(= M s); M 1; : : : ; M l (= M d)ii
beamessagetransmissionroutefrom M s to M d detectedby
anon-demandroutingprotocolbasedon �ooding of Rreq
messages.If signaltransmissionpowerof all M i 2 R is the
same,only M i � 1 is amobilecomputerM j 2 R(0 � j < i )
which is in a wirelesssignaltransmissionrangeof M i .
[Proof] Let rp andrq beradiusesof mobilecomputersM p

andM q. Accordingto theassumption,r p = rq. Suppose
that M q is in a wirelesssignal transmissionrangeof M p

and M p is out of a wirelesssignal transmissionrangeof
M q. SinceM q is in a wirelesssignaltransmissionrangeof
M p, jM pM qj � rp. On theotherhand,sinceM p is out of
a wirelesssignaltransmissionrangeof M q,jM pM qj > rq.
Thus,rq < rp andit contradictsto r p = rq. Hence,if M p

is in a wirelesssignaltransmissionrangeof M q, M q is else
in a wirelesssignal transmissionrangeof M p, and if M p

is out of a wirelesssignal transmissionrangeof M q, M q

is elseout of a wirelesssignal transmissionrangeof M p.
Therefore,accordingto Property2, Property3 is satis�ed.
2

Accordingto Properties2 and3, if all mobile comput-
ers in R transmitwirelesssignal with the maximumsig-
nal transmissionpowerPtmax , collisionsoccurin M i when
M i � 1 and M i +1 transmit wirelesssignal simultaneously
sinceM i is in wirelesstransmissionrangesof both M i � 1

andM i +1 . This is a so-calledhiddenterminalproblemand



such collisions are avoided by introduction of RTS/CTS
control. However, it inducescontentionsandeachmobile
computerhaslesschancesto transmitwirelesssignal.
[Property4] If M i is in a wirelesssignal transmission
rangeof M i +1 , messagesarenot simultaneouslytransmit-
tedthroughjM i � 1; M i i andjM i +1 ; M i +2 i . That is, M i � 1

andM i +1 do not simultaneouslytransmitmessagesalong
R (Figure3). 2

Figure 3. Restriction of Simultaneous Trans­
missions (2).

[Property5] If M i is in a wirelesssignal transmission
range of M i +1 , messagesare not simultaneouslytrans-
mitted throughany pair of wirelesscommunicationlinks
jM i � 1; M i i , jM i ; M i +1 i and jM i +1 ; M i +2 i . That is, any
pairof M i � 1, M i andM i +1 donotsimultaneouslytransmit
messagesalongR (Figure4).

Figure 4. Restriction of Simultaneous Trans­
missions (3).

[Proof] Accordingto Property1, not only M i � 1 andM i

but alsoM i andM i +1 donot simultaneouslytransmitmes-
sages.In addition,accordingto Property4,M i � 1 andM i +1

donotsimultaneouslytransmitmessages.Hence,thisprop-
erty is satis�ed.2

According to Property 5, end-to-endbandwidth in a
wirelessmultihop transmissionalong a route R satis�es
thefollowing theoremunderanassumptionthatall mobile
computerstransmitwirelesssignalwith thesamemaximum
signaltransmissionpower:
[Theorem2] Let B i bebandwidthof awirelesscommuni-

cationlink jM i ; M i +1 i (0 � i < l ). Themaximalend-to-
end bandwidthof a wirelessmultihop transmissionalong
R(l � 2) is min i (B i � B i +1 � B i +2 =(B i � B i +1 + B i +1 �
B i +2 + B i +2 �B i )) if all mobilecomputerstransmitwireless
signalwith thesamesignaltransmissionpower.
[Proof] Supposethat end-to-endbandwidthB of a wire-
lessmultihoptransmissionalongR is wider thanmin i (B i �
B i +1 � B i +2 =(B i � B i +1 + B i +1 � B i +2 + B i +2 � B i )) .
In a wireless multihop transmissionalong R for a cer-
tain time period T, a total amountof messagestransmit-
tedthrougheachwirelesscommunicationlink is B � T and
B � T > T � min i (B i � B i +1 � B i +2 =(B i � B i +1 + B i +1 �
B i +2 + B i +2 � B i )) sinceB > min i (B i � B i +1 � B i +2 =(B i �
B i +1 + B i +1 � B i +2 + B i +2 � B i )) . Let M i be a mo-
bile computerin R whereB i � B i +1 � B i +2 =(B i � B i +1 +
B i +1 � B i +2 + B i +2 � B i ) = min i (B i � B i +1 � B i +2 =(B i �
B i +1 + B i +1 � B i +2 + B i +2 � B i )) . Since bandwidth
of jM i ; M i +1 i , jM i +1 ; M i +2 i and jM i +2 ; M i +3 i are B i ,
B i +1 andB i +2 , respectively, total time periodswhile M i ,
M i +1 andM i +2 transmitmessagesareTi = B � T=Bi >
T � B i +1 � B i +2 =(B i � B i +1 + B i +1 � B i +2 + B i +2 � B i ),
Ti +1 = B � T=Bi +1 > T � B i +2 � B i =(B i � B i +1 + B i +1 �
B i +2 + B i +2 � B i ) andTi +2 = B � T=Bi +2 > T � B i �
B i +1 =(B i � B i +1 + B i +1 � B i +2 + B i +2 � B i ), respectively.
Accordingto Property5, messagesarenot simultaneously
transmittedthroughany pair of jM i ; M i +1 i , jM i +1 ; M i +2 i
andjM i +2 ; M i +3 i . HenceTi + Ti +1 + Ti +2 � T . However,
Ti + Ti +1 + Ti +2 > T � B i +1 � B i +2 =(B i � B i +1 + B i +1 �
B i +2 + B i +2 �B i )+ T �B i +2 �B i =(B i �B i +1 + B i +1 �B i +2 +
B i +2 � B i ) + (B i � B i +1 + B i +1 � B i +2 + B i +2 � B i ) = T .
This is contradiction. Therefore,B � min i (B i � B i +1 �
B i +2 =(B i � B i +1 + B i +1 � B i +2 + B i +2 � B i )) . 2

SinceB i � B i +1 =(B i + B i +1 ) � B i � B i +1 � B i +2 =(B i �
B i +1 + B i +1 � B i +2 + B i +2 � B i ) = B 2

i � B 2
i +1 =((B i +

B i +1 ) � (B i � B i +1 + B i +1 � B i +2 + B i +2 � B i )) > 0(0 �
8i < l � 1), min i (B i �B i +1 =Bi + B i +1 ) > min i (B i �B i +1 �
B i +2 =(B i � B i +1 + B i +1 � B i +2 + B i +2 � B i )) . Thatis, the
maximalend-to-endbandwidthin Theorem2 is narrower
than that in Theorem1. In addition, if bandwidthof all
wirelesscommunicationlinks along R is BL (0 � 8i <
l ; B i = BL ), accordingto Theorem2, themaximalend-to-
endbandwidthis BL =3 sinceB i � B i +1 � B i +2 =(B i � B i +1 +
B i +1 � B i +2 + B i +2 � B i ) = BL =3 for all i . 2

2 Power-Controlled Routing and Transmis-
sion Protocols

Thefollowing relationbetweenwirelesssignaltransmis-
sionpowerPt andwirelesssignalreceiptpowerPr is satis-
�ed:

Pr = Pt (
�

4� d
)2gt gr (1)



Here,� , d, gt andgr arewavelength,distancebetweentrans-
mitter and receiver mobile computers,transmissiongain
andreceiptgain,respectively. Hence,by observationof re-
ceiptpower of signaltransmittedwith themaximumsignal
transmissionpower, distancebetweenthesemobilecomput-
ersis achieved.

d =
�
4�

r
Ptmax

Pr ec
gt gr (2)

Theminimumsignaltransmissionpowerrequiredfor signal
to bereceivedis asfollows:

Ptmin = Ptmax �
Pr min

Pr ec
(3)

In a wirelessmultihop transmissionalonga routeR, since
signaltransmissionpowerof M i is monotonicallyincreased
to distancebetweenM i and M i +1 if messagesare trans-
mittedthroughjM i ; M i +1 i with theminimumwirelesssig-
nal transmissionpowerrequiredfor signalto bereceivedby
M i +1 , thefollowing propertiesaresatis�ed:
[Property5a] If wirelesssignaltransmissionpower of M i

is lower thanor equalto oneof M i +1 , M i � 1 andM i +1 do
notsimultaneouslytransmitmessagesalongR (Figure5).
[Proof] SinceR is a wirelessmultihoptransmissionroute,
M i is in a wirelesssignaltransmissionrangeof M i � 1. In
addition, sinceeachmobile computertransmitsmessages
with theminimum wirelesssignaltransmissionpower and
wirelesssignal transmissionpower of M i is lower thanor
equalto oneof M i +1 , jM i M i +1 j � jM i +1 M i +2 j. Thus,
M i is in a wirelesssignal transmissionrangeof M i +1 .
Therefore,accordingto Property4, M i � 1 andM i +1 donot
simultaneouslytransmitmessagesalongR. 2

Figure 5. Restriction of Simultaneous Trans­
missions (4).

[Property5b] If wirelesssignaltransmissionpowerof M i

ishigherthanoneof M i +1 , M i � 1 andM i +1 simultaneously
transmitmessagesalongR without collisions(Figure6).
[Proof] SinceR is a wirelessmultihoptransmissionroute,
M i is in a wirelesssignaltransmissionrangeof M i � 1. On
theotherhand,sinceeachmobilecomputertransmitsmes-
sageswith theminimumwirelesssignaltransmissionpower
andwirelesssignaltransmissionpowerof M i is higherthan
oneof M i +1 , jM i M i +1 j > jM i +1 M i +2 j. Thus,M i is out
of awirelesssignaltransmissionrangeof M i +1 . Therefore,

Figure 6. Simultaneous Transmission with
Power Contr ol.

M i � 1 andM i +1 simultaneouslytransmitmessagesalongR
withoutcollisions.2

Accordingto Properties5aand5b, if eachmobilecom-
puterM i (0 � i < l ) transmitsmessagesthrougha wireless
communicationlink jM i ; M i +1 i with the minimum wire-
lesssignaltransmissionpower requiredfor messagesto be
receivedby a next hopmobilecomputerM i +1 , thefollow-
ing theoremaboutend-to-endbandwidthof awirelessmul-
tihop transmissionalonga routeR is satis�ed:
[Theorem 3] Let Pi be the minimum wireless signal
transmissionpower of M i 2 R(0 � 8i < l ) required
for messagesto be received by M i +1 . In addition, let
R� andR+ be setsof mobile computersM i 2 R where
Pi � Pi +1 and wherePi > Pi +1 , respectively. If M i

transmitswirelesssignalwith Pi , the maximalend-to-end
bandwidthof a wirelessmultihop transmissionalongR is
min (min i;M i 2 R � B i � 1 �B i �B i +1 =(B i � 1 �B i + B i �B i +1 +
B i +1 � B i � 1); min i;M i 2 R + B i � 1 � B i =(B i � 1 + B i )) . 2
[Property6] Let Pi betheminimumwirelesssignaltrans-
missionpower of M i 2 R(0 � 8i < l ) requiredfor mes-
sagesto bereceivedby M i +1 . If Pi > Pi +1 (0 � i < l ) and
M i transmitswirelesssignalwith Pi , themaximalend-to-
endbandwidthmin i (B i � 1 � B i =(B i � 1 + B i )) of awireless
multihoptransmissionalongR is themaximum.
[Proof] SinceB i �B i +1 =(B i + B i +1 ) � B i �B i +1 �B i +2 =(B i �
B i +1 + B i +1 �B i +2 + B i +2 �B i ) = B 2

i �B 2
i +1 =((B i + B i +1 ) �

(B i �B i +1 + B i +1 �B i +2 + B i +2 �B i )) > 0(0 � 8i < l � 1),
min i (B i �B i +1 =Bi + B i +1 ) > min i (B i �B i +1 �B i +2 =(B i �
B i +1 + B i +1 � B i +2 + B i +2 � B i )) . Therefore,accordingto
Theorem3, themaximumbandwidthis themaximum.2

In casethat bandwidthof all wirelesscommunication
links alongR is BL (0 � 8i < l ; B i = BL ), accordingto
Theorem3, if Pi > Pi +1 for 0 � 8i < l � 1, themaximal
end-to-endbandwidthof a wirelessmultihop transmission
is BL =2.

On the otherhand,if Pi � Pi +1 for 0 � 9i < l � 1,
the maximalend-to-endbandwidthof a wirelessmultihop
transmissionis BL =3.

In the former case,i.e. Pi > Pi +1 (0 � 8i < l � 1),
themaximumend-to-endbandwidthof awirelessmultihop
transmissionis BL =2 underan assumptionthat all mobile



computersM i 2 R have closelysynchronizedclocks. Let
� andt0 be a time periodmuchsmallerthananothertime
periodT while messagesaretransmittedalonga routeR,
i.e. � � T , anda time whena wirelessmultihoptransmis-
sion alongR starts. If M i (i mod 2 = 0) transmitsmes-
sagesduring[t0 + 2k� ; t0 + 2(k + 1)� ](k = 0; 1; 2; : : :) and
M i (i mod 2 = 1) transmitsmessagesduring [t0 + (2k +
1)� ; t0 + 2(k + 1)� ], BL =2 bandwidthis achieved.
[Theorem4] If Pi > Pi +1 (0 � 8i < l ), the maximum
end-to-endbandwidthof a wirelessmultihop transmission
alongarouteR is BL =2. 2

Therefore,underan assumptionthat eachmobile com-
puter M i 2 R transmitsmessagesto a next hop mobile
computerM i +1 with the minimum wirelesssignal trans-
missionpowerfor messagesto bereceivedbyM i +1 , if mes-
sagesaretransmittedalongarouteR whereM i +1 transmits
messageswith lower wirelesssignal transmissionpower
than M i , the maximum end-to-endbandwidth is BL =2
thoughit is BL =3 withoutsuchrestrictiononR. In orderto
detectsucha transmissionroute,a mobilecomputerM i re-
ceiving a routerequestcontrol messageRreq broadcasted
from M i � 1 with themaximumwirelesssignaltransmission
powerobserveswirelesssignalreceiptpowerandcalculates
the minimum wirelesssignaltransmissionpower Pi � 1 for
M i � 1 to transmitmessagesto M i . Pi � 1 is piggybacked
to anRreq messagebroadcastedby M i . On receiptof the
Rreqmessage,amobilecomputerM j calculatePi sameas
in M i andcomparesit with Pi � 1 piggybackedto theRreq
message.If Pi � 1 > Pi , M j is a candidateof a next hop
mobilecomputerof M i andbroadcastanRreqmessageto
whichPi is piggybacked.Otherwise,i.e. if Pi � 1 � Pi , M j

discardsthe Rreq messagewithout broadcastit asshown
(Figure7);

�/�L �K���� �K�/ �/ �/ �/�K �L

�$�T�Q�C�F�E�C�U�V���Q�H���4�T�G�S

�/�L �K���� �K�/ �/ �/ �/�K �L

�&�K�U�E�C�T�F���Q�H���4�T�G�S

Figure 7. Routing Protocol

In addition,Pi � 1 calculatedby M i is informedM i � 1 by
piggybackingPi � 1 to an Rreq messagetransmittedfrom
M i to M i � 1. The following routing protocol is designed
basedonAODV:
[RoutingProtocol]

1) A sourcemobile computerM s broadcastsa routere-

quest control messageRreq(M s; M d; I D ; 0) to all
mobile computersin a wirelesssignal transmission
rangewith the maximumsignal transmissionpower
Ptmax . Here,M d is anaddressof adestinationmobile
computerandI D is anidenti�er of routedetection.

2) On receipt of Rreq(M s ; M d; I D ; Pi ) from a neigh-
bor mobile computerM i , a mobile computerM j 6=
M d searchesa route cache RC j for a 3-tuple
hM s; M d; I D i . If hM s; M d; I D i 2 RC j , M j discards
theRreqmessage.Otherwise,i.e. if hM s; M d; I D i =2
RC j , M j processestheRreqmessageasfollows:

2.1) Let Pr ec be signal receipt power of the Rreq
messagein M j . If Pr ec � Pi , M j discardsthe
Rreqmessage.

2.2) Otherwise, i.e. if Pr ec > Pi , a 3-tuple
hM s; M d; I D i is added to RCj , a previous
hop mobile computerUPj (hM s ; M d; I D i ) of
M j and the minimum signal receipt power
Pj (hM s; M d; I D i ) are updated to M i and
Pr ec, respectively. Then, Pj broadcasts
Rreq(M s; M d; I D ; Pr ec) to all mobile comput-
ersin a wirelesstransmissionrangewith Ptmax .

3) On receipt of Rreq(M s ; M d; I D ; Pi ) from a neigh-
bor mobile computerM i , a destinationmobile com-
puter M d searchesa route cacheRCd for a 3-tuple
hM s; M d; I D i . If hM s; M d; I D i 2 RCd, M d discards
theRreqmessage.Otherwise,i.e. if hM s; M d; I D i =2
RCd, M d processestheRreqmessageasfollows:

3.1) Let Pr ec be signal receipt power of the Rreq
messagein M d. If Pr ec � Pi , M d discardsthe
Rreqmessage.

3.2) Otherwise, i.e. if Pr ec > Pi , a 3-tuple
hM s; M d; I D i is added to RCd, a previous
hop mobile computer UPd(hM s ; M d; I D i )
of M d and the minimum signal receipt
power Pd(hM s ; M d; I D i ) are updated to
M i and Pr ec, respectively. Then, M d

unicasts a route reply control message
Rrep(M s; M d; I D ; Pd(hM s; M d; I D i )) to
UPd(hM s ; M d; I D i ).

4) Onreceiptof Rrep(M s; M d; I D ; Pd(hM s ; M d; I D i ))
from a neighbormobilecomputerM i , a mobilecom-
puterM j calculatestheminimumsignaltransmission
powerPtmin requiredfor wirelesssignalto bereceived
by M i andaddsa3-tuplehM d; M i ; Ptmin i to arouting
tableRTj of M j . Then,M j unicastsa routereplycon-
trol messageRrep(M s; M d; I D ; Pj (hM s ; M d; I D i ))
to UPd(hM s ; M d; I D i ).

5) On receiptof Rrep(M s; M d; I D ; Pi (hM s ; M d; I D i ))
from a neighbormobilecomputerM i . M s calculates
theminimumsignaltransmissionpowerPtmin require
for wirelesssignalto bereceivedby M i andaddsa 3-



tuple hM d; M i ; Ptmin i to a routing tableRTs of M s.
2

In order to transmit messagesalong a messagetrans-
mission route detectedby the proposedrouting protocol
with avoidanceof collisions and hidden terminal prob-
lems,a transmissionprotocolwith RTS/CTScontrol is re-
quired to be extendedassupportingwirelesssignal trans-
missionpower control. The following transmissionproto-
col is designedbasedon formula (3) for achieving simul-
taneoustransmissionsamongmobile computerswhich are
notneighborwith eachother.

[TransmissionProtocol]
1) On receiptdataD from an applicationprogramif a

mobilecomputerM i is a sourcemobilecomputerM s

or from aprevioushopmobilecomputerM i � 1 if M i is
anintermediatemobilecomputer, M i searchesa rout-
ing table RTi for a entry hM d; M i +1 ; Ptmin i where
M d is adestinationmobilecomputerof D .

1.1) If hM d; M i +1 ; Ptmin i =2 RTi , M i only discards
D .

1.2) Otherwise,i.e. if hM d; M i +1 ; Ptmin i 2 RTi ,
M i broadcastsa requestto sendcontrolmessage
RTS(M i ; M i +1 ; N AV ) to all mobilecomputers
in a wirelesssignal transmissionrangewith the
maximumsignaltransmissionpowerPtmax .

2) Onreceiptof RTS(M i ; M i +1 ; N AV ), amobilecom-
puter M j 6= M i +1 calculatesthe minimum wire-
lesssignaltransmissionpowerPtmax � tmp requiredfor
messagesto bereceivedby M i by usingwirelesssig-
nal receiptpowerof theRTS message.DuringN AV ,
M j doesnot transmitmessageswith wirelesssignal
transmissionpowerhigherthanPtmax � tmp .

3) On receipt of RTS(M i ; M i +1 ; N AV ), M i +1

broadcasts a clear to send control message
CTS(M i ; M i +1 ; N AV ) to all mobile computers
in a wireless signal transmissionrange with the
maximumwirelesssignal transmissionpower Ptmax

if M i +1 doesnot setanotherN AV .
4) Onreceiptof CTS(M i ; M i +1 ; N AV ), a mobilecom-

puterM j 6= M i calculatestheminimumwirelesssig-
nal transmissionpower Ptmax � tmp requiredfor mes-
sagesto bereceivedby M i +1 by usingwirelesssignal
receiptpowerof theCTS message.DuringN AV , M j

doesnot transmitmessageswith wirelesssignaltrans-
missionpowerhigherthanPtmax � tmp .

5) Onreceiptof CTS(M i ; M i +1 ; N AV ), M i unicastsD
to M i +1 with Ptmin .

6) On receiptof D , M i +1 unicastsanacknowledgement
controlmessageAC K to M i . 2

3 Evaluation

In our proposedprotocoldiscussedin theprevioussec-
tion, wirelesssignaltransmissionpowerof mobilecomput-
ersalonga messagetransmissionrouteis successively re-
ducedandthemobilecomputerstransmitmessagessimul-
taneouslyif they arenot neighbormobile computers.By
using this method,the maximal end-to-endbandwidthis
extendedfrom BL =3 which is the maximalalonga usual
transmissionroutedetectedby conventionalon-demandad
hoc routing protocolssuchas DSR and AODV to BL =2.
In this section,we evaluateperformanceof our protocolin
simulation.

First,weevaluateend-to-endbandwidthachievedby us-
ing our protocolcomparedto oneachieved by a �ooding-
basedon-demandrouting protocol without transmission
power control suchasDSR andAODV. The simulationis
implementedon GloMoSim [6]. A messagetransmission
routeis detectedby ourproposedroutingprotocolandmes-
sagesaretransmittedbetweenneighbormobile computers
by usingIEEE802.11MAC protocolwith RTS/CTScontrol
extendedby our proposedtransmissionprotocol. In order
to avoid reductionof end-to-endbandwidthdue to colli-
sionsof RTS/CTScontrolmessagesandDATA/ACK mes-
sages,RTS/CTScontrol messagesaretransmittedthrough
a differentwirelesscommunicationchannelfrom one for
DATA/ACK messages[5]. Themaximumradiusof a wire-
lesssignaltransmissionrangein every mobilecomputeris
100m. All mobile computersarelinearly locatedanddis-
tancebetweenneighbormobilecomputersarerandomlyde-
terminedaccordingto uniquedistribution undercondition
that distanceto a next hop mobile computeris more than
1m shorterthan one to a previous hop mobile computer.
Averageend-to-endbandwidthof 150 differentcon�gura-
tions for eachhop count from 2 to 20 is shown in Figure
8.

If a hopcountis lessthan6, bandwidthof bothour pro-
tocolrepresentedby asolid line andaconventionalprotocol
representedby adottedline areradicallyreduced.However,
if a hop count is more than6, both bandwidtharestable;
1:40M bpsin our protocoland0:865M pbsin the conven-
tionalprotocol.Hence,ourprotocolachieves61:8%higher
bandwidththana �ooding-basedon-demandad hoc rout-
ing protocolwithoutpowercontrol.Therefore,ourprotocol
extendsnotonly theoreticalmaximalend-to-endbandwidth
but alsosimulatedend-to-endbandwidthwith probabilistic
factorssuchasrandomback-off time in CSMA/CA.

Different from conventional�ooding-basedon-demand
ad hoc routing protocols,eachmobile computerdoesnot
alwaysbroadcastanRreqmessagein our protocol.Hence,
ratioof successfulroutedetectiongetslower, i.e. connectiv-
ity of anadhocnetwork getslower. Here,we evaluatethe
reductionof connectivity in simulation. Locationsof mo-



 

 

 

 

 

 

  

Figure 8. End­to­End Band width

bile computersarerandomlydeterminedin 500m � 500m
areabasedonuniquedistribution. Connectivity is evaluated
asratioof pairsof mobilecomputersbetweenwhichames-
sagetransmissionrouteis detectedto all pairsof two mobile
computers;a sourceanda destinationones.For eachof 3
differentpair of a radiusof a wirelesssignal transmission
rangeanda numberof mobile computers,connectivity is
evaluatedin 100timesandaverageconnectivitiesareshown
in Figure9.

 

 

Figure 9. Connectivity

In all the simulationenvironments,connectivity in our
protocolis lowerthanonein aconventionalprotocol.How-
ever, numberof mobile computerswith which connectiv-
ity getsequalbetweenour protocolanda conventionalone
are 800,300and 100. theseare representedby density
of 0.32/100m2, 0.12/100m2 and 0.04/100m2, which are
enoughlower for realadhocapplicationenvironments.

4 Conclusion

This papershows that the maximal end-to-endband-
width in a wirelessmultihop transmissionis 1=2 of band-
width of communicationlinks and is 1=3 if thereare no
transmissionpower control. Then, we proposea method
for extensionof end-to-endbandwidthby successivereduc-
tion of wirelesssignal transmissionpower along a multi-
hop messagetransmissionroute. Our proposedprotocol
designedbasedon AODV achieves60% wider bandwidth
with smallreductionof connectivity in simulation.
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