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Abstract

Due to developmentof computerand network tech-
nologies, mobile computernetworkshave becomewidely
available Sincemobile computes sud as handheldPCs
and PDAs and mobile sensornodeswhich are required
to be small and light weight have only limited battery
capacity a radiusof a wirelesssignal transmissiorrange
is also limited. In order to achieve higher connectivity
eventhougha networkis composecdf mobile computes
communicatingwith limited wirelesssignal transmission
power a wirelessmultihop transmissionis applied whee
messgesfrom a souice mobile computerto a destination
one are forwarded by a sequencef intermediatemobile
computes. Until now manyad-hocrouting protocolshave
beenproposed3]. In a MAC protocolbasedon CSMA/CA
sut as|EEE8B02.11[1] for a wirelessLAN, for avoidance
of collisions of signal transmittedfrom multiple mobile
computes, RTS/CTScontml is introduced. Hence only
oneneighbormobile computertransmitswirelesssignal at
a timeanda mobilecomputermetslesschancedo transmit
messges. Thisleadsto reductionof end-to-encbandwidth
along a multihop messge transmissionroute In order
to solve this problem, we proposea methodto extend
end-to-endbandwidth with wireless signal transmission
power control and design protocols for route detection
and for messge transmissioralong the detectedroute

Key Words: Ad-hoc Network, Routing, Bandwidth,Paver
Control

1 Bandwidth in WirelessMultihop Transmis-
sion

A wirelessmultihop network N = hM;Li consistsof
asetM of mobilecomputersM; andasetL M M
of directionalwirelesscommunicatioriinks jM ; M; i from

amobile computerM; to anotheroneM;. jM;;M;i 2 L
if M; isin awirelesssignaltransmissiomangeof M; with
the maximumsignaltransmissiorpower Pimax . In this pa-
per, it is assumedhat Pyax IS the samein every mobile
computerin M . Hence,if jM;;M;i 2 L, jMj;M;i 2 L.
For supportinga messagéransmissiorfrom a sourcemo-
bile computeM (= M) to adestinatioroneM 4(= M)
evenif jMg;Mgy4i 2 L , intermediatemobile computers
2 L i<
forward messagealong a multihop messagdransmission

In awirelessmultihop transmissiona mobile computer
M; 2 R doesnot simultaneouslyreceie wirelesssignal
from a previous hop mobile computerM; ; 2 R and
transmit wireless signal to a next hop mobile computer
Mi+1 2 R. Henceawirelessmultihoptransmissioralong
R satis esthefollowing property:

[Propertyl] Messagesre not simultaneouslytransmit-

ted throughwirelesscommunicatiorlinks jM; 1;M;i and

jMi;Mijs1i. Thatis, M; 1 andM; do not simultaneously
transmitmessagealongR (Figurel). 2

A wirelessmultihop transmissionalways satis es this
propertyevenif eachmobilecomputeicontrolssignaltrans-
missionpower.

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

Accordingto Propertyl, the following theorenfor end-
to-endbandwidthof awirelessmultihoptransmissioralong
R isinduced:



[Theoreml] LetB; bebandwidthof awirelesscommuni-
cationlink jMj;M;+1i(0 i < 1). Themaximalend-to-
end bandwidthof a wirelessmultihop transmissioralong
R(I  2)ismini(B; Bjs«1 =(Bj + Bjs1)).

[Proof] Supposehatend-to-encdbandwidthB of a wire-
lessmultihoptransmissioralongR is widerthanmin ; (B;
Bi+1 =(Bi + Bj+1)). In awirelessmultihop transmission
along R for a certaintime period T, a total amountof
messagesansmittedhrougheachwirelesscommunication
linkisB TandB T>T min;(B; Bj+1 =(Bj+ Bj+1))
sinceB > min;(B; Bj+1=(Bj + Bj+1)). Let M bea
mobile computerin R whereB; By,; =(Br + By, ) =
mini(Bi Bi+1 :(Bi + Bij+1 )) Thus,B T > T Bi_
Bi.; =(B; + By,; ). Sincebandwidthof jM; My, i is By,
a total time period while M; transmitsmessageshrough
JMr, MT+1i is TT =B T:Br > T Bf+1 :(Br+ BT+1)'
In addition, sincebandwidthof jMr,; ; M, i is Br,,, a
total time periodwhile Mr,; transmitsmessageshrough
iMpyy iMp,iisTry, = B T=Bp,; > T By=(B;+ By, ).
Accordingto Propertyl, messageare not simultaneously
transmitted¢hroughiM; My, i andjM;,, ; My, i. Hence,
Ti_+ Ti_+l T. However, Ti_+ Ti_+l >T Bi_:(Bi_+ Bi_+l )+
T B;=(B;+ By,;) = T. Thisis contradiction.Therefore,
B mini(Bi Bi+1 =(Bi+ Bi+1)).2

If bandwidthof all wirelesscommunicatiorlinks along
RisB_ (0 8i < I;B; = BL), accordingto Theorem
1, the maximal end-to-endbandwidthis B, =2 sinceB;
Bi+1 :(Bi + Bi+1) = B_=2foralli.

Most of on-demandad hoc routing protocolssuch as
DSR [2] and AODV [4], a route requestcontrol message
Rreqistransmittedrom asourcemobilecomputetto ades-
tinationoneby ooding [3] whichis successie broadcasts
of the messageA messagédransmissiorroutedetectedoy
suchanon-demandouting protocolsatis esthefollowing

property:

Figure 2. Detected Route by Flooding-Based
Ad Hoc Routing Protocol.

beamessag&ansmissiomoutefrom M s to M 4 detectedy
anon-demandouting protocolbasedon ooding of Rreq
messagesOnly Mi.1 is a mobilecomputerM; 2 R(i <
j) whichis in awirelesssignaltransmissiomangeof M;.

[Proof] SinceM;,; is a next hop mobile computerof
M; alongR, Mj.; recevesanRregmessagéroadcasted
by Mi. Hence,M ;1 isin awirelesssignaltransmission
rangeof M;. On the otherhand,let ty andd > 0 bebe
timewhenMy recevesthe rst Rregmessagérom oneof
neighbormobile computersandtime period which is sum
of processindime periodfor routing protocolin eachmo-
bile computerand transmissiordelay througheachwire-
lesscommunicationlink. SinceMy 2 R(i 8k < 1),
My+1 recevesthe rst Rreq messagdrom My at ty.q .
Hencetks1s > tx + dandt; > tj+ (j i)dforM; 2
Ri+1<j ). Here,supposehat M; is in a wire-
lesssignaltransmissiorrangeof M;. SinceM; receies
anRregmessagéroadcastettom M; att? = t; + dand
j>i+ Lt >+ ( i)d>ti+d> t thatis, M;
recevestheRregmessagéroadcasteftfom M beforethe
Rreqgmessagdroadcastefrom M; ;. Thisis contradict
toMy 2 R(i < k < j). ThereforeM; is outof awireless
signaltransmissiomangeof M. 2

In addition, in an on-demandad hoc routing protocol
basedn ooding, it is assumedhateachmobile computer
transmitswirelesssignal with the maximumtransmission
power Pimax - Underan assumptiorthat signal transmis-
sion power of all themobile computerds the samethatis,
aradiusof a wirelesssignal transmissiorrangeof all the
mobilecomputerss thesamethefollowing propertyis sat-
is ed:

beamessagé&ansmissiomoutefrom M ¢ to M 4 detectedy
anon-demandouting protocolbasedon ooding of Rreq
messagedf signaltransmissiompowerof all M; 2 R isthe
samepnlyM; iisamobilecomputeM; 2 R(0 j < i)
whichis in awirelesssignaltransmissiomangeof M;.
[Proof] Letr, andrq beradiusesf mobilecomputersvi,
andMq. Accordingto the assumptionr, = rq. Suppose
that Mg is in a wirelesssignal transmissiorrangeof M
and M, is out of a wirelesssignal transmissiorrangeof
Mgq. SinceMg is in awirelesssignaltransmissiomangeof
Mp, jMpMgj  rp. Ontheotherhand,sinceM, is out of
awirelesssignaltransmissiorrangeof M ¢,jMpMgj > rg.
Thus,rq < r, andit contradictsor, = rq. Hence,if M,
is in awirelesssignaltransmissiormangeof M4, M is else
in a wirelesssignaltransmissiorrangeof M, andif M
is out of a wirelesssignal transmissiorrangeof M4, M
is elseout of a wirelesssignal transmissiorrangeof M.
Therefore accordingto Property2, Property3 is satis ed.
2

Accordingto Properties2 and 3, if all mobile comput-
ersin R transmitwirelesssignal with the maximum sig-
naltransmissiompower Pimayx , collisionsoccurin M; when
M; 1 and Mj,; transmitwirelesssignal simultaneously
sinceM; is in wirelesstransmissiorrangesof bothM; 1
andMi.; . Thisis a so-calledhiddenterminalproblemand



such collisions are avoided by introduction of RTS/CTS
control. However, it inducescontentionsand eachmobile
computethaslesschancedo transmitwirelesssignal.
[Property4] If M; is in a wirelesssignal transmission
rangeof Mi.; , messagearenot simultaneouslytransmit-
tedthroughjM; 1;Mii andjMi+1 ;Mjszi. Thatis,M; 1
andMi,; do not simultaneouslytransmitmessagesalong
R (Figure3). 2

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

[Property5] If M; is in a wirelesssignal transmission
rangeof Mis;, messagesre not simultaneouslytrans-
mitted throughary pair of wirelesscommunicationlinks
Mi 1;Mji, jMi;Mjsi andjMis ;M2 i. Thatis, ary
pairof M; 1, M; andM.; donotsimultaneouslyransmit
messagealongR (Figure4).

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

[Proof] Accordingto Propertyl, notonly M; 1 andM;
but alsoM; andM+; do notsimultaneouslyransmitmes-
sageslin addition,accordingo Propertyd, M; 1 andM.1
donotsimultaneouslyransmitmessageddence this prop-
ertyis satis ed. 2

According to Property 5, end-to-endbandwidthin a
wirelessmultihop transmissionalong a route R satis es
the following theoremunderan assumptiorthatall mobile
computerdransmitwirelesssignalwith thesamemaximum
signaltransmissiorpower:
[Theorem2] LetB; bebandwidthof awirelesscommuni-

cationlink jMi;M;+1i(0 i < 1). Themaximalend-to-
end bandwidthof a wirelessmultihop transmissioralong
R(I 2)ismini(B; Bi+1 Bi+x2=(Bi Bi+«1 + Bisx1
Bi+2 + Bijs2 Bj)) if all mobilecomputerdransmitwireless
signalwith the samesignaltransmissiompower.
[Proof] Supposehatend-to-encdbandwidthB of a wire-
lessmultihoptransmissioralongR is widerthanmin ; (B;
Bi+x1 Bi«2=(B; Bj:1 + Bisx1 Bis2 + Bis2  By)).
In a wireless multihop transmissionalong R for a cer
tain time period T, a total amountof messagesransmit-
tedthrougheachwirelesscommunicatiorink isB T and
B T>T minij(Bi Bj:1 Bij+2=(Bi Bj+1 + Bj+1
Bi+2 + Bj+2 Bj)) sinceB > min;(B; Bj+1 Bij+2 =(B;
Bi+s1 + Bis1 Biw2 + Bis2 Bj)). Let My be a mo-
bile computerin R whereB; B;,; B;,=(B; Bp,; +
Bri1 Brz * Brp Bp) = mini(Bi Bisx Bis2 =(Bi
Bis1 + Bis1  Bisw2 + Bisz Bj)). Sincebandwidth
of JMr, Mf+1 i, jMT+1 , MT+2 i andeﬁ_z ) Mf+3 i are BT’
Br,; andBy,, , respectiely, total time periodswhile My,
M:,, andMr,, transmitmessageareT; = B T=B; >
T Bry B =By Bpy + Bry B, + By, Byp),
Ty =B T=By; > T By, Bi=(By By + By,
Bi., + Bjy, Byp)andTy, = B T=By, > T By
BT+1 :(Br BT+1 + BT+1 BT+2 + BT+2 Bi*), respect’enﬂ
Accordingto Property5, messageare not simultaneously
transmittedhroughary pairof jM; My, i, jMr,; ; Mg, |
andjM;,, ;M5 i. HenceT;+ T, + Tr,,  T. However,
T+ Ty + T, > T By By, =By By +Biyy
Bz + By B)+ T Bpy, Br=(By Bryy +Bryy Bryp +
Br., B+ (Bf Bry +Bry Br, +Br, Bp)=T.
This is contradiction. Therefore,B min;(B; Bij:x
Bi+2 =(Bi Bij+1 + Bj+1 Bjsz + Bjs2 Bj)).2

SinceB; Bj+1=(Bj + Bijs1) Bj Bj+1 Bi+2 =(B;
Bi+1 + Bis1 Biw2 + Bixz Bj) = Bi2 Bi2+1 =(Bi +
Bi+1) (Bi Bj+1 + Bi+x1 Bix2 + Bix2 Bj)) > 0(0
8i < | 1), min;(B;j Bi+1=Bj+ Bj+1) > min;i(B; Bi+1
Bi«2 =(Bi Bj+1 + Bi«x1 Bij+2 + Biw2 Bj)). Thatis, the
maximal end-to-endbandwidthin Theorem2 is narrover
thanthatin Theoreml. In addition,if bandwidthof all
wirelesscommunicationlinks alongR is B (0 8i <
[;Bi = BL), accordingto Theorem2, the maximalend-to-
endbandwidthis B| =3sinceB; Bj.1 Bj.«2 =(Bi Bjs1 +
Bi+1 Bj+2 + Bjso Bi) = B =3foralli. 2

T+

2 Power-Controlled Routing and Transmis-
sion Protocols

Thefollowing relationbetweerwirelesssignaltransmis-
sionpower P; andwirelesssignalreceiptpower P; is satis-
ed:

Pr = Pt(ﬁ)zgtgr 1)



Here, , d, g: andg, arewavelengthdistancebetweertrans-
mitter and recever mobile computers,transmissiongain
andreceiptgain, respectiely. Hence by obsenationof re-
ceiptpower of signaltransmittedwith the maximumsignal
transmissiompower, distancébetweerthesemobilecomput-
ersis achieved.

r

| tmax
d= — 2
1 Proc GO (2)

Theminimumsignaltransmissiompower requiredfor signal
to berecevedis asfollows:

Pr min (3)

Ptmin = Ptmax
In awirelessmultihop transmissioralonga routeR, since
signaltransmissiompowerof M; is monotonicallyincreased
to distancebetweenM; and M., if messagesre trans-
mittedthroughjM; M.z i with theminimumwirelesssig-
naltransmissiompower requiredfor signalto berecevedby
Mi+1 , thefollowing propertiesaresatis ed:

[Property5a] If wirelesssignaltransmissiorpower of M;
is lower thanor equalto oneof Mi11, M; 1 andMis; do
notsimultaneouslyransmitmessagealongR (Figure5b).
[Proof] SinceR is awirelessmultihoptransmissiomoute,
M is in awirelesssignaltransmissiorrangeof M; ;. In
addition, since eachmobile computertransmitsmessages
with the minimum wirelesssignaltransmissiorpower and
wirelesssignaltransmissiorpower of M; is lower thanor
equalto oneof M1, [MiMj41 ] jMi+1 Mis2j. Thus,

M; is in a wirelesssignal transmissionrange of M. .
Thereforeaccordingto Property4d, M; ; andMi+; donot
simultaneouslyransmitmessagealongR. 2

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

[Property5b] If wirelesssignaltransmissiorpower of M;
ishigherthanoneof M+; , M; 1 andMj.; simultaneously
transmitmessagealongR without collisions(Figure6).
[Proof] SinceR is awirelessmultihoptransmissiomoute,
M isin awirelesssignaltransmissiorrangeof M; ;. On
the otherhand,sinceeachmobile computertransmitsmes-
sagesvith theminimumwirelesssignaltransmissiompower
andwirelesssignaltransmissiompower of M; is higherthan
oneof Mj+1, jMiMi+1j > jMi+1 Mis2j. Thus,M; is out
of awirelesssignaltransmissiomangeof M. . Therefore,

Figure 6. Simultaneous Transmission with

Power Contr ol.

M; 1 andMj.; simultaneouslyransmitmessagealongR
without collisions.2

Accordingto Propertiesbaand5b, if eachmobile com-
puterM; (0 i < I) transmitsmessagethroughawireless
communicationlink jM;; M1 i with the minimum wire-
lesssignaltransmissiorpower requiredfor messageto be
recevedby a next hopmobilecomputeM.; , thefollow-
ing theoremaboutend-to-endandwidthof awirelessmul-
tihop transmissioralongarouteR is satis ed:
[Theorem3] Let P; be the minimum wireless signal
transmissionpower of M; 2 R(0 8i < 1) required
for messagedo be receved by Mj.1 . In addition, let
R andR™* be setsof mobile computerdM; 2 R where
P Pi.1 andwhereP; > Pj,1, respectiely. If M;
transmitswirelesssignalwith P;, the maximalend-to-end
bandwidthof a wirelessmultihop transmissioralongR is
min (minjy ,2r Bi 1 Bi Bix1=(Bi 1 Bi+ Bj Bj+1 +
Bi+1 Bi 1);minim ,2r+Bi 1 Bi=(Bi 1+ Bj)).2
[Property6] LetP; betheminimumwirelesssignaltrans-
missionpowerof M; 2 R(0  8i < 1) requiredfor mes-
sagedo berecevedby M., . If Py > Pis; (O i< 1)and
M; transmitswirelesssignalwith P;, the maximalend-to-
endbandwidthmin;(B; 1 Bi=(B; 1+ Bj)) of awireless
multihoptransmissioralongR is themaximum.

[PI’OOf_l SinceB; Bj+1 :(Bi + Bi+1) Bi Bi+1 Bj+2 :(Bi
Bis1 + Bis1 Bisz +Bixz Bj) = BZ B4, =((Bi+Bi:1)
(Bi Bi+1 + Bij+1 Bij+2 +Bjx2 Bj)) > 000 8i<I 1),
min i(Bi Bi+1 =Bj+ Bi+1) > min; (Bi Bi+1 Bj+2 :(Bi
Bi«x1 + Bi+1 Bi+2 + Bi+2 Bj)). Thereforeaccordingo
Theorem3, the maximumbandwidthis the maximum.2

In casethat bandwidthof all wirelesscommunication
linksalongR isB_ (0 8i < I|;B; = BL), accordingto
Theorem3,if P; > Pj4; forO 8i < | 1, themaximal
end-to-endhandwidthof a wirelessmultihop transmission
is B, =2.

On the otherhand,if P; Pi;y forO 9i < | 1,
the maximal end-to-encbandwidthof a wirelessmultihop
transmissions B, =3.

In the formercase,i.e. P, > P, (0 8i < | 1),
the maximumend-to-endandwidthof awirelessmultihop
transmissions B =2 underan assumptiorthatall mobile



computersM; 2 R have closelysynchronizedlocks. Let

andty be a time period muchsmallerthananothertime
period T while messagearetransmittedalonga routeR,
ie. T, andatime whenawirelessmultihoptransmis-
sionalongR starts. If Mi(i mod 2 = 0) transmitsmes-
sagesluring[to+ 2k ;to+ 2(k+ 1) ](k = 0;1;2;:::) and
Mi (i mod 2 = 1) transmitsmessagesduring[to + (2k +
1) ;tp + 2(k + 1) ], B =2 bandwidthis achieved.
[Theorem4] If P > Pis1 (0 8i < I), themaximum
end-to-endhandwidthof a wirelessmultihop transmission
alongarouteR isB =2. 2

Therefore,underan assumptiorthat eachmobile com-
puterM; 2 R transmitsmessage$o a next hop mobile
computerMi.; with the minimum wirelesssignal trans-
missionpowerfor messaget berecevedby M., , if mes-
sagearetransmittechlongarouteR whereM . transmits
messagesvith lower wireless signal transmissionpower
than M;, the maximum end-to-endbandwidthis B, =2
thoughit is B =3 withoutsuchrestrictiononR. In orderto
detectsuchatransmissiomoute,a mobilecomputeM; re-
ceving a routerequestcontrol messagdrr eq broadcasted
fromM; ; with themaximumwirelesssignaltransmission
powerobseneswirelesssignalreceiptpowerandcalculates
the minimum wirelesssignaltransmissiorpower P; ; for
M; 1 to transmitmessage$o M. P; 1 is piggybacled
to anRreqmessagdroadcastethy M. On receiptof the
RregmessageamobilecomputeiM; calculateP; sameas
in M; andcomparest with P; ; piggybacledto theRreq
messagelf P; 1 > P;, M; is a candidateof a next hop
mobile computerof M; andbroadcasanRreqmessag¢o
which P; is piggybacled. Otherwisej.e.if P; 1 Pj, M;
discardsthe Rreq messageavithout broadcasit asshawvn
(Figure7);

/L1|/K:/;2>\ /K/L>
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Figure 7. Routing Protocol

In addition,P; ; calculatecby M; isinformedM; ; by
piggybackingP; 1 to an Rreq messagdransmittedfrom
M; to M; 1. Thefollowing routing protocolis designed
basedbn AODV:

[RoutingProtocol]
1) A sourcemobile computerM s broadcasts routere-

2)

3)

4)

5)

guest control messageRreqMs; Mq;1D;0) to all
mobile computersin a wireless signal transmission
rangewith the maximum signal transmissionpower
Pimax . Here,M 4 is anaddres®f adestinatiormobile
computerandl D is anidenti er of routedetection.
On receiptof RreqMs; Mg; 1 D;P;) from a neigh-
bor mobile computerM;, a mobile computerM; 6
Mgy searchesa route cache RC; for a 3-tuple
MMs; Mg; I Di. If Ms;Mg; 1 Di 2 RC;, Mj discards
theRregmessageOtherwisej.e. if Mg; Mg; 1 Di 2
RC;, M; processethe Rreqgmessagasfollows:

2.1) Let Pr¢c be signal receipt power of the Rreq
messagen M;. If Prec  Pi, M; discardsthe
Rregmessage.

2.2) Otherwise, i.e. if Prec > Pj, a 3-tuple
Ms;Mg;1Di is addedto RC;, a previous
hop mobile computerUP; ("Ms; Mg;1Di) of
M; and the minimum signal receipt power
P; ("Ms;Mg;1Di) are updated to M; and
Prec, respectiely. Then, P; Dbroadcasts
RreqMs; Mg; | D; Prec) to all mobile comput-
ersin awirelesstransmissiomangewith Pymax -

On receiptof RreqMs; Mg;1D;P;) from a neigh-
bor mobile computerM;, a destinationmobile com-
puter M4 searches route cacheRCy for a 3-tuple
Mg;Mg; I Di. If iMg; Mg; 1 Di 2 RCy, My discards
theRreqgmessageOtherwisej.e. if Mg; Mq; 1 Di 2

RCq, M4 processethe Rreqmessagasfollows:

3.1) Let P, be signal receipt power of the Rreq
messagén My. If Proc  Pj, Mgy discardsthe
Rregmessage.

3.2) Otherwise, i.e. if Prec > Pj, a 3-tuple
MMs;My;IDi is addedto RCy4, a previous
hop mobile computer UP4(hMs; Mg;1 Di)
of Mg and the minimum signal receipt
power Pg(hMg;Mg;IDi) are updated to
M; and P;e, respectiely. Then, My
unicasts a route reply control message
Rrep(Ms; Mg; 1 D; Pg(hMg; Mg; 1 Di)) to
UPd(H\AS;MdHDi).

Onreceiptof Rrep(Ms; My; 1 D; Pg(hMs; My; 1 Di))
from a neighbormobile computerM, a mobile com-
puterM; calculateghe minimum signaltransmission
powerPmin requiredfor wirelesssignalto bereceved
by M; andaddsa3-tuplehM 4; M ; Pimin i toarouting
tableRT; of M;. ThenM; unicastsaroutereply con-
trol messagdRrep(Ms; Mg; 1 D;Pj (hMs; Mg; 1 Di))
toUPg(hMg;Mg; 1 Di).

Onreceiptof Rrep(Ms; Mg; 1 D; Pi(hMs; Mg; 1 Di))
from a neighbormobile computerM;. Mg calculates
theminimumsignaltransmissiompower Pynin  require
for wirelesssignalto berecevedby M; andaddsa 3-



tuple M 4; Mi; Pmin | to aroutingtableRTg of M.
2

In orderto transmitmessageslong a messagedrans-
mission route detectedby the proposedrouting protocol
with avoidanceof collisions and hidden terminal prob-
lems,a transmissiorprotocolwith RTS/CTScontrolis re-
quiredto be extendedas supportingwirelesssignaltrans-
missionpower control. The following transmissiorproto-
col is designedbasedon formula (3) for achiezing simul-
taneoudransmissionsmongmobile computerswvhich are
notneighborwith eachothetr

[TransmissiorProtocol]

1) OnreceiptdataD from an applicationprogramif a
mobile computeM; is a sourcemobile computemM 4
or from aprevioushopmobilecomputeM; ; if M; is
anintermediatemobile computeyM; searches rout-
ing table RT; for a entry M y; Mj.1 ; Pimin i Where
M 4 is adestinatiormobilecomputerof D.

1.1) If M g;Mji1 ;Pimin | 2 RT;, M; only discards
D.

1.2) Otherwise,i.e. if Mg;Mjs1;Pmin i 2 RT;,
M; broadcastarequesto sendcontrolmessage
RTS(Mj;Mi.+1 ; NAV) toall mobilecomputers
in a wirelesssignaltransmissiorrangewith the
maximumsignaltransmissiompower Pinax -

2) Onreceiptof RTS(Mj;Mj.1 ;NAV), amobilecom-
puter M; 6 M., calculatesthe minimum wire-
lesssignaltransmissiomowerPimax  tmp requiredfor
message® berecevedby M; by usingwirelesssig-
nalreceiptpowerof theRT S messageDuringN AV,
M; doesnot transmitmessagesvith wirelesssignal
transmissiormpower higherthanPymax

tmp -
3) On receipt of RTS(Mi;Mij:1;NAV), Mg
broadcasts a clear to send control message

CTS(Mi;Mi+1;NAV) to all mobile computers
in a wireless signal transmissionrange with the
maximumwirelesssignal transmissiorpower Pimax

if Mj+1 doesnotsetanotheN AV .

4) Onreceiptof CTS(M;;Mj+1;NAV), amobilecom-
puterM; 6 M; calculateghe minimumwirelesssig-
nal transmissiorpower Pymax  tmp requiredfor mes-
sagedo bereceivedby M;.; by usingwirelesssignal
receiptpowerof theCT S messageDuringN AV, Mj
doesnot transmitmessagewith wirelesssignaltrans-
missionpower higherthanPimax  wmp -

5) Onreceiptof CTS(M;i;Mi+1 ;NAV), M; unicast
toMj+1 with Pimin -

6) Onreceiptof D, Mi;1 unicastsanacknavledgement
controlmessagé&CK toM;. 2

3 Evaluation

In our proposedorotocoldiscussedn the previous sec-
tion, wirelesssignaltransmissiorpower of mobile comput-
ersalonga messagdransmissiorroute is successiely re-
ducedandthe mobile computerdransmitmessagesimul-
taneouslyif they are not neighbormobile computers. By
using this method,the maximal end-to-endbandwidthis
extendedfrom B =3 which is the maximal along a usual
transmissiomoute detectedy corventionalon-demandhd
hoc routing protocolssuchas DSR and AODV to B =2.
In this section,we evaluateperformancef our protocolin
simulation.

First, we evaluateend-to-endandwidthachievedby us-
ing our protocolcomparedo oneachieved by a ooding-
basedon-demandrouting protocol without transmission
power control suchas DSR and AODV. The simulationis
implementedon GloMoSim [6]. A messagdransmission
routeis detectedy our proposedoutingprotocolandmes-
sagesaretransmittedbetweenneighbormobile computers
by usinglEEE802.1IMA C protocolwith RTS/CTScontrol
extendedby our proposedransmissiorprotocol. In order
to avoid reductionof end-to-endbandwidthdue to colli-
sionsof RTS/CTScontrolmessageand DATA/ACK mes-
sagesRTS/CTScontrol messageare transmittedthrough
a differentwirelesscommunicationchannelfrom one for
DATA/ACK messagefs]. The maximumradiusof awire-
lesssignaltransmissiomrangein every mobile computeris
100m. All mobile computersarelinearly locatedanddis-
tancebetweemeighbomobilecomputerarerandomlyde-
terminedaccordingto uniquedistribution undercondition
that distanceto a next hop mobile computeris more than
1m shorterthan oneto a previous hop mobile computer
Averageend-to-endbandwidthof 150 differentcon gura-
tions for eachhop countfrom 2 to 20 is shown in Figure
8.

If ahopcountis lessthan6, bandwidthof bothour pro-
tocolrepresentetly asolidline andacorventionalprotocol
representelly adottedline areradicallyreduced However,
if a hop countis morethan6, both bandwidthare stable;
1:40M bpsin our protocoland 0:865M pbsin the corven-
tional protocol.Hence our protocolachie/es61:8% higher
bandwidththana ooding-basedon-demandad hoc rout-
ing protocolwithout power control. Therefore pur protocol
extendsnotonly theoreticamaximalend-to-endandwidth
but alsosimulatedend-to-endandwidthwith probabilistic
factorssuchasrandomback-of timein CSMA/CA.

Differentfrom corventional ooding-basedon-demand
ad hoc routing protocols,eachmobile computerdoesnot
alwaysbroadcasanRreqmessagén our protocol.Hence,
ratio of successfuloutedetectiorgetslower, i.e. connectv-
ity of anadhoc network getslower. Here,we evaluatethe
reductionof connectvity in simulation. Locationsof mo-
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Figure 8. End-to-End Bandwidth

bile computersarerandomlydeterminedn 500m  500m
areabasedn uniquedistribution. Connectvity is evaluated
asratio of pairsof mobile computerdetweerwhichames-
sagdransmissiomouteis detectedo all pairsof two mobile
computersa sourceanda destinationones. For eachof 3
differentpair of a radiusof a wirelesssignaltransmission
rangeand a numberof mobile computersconnectiity is
evaluatedn 100timesandaverageconnectvitiesareshovn
in Figure9.
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Figure 9. Connectivity

In all the simulationervironments,connectvity in our
protocolis lowerthanonein a corventionalprotocol. How-
ever, numberof mobile computerswith which connectv-
ity getsequalbetweerour protocolanda corventionalone
are 800,300and 100. theseare representedy density
of 0.32/100n?, 0.12/100n? and 0.04/100n?, which are
enougHowerfor realadhocapplicationervironments.

4 Conclusion

This papershaows that the maximal end-to-endband-
width in a wirelessmultihop transmissions 1=2 of band-
width of communicationlinks andis 1=3 if thereare no
transmissiorpower control. Then, we proposea method
for extensionof end-to-endandwidthby successie reduc-
tion of wirelesssignal transmissiorpower alonga multi-
hop messagdransmissionroute. Our proposedprotocol
designedbasedon AODV achievzes60% wider bandwidth
with smallreductionof connectvity in simulation.
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