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Abstract— We considerconstructive techniquesfor joint
route and transmit power assignment in asynchronous
multi-hop wir elessnetworks. A constrained optimization
problem is formulated to maximize power ef�ciency of
the network while enforcing a minimum signal to inter-
ference ratio at each link to ensure desired end-to-end
QoS. Numerical comparisonssuggestthat allowing a con-
tr olled level of interfer encemay lead to better utilization
of available spectrum than prohibiting interfer ence via
CSMA/CA.

I . INTRODUCTION

Wirelessad-hocnetworks areenvisionedto eliminate
the needfor a predeterminedcommunicationinfrastruc-
ture,but realizingpotentialadvantagesof thesenetworks
entailssigni�cant technicalchallenges.Currentstateof
the art in cellular wirelessnetworks shedslimited light
on ad-hoc architectureswherein data may be relayed
over multiple wireless stations.It is now widely rec-
ognized that multi-hop wireless networks entail joint
considerationof several layersof the protocolstack,but
exact natureof the interplaybetweendifferent layersis
yet to be fully understood.This paperaims to develop
a cross-layeredframework that accountsfor operational
constraintswhich arelikely to arisein envisionedappli-
cations.

Wireless networking principles are separatedfrom
conventionalguidelinesdueto thepossibilityof destruc-
tive radio interference,which refers to the degradation
in communicationquality in the vicinity of a radio
transmission.While power control is the primary means
of interferencereductionin cellulararchitectures,ad-hoc
architecturessupportconnectionsover multiple wireless
links, and therebyadmit several additional parameters
that impactinterference.In particular, ef�cient operation

of thesenetworks requiresimultaneousconsiderationof
the following functions:

a) Power control: Power control broadly refersto
parsimonioususageof transmissionpower. On the one
hand,potentialapplicationsof ad-hocwirelessnetworks
typically envision battery-powered stations;in turn re-
ducingpower consumptionwill continueto be a central
objective. On the other hand, a myopic approachto
power control is likely to be immature, as routing a
connectionover a few shortlinks mayleadto a situation
wheredownstreamlinks arelongandtherebyneedto use
excessive powers.While asymptoticresults[9] indicate
that taking many short links is more advantageousfor
densenetworks, constructive methodologiesare needed
for speci�c topologieswith �nite numberof stations.

b) Routing: Routingdeterminesthe distribution of
traf�c load over a network, and therebyit may reduce
the interferenceexperiencedby an active receiver by
reducingthe traf�c carriedby potential interferers.The
apparentsimplicity of this observation may be decep-
tive, as active receivers are also determinedby rout-
ing. Interference-aware routing for multi-hop wireless
networks is rather nontrivial, and it is closely coupled
with the selectionof transmitpowersthat determinethe
possibility of reliable communicationbetweenwireless
stations.

c) Medium access: Currently IEEE 802.11 is the
de-facto MAC standardfor wirelessnetworking. IEEE
802.11 is based on collision avoidance, which aims
to eliminate interferenceby enforcing potential inter-
ferers to be inactive at the time of a transmission.
Although this approachseemswell-matchedto cellu-
lar architectureswith modest traf�c, its performance
is known to scale poorly with increasingtraf�c vol-
ume[19]. Furthermore,from the perspective of fairness
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and network capacity, optimal implementationof the
”no-interference” paradigm entails network-wide syn-
chronizationand time-slot provisioning [6], which do
not lend themselves to distributed implementation.It is
arguablethatALOHA-basedMAC schemesmayprovide
a distributedandscalablealternative.Suchschemeshave
received scantattentionin literatureso far, but thereis
increasingawarenessin their potentialmerits,especially
in conjunction with CDMA at the physical layer [2],
[15], [18], [20].

Thereis considerablerecentwork on integratedviews
of several layers in wireless networking. Power con-
trolled MAC protocols have been consideredby [7],
[8], [14], [15], [12], [13], [21] in settings that are
based on collision avoidance [14], [12], [13], [21],
transmissionscheduling[7], [8], andlimited interference
CDMA systems[15], [18]. Routing and power control
was consideredby [3] with IEEE802.11at the MAC
layer, and by [6], [18] in networks that admit global
transmissionscheduling.A centralizedand randomized
policy for dynamic power allocation and routing was
studiedby [16] underMAC schemesthat areof interest
in the presentpaper.

Themainthemeof thepaperis to developconstructive
techniquesto establishandmaintainend-to-endconnec-
tions subject to quality of service (QoS) requirements
and practical limitations of wireless networking. Two
designdecisionsaremadeat the outset:

i. QoS criterion. The QoS objective is de�ned here
as enforcing a predeterminedminimum signal-to-
interferenceratio (SIR) at eachstation that is ac-
tively receiving data. Implicit here is quality of
service considerationsfor error sensitive payload
traf�c such as TCP, whose throughput degrades
signi�cantly with increasingfrequency of link er-
rors [5]. Clearly, the presentset-upserves to limit
the bit error rate on each hop of a multi-hop
connectionwhereasend-to-enderror rateswill be
critical in determiningthe TCP goodput.We have
chosento work with per-hopperformancemeasures
notonly dueto theattendantanalyticalconvenience,
but alsobecausethey leadto conservative estimates
on the end-to-endperformancethat are reasonably
tight especiallyfor small error rates,which is the
regime of interestfor practicalpurposes.

ii. MAC functionality. In thispaperweconsiderasyn-
chronousnetwork operationthatexcludestransmis-
sion scheduling.RatherthanCSMA/CA basedpro-
tocolssuchasIEEE802.11,we considerMAC layer
protocols that allow a limited degree of interfer-

encebetweensimultaneoustransmissions.Namely,
it is assumedthat medium accessis essentially
unregulatedexcept that an individual station does
not transmit while it is receiving. The primary
motivation hereis to increasethe spatialutilization
of theavailablewirelessspectrum.On theonehand
one may gain in spatial reuseof available spec-
trum by allowing a controlledlevel of interference,
on the other hand forward error correction that
compensatesfor resultingerrorsleadto throughput
loss.We quantify this tradeoff in several numerical
exampleswhich suggestthat the former effect is
more dominant. In agreementwith other recent
results in literature, our results indicate that such
MAC schemes,especiallywith error correctionat
the link layer to accountfor interference,may lead
to signi�cant capacity gains with respect to the
IEEE802.11standard.

We provide a mathematicalprogrammingformulation
for joint routing andpower assignmentof a givensetof
end-to-end,multi-hopconnections.Theroutesandtrans-
mit powersaredeterminedto ensurethatthenetwork de-
liversacceptableperformance.Namely, it is provisioned
thatthesignalto interferenceratio ateachactive receiver
is above a certain level for a prescribedfraction of
time,giventheliberal mediumaccessstrategiesof active
transmitters.The presentapproachfurthermoreallows
optimizingotherperformancemeasuresrelatedto power
ef�ciency. The formulation of the paper hinges on a
convenientexpressionof the underlyingtraf�c statistics,
and reducesroute-power assignmentto an optimization
problemwith linear cost and quadraticconstraints.The
methodsdevelopedherearecentralizedandthey leadto
staticrouteandtransmitpower assignments.While these
methodsaresuitablefor applicationswith �x edwireless
topologiesand constantbit rate traf�c, their numerical
study offers insight on the performancethat shouldbe
anticipatedfrom distributedanddynamicschemesin ad-
hoc structures.

The outline of the rest of the paper is as follows.
Section II introducesthe consideredmodel, and Sec-
tion III casts joint route and power assignmentas a
constrainedoptimization problem. In the generalcase
thisproblemhasnonlinearconstraintsdueto interference
bounds,but certainspecialcasesreduceto binary linear
programs.Suchspecialcasesarenumericallystudiedin
SectionIV andthe performanceof the resultingdesigns
arecomparedto that of IEEE 802.11.
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I I . MODEL

We consider packet-data communicationamong a
collection R of wireless stations with arbitrary, yet
�x ed,geographicallocations.The stationsoperateasyn-
chronouslyin thatpacketstransmissionsarenot synchro-
nized.The traf�c demandon the network is comprised
of sessions,eachof which refersto a unidirectionalend-
to-end connectionbetweena sourceand a destination
station.Thesetof sessionsis denotedby S � R2 sothat
eachsession(s;d) 2 S is identi�ed by its sources and
destinationd. Eachstation is equippedwith a receiver
anda transmitter, andthe network traf�c is carriedvia a
communicationinfrastructureprovidedby wirelesslinks
establishedbetweenvarious transmitter-receiver pairs.
Sessionsmay be routedover multiple relay stations.

In transmittingapacket,a stationcanemploy oneof L
�x ed transmitpower levelsdenotedby f p1; p2; � � � ; pL g.
It is assumedthat the transmittersshare a common
spectrum;so whenmultiple stationstransmitsimultane-
ouslytheir intendedreceiversmayexperiencedestructive
interference.For eachpair of stationsi; j 2 R let g(i; j )
denotethe link gain betweenthesestations,so that a
transmissionof powerpi atstationi is receivedby station
j at power pi g(i; j ). In additionto stationlocations,link
gainsconsolidatetheeffectsof physicallayerparameters
suchaspropagationlossandantennaselectivity. Weshall
disregard self-interferenceby implicitly assumingthat
stationslocally synchronizetheir transmissionswith their
own receptionso that no station actually receives and
transmitsat the sameinstant.

A wireless link (i; j ) 2 R2 is admissibleonly if it
provides a certaincommunicationquality, in the sense
that the signal to interferenceratio (SIR) at the receiver
of station j is above a prescribedvalue for at least a
prescribedfraction of time. Speci�cally, for two design
parametersq; � > 0 we requirethat

P(SIR � � ) � q (1)

for all active receivers. It is envisioned that thesepa-
rametersareselectedin accordancewith the underlying
physical layer technology to limit the bit error rate
at eachlink. Implicit in such a requirementis quality
of serviceguaranteesfor error sensitive payloadtraf�c
such as TCP, whose throughput is known to degrade
signi�cantly with increasingfrequency of link errors[5].

It is assumedthat the capacityof an admissiblelink,
measuredin payloadbits per second,is a �x ed value
regardlessof the actualvalue of the averageor instan-
taneousSIR. In particular the presentmodel excludes

adaptationof channelcodingwith respectto thechannel
conditions.We suitably normalize data ratesand take
admissiblelink capacityas 1 unit. In turn eachsession
(s;d) 2 S is assumedto generatetraf�c whose rate
� (s;d) 2 [0; 1] is a fraction.

Thenetwork employsdatagramroutingsothatpackets
of a given sessionmay reach their destinationafter
following different routes.In fact packetsmay be trans-
mitted at a relay node at different power levels so
as to limit interferenceelsewhere in the network. The
questionof interestis to determinethepacket routesand
transmissionpowersin sucha way thatall utilized links
areadmissible.It is clearthatnot all traf�c demandscan
besatis�edsubjectto this constraint.Seefor example[9]
for relatedfundamentallimits on thecapacityof wireless
networks. The following sectiongives a mathematical
programmingformulation to �nd a valid route-power
con�guration provided that oneexists.This formulation
alsoallows optimizingrelevantmeasuresof performance
suchaspower ef�ciency andend-to-endbit error rate.

I I I . JOINT ROUTE-POWER ASSIGNMENT

We start the formulationof the joint routeandpower
assignmentproblemwith the de�nition of an auxiliary
graph G = (V; E). For eachstation i 2 R and l =
1; 2; � � � ; L let t(i; l ) denotethe l th transmitpower level
(whosevalue is pl ) at station i . Let T(i ) = f t(i; l ) :
l = 1; 2; � � � ; Lg denotethe collectionof transmitpower
levels at station i , andsetT = [ i 2 RT(i ). The nodeset
V of the auxiliary graph is given by V = R [ T , and
the edgeset E includesorderedpairs (i; j ) 2 V 2 that
satis�es eitheroneof the following two conditions:

(C1) i 2 R and j 2 T(i ),
(C2) i 2 T and j 2 R.

The auxiliary graphshouldbe interpretedas follows.
The subsetR � V of nodes representthe receivers
in the wireless topology. In particular one receiver is
associatedwith eachstation.For eachi 2 R the subset
T(i ) � V representsa set of transmittersat the same
stationon which receiver i resides.Henceeachof the L
the power levels is interpretedas a separatetransmitter
operatingat a �x ed power. The edgeset E represents
possibledata�o w directions.Theedgesthatcomplywith
condition(C1)aboveprovide �o w pathsfor relayeddata,
whereasedgesthat comply with condition(C2) indicate
thata giventransmissioncanbereceivedby all receivers,
thoughat different strengthsas will be discussednext.
Refer to Figure1 for an exampleof the auxiliary graph
for jRj = 3 stationsand L = 2 power levels. Links
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Fig. 1

(A) THREE ARBITRARILY LOCATED STATIONS EACH WITH TWO

TRANSMIT POWER LEVELS, AND (B) THE AUXIL IARY GRAPH.

R = f 1; 2; 3g AND T(j ) = f t(j; 1); t (j; 2)g FOR j 2 R. SOLID

L INKS INDICATE POTENTIAL WIRELESS LINKS OR INTERFERENCE

PATHS. DASHED LINKS CONNECT RECEIVERS WITH THE

POWER-SPECIFIC TRANSMITTERS AT THE SAME NODE. THESE

LINKS SHOULD BE CONSIDERED AS WIRELINE LINKS SO THAT

THEY ARE NEITHER SUBJECT TO NOR A SOURCE OF

INTERFERENCE.

that comply with condition (C1) above are dashed,the
remaininglinks aresolid in the �gure.

Joint route and power assignmentis formulated as
a mathematicalprogram on the auxiliary graph. The
formulationis similar to themulti-commodity�o w prob-
lem [1] with respectto the�o w conservationconstraints,
however imposingtheSIRconstraintsentailsanontrivial
departurefrom standardformulations. A �ow on the
auxiliary graphG is a nonnegative vector f = (f s;d

i;j :
(s;d) 2 S; (i; j ) 2 E) suchthat f s;d

i;j denotesthe rate
of �o w on edge(i; j ) dueto session(s;d). To formally
specifya �o w, de�ne

� s;d
j =

8
><

>:

� s;d if j = d
� � s;d if j = s
0 otherwise.

Also for l 2 T let

R(l) = f j 2 R : (j; l ) 2 Eg:

Note that R(l) is the stationassociatedwith the trans-
mitter l . A �o w thensatis�es

X

i 2 T

f s;d
i;j �

X

i 2 T (j )

f s;d
j;i = � s;d

j (2)

X

i 2 R(l )

f s;d
i;l �

X

i 2 R

f s;d
l ;i = 0 (3)

for all j 2 R; l 2 T; (s;d) 2 S. The�rst equalityabove
is a conservationequationfor receiversandindicatesthat
a session�o ws startandendat associatedreceivers.The
secondequality is a conservation equationfor transmit-
tersandindicatesthat the net �o w througha transmitter
in the auxiliary graphis zero.A �o w therebyspeci�es
a route-power con�guration, which dictatesthat at each
nodej 2 R afractionf s;d

j;l =
P

l 02 T (j ) f s;d
j;l 0 of packetsfrom

session(s;d) are transmittedat power level l 2 T(j ),
and a further fraction f s;d

l ;i =
P

r 2 R f s;d
l ;r of thesepackets

areaddressedto station i 2 R.
The utilization of the receiver at station j 2 R is

the fraction of time that the receiver is busy receiving
packets for which it is the intendeddestination.These
packetsareeitherrelayedor terminatedat the station.A
�o w shouldnotprescribereceiverutilizationsthatexceed
unity; in particular

X

i 2 T

X

(s;d)2 S

f s;d
i;j � 1 for all j 2 R: (4)

Similarly, the transmitterutilizations shouldnot exceed
unity either:

X

l2 T (j )

X

(s;d)2 S

f s;d
j;l � 1 for all j 2 R: (5)

Note that conditions(2)–(5) are standardin capacitated
multi-commodity�o w problems.

We next incorporatethe SIR bounds (1) on active
receivers,startingwith somede�nitions. Given �o w f ,
let

ul (j ) =
X

(s;d)2 S

f s;d
j;l ; j 2 R; l 2 T(j )

denote the utilization of power level l at station j .
For eachtransmitterl 2 T in the auxiliary graph, let
p(l) be the power level of that transmitter. Hencep(l)
takesvaluesin the set f p1; p2; � � � ; pL g, andeachpower
level in this set appearsR times within the collection
(p(l ) : l 2 T). Let X (l) = (X t (l ) : t � 0) be a binary
randomprocesswhereX t (l ) = 1 if and only if station
R(l) transmitsa packet at power level p(l) at time t . In
particular, understeadystateoperation,

E[X t (l )] = ul (R(l))

var [X t (l )] = ul (R(l))(1 � ul (R(l))) ; l 2 T;

whereasthe joint statisticsof (X (l) : l 2 T) depend
on a variety factors including transmissionscheduling
policiesadoptedat individual stations.Given transmitter
l 2 T andreceiver j 2 R, let G(l; j ) = p(l)g(R(l); j ) be
thepower coupledto receiver j dueto a transmissionby
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transmitterl . The instantaneousinterferenceexperienced
by receiver j while communicatingwith transmitterl at
time t , denotedby I t (l ; j ), is thengiven by

I t (l ; j ) = � � 1
X

m2 T � � (l )

G(m; j )X t (m);

where � denotesa processinggain, and � (l ) = f m 2
T : R(m) = R(l)g is the set of transmittersthat are
co-locatedwith l . Note that the contribution of � (l ) is
excludedsincestationR(l) cantransmitwith onepower
level at a time. An admissible�o w assignmenttherefore
satis�es

P
�

G(l; j )
I t (l ; j ) + �

> �
�

� q (6)

in equilibrium for eachl 2 T; j 2 R suchthata(l ; j ) >
0 where

a(l ; j ) =
X

(s;d)2 S

f s;d
l ;j

is the total �o w from transmitterl to receiver j , and �
is a backgroundreceiver noise.

We next expressthe condition (6) in a suitableform
via anapproximaterepresentation.SeeMitra andMorri-
son[11] for anexampleof thisapproachin powercontrol
for cellulardatanetworks.Namely, we shallassumethat
for each time t the random variables(X t (m) : m 2
T) are correlatedsuf�ciently weakly so that one can
appeal to Lindberg's theorem[4] to approximatethe
interferenceI t (l ; j ) as

I t (l ; j ) �
X

m2 T � � (l )

� � 1G(m; j )um (R(m))

+

0

@
X

m2 T � � (l )

� � 2G(m; j )2um (R(m))(1 � um (R(m)))

1

A

1=2

� N (0; 1);

where N (0; 1) denotesthe standardGaussianrandom
variable.Whentakenasanexactequality, thisexpression
implies that condition(6) is satis�ed if andonly if

X

m2 T � � (l )

G(m; j )um (R(m)) � �
G(l ; j )

�
� ��

� 


0

@
X

m2 T � � (l )

G(m; j )2um (R(m))(1 � um (R(m)))

1

A

1=2

for eachl 2 T and j 2 R suchthat a(l ; j ) > 0, where
the number
 solves

q = (2� ) � 1=2
Z 


�1
exp(� y2=2)dy:

Equivalently for eachl 2 T and j 2 R

a(l ; j )

0

@
X

m2 T � � (l )

G(m; j )um (R(m))

� �
G(l ; j )

�
+ �� + 
 z(l ; j )

�
� 0; (7)

wherez(l ; j ) satis�es

z(l ; j )2 =
X

m2 T � � (l )

G(m; j )2um (R(m))(1 � um (R(m)))

z(l ; j ) � 0: (8)

This completesthe speci�cation of a valid �o w on the
auxiliary graph.

We cannow castjoint routeandpower assignmentas
a mathematicalprogram.We �rst considerchoosinga
�o w vector f to minimize either of the following two
measures:

1. Total powerconsumption:

Minimize
X

j 2 R

X

l2 T (j )

p(l)ul (j );

2. Maximumpowerconsumption:

Minimize Q

subjectto
X

l2 T (j )

p(l)ul (j ) � Q; for all j 2 R;

subjectto the further constraints(2), (3), (4), (5), (7),
(8).

Both optimizationproblemsabove are nonlineardue
to the quadratic terms in the constraints(7)-(8), but
certain specialcaseslead to linear problems.Namely,
consider the case when each sessionrate � (s;d) is
either 0 or 1, and no traf�c splitting is allowed at
relaynodes.Henceeachactive stationemploys thesame
power and samedestinationaddressat all times.These
integrality constraintsthereby imply that valid �o ws
are binary vectors. In turn for m 2 T the utilization
um (R(m)) is also binary; and thereforethe nonlinear
constraint(8) is satis�ed if andonly if z(l ; j ) = 0. The
remainingnonlinearconstraint(7) is equivalent to the
linear condition

X

m2 T � � (l )

G(m; j )um (R(m)) � �
G(l ; j )

�

+ �� � (1 � a(l ; j )) � � 0 (9)

for all l 2 T and j 2 R, provided that the constant� is
chosenlarge enoughsuchthat

� > max
l2 T;j 2 R

8
<

:

X

m2 T � � (l )

G(m; j ) � �
G(l ; j )

�
+ ��

9
=

;
:
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Note that a(l ; j ) is also binary; hence,by choiceof � ,
constraint(9) is bindingonly if a(l ; j ) > 0. Theresulting
optimization is then an integer (in fact binary) linear
problem.

The binary formulation allows conveniently address-
ing theend-to-endbit error rates(BER) in the following
fashion.By the union bound,the end-to-endBER along
a sessionthat spansH wirelesshopsis upperbounded
by H timestheper-link BER. Furthermorethis boundis
fairly tight if theper-link BERis small,which is typically
the regime of practical interest.Sinceforbidding traf�c
splitting at relay nodes ensuresthat all packets of a
sessionfollow thesameroute,andsincethe interference
bounds(6) limit the per-link BER, onecanfocuson the
end-to-endBER by minimizing the maximum number
wirelesshopstaken by the packets:

3. Maximumnumberof hops:

Minimize H subjectto
X

(i;j )2 E

f s;d
i;j � H ; (s;d) 2 S;

subjectto thefurtherconstraints(2), (3), (4), (5), (9) and
f s;d

i;j 2 f 0; 1g for all (s;d) 2 S; (i; j ) 2 E .

IV. NUMERICAL RESULTS

This sectionreportsnumericalresultsdueto thelinear
formulationthatarisesin thespecialcaseof full channel
utilization in SectionIII . Although the methodologyof
the paperis illustratedon speci�c topologies,qualitative
observations obtained here well-representfeatures of
othertopologiesthatwehavestudied.Systemparameters
that are adoptedin this section are given in Table I.
Namely, the set of transmit powers is 1 mW, 5 mW,
and10 mW. The propagationmodel is free spaceprop-
agation, modulation is BPSK, receiver noise is taken
as � 105 dBm, and a processinggain of 10 dB is
assumed.Eachwirelesslink provides 1 Mbps raw data
rate,but is subjectto randomerrorsdueto interference.
It is assumedthat eachlink employs the Reed-Solomon
codeRS(255,223) to compensatefor sucherrors.The
parameterq in condition(1) is 1 dueto thedeterministic
natureof sessiontraf�c.

We�rst considerthetopologyof Figure2 thatinvolves
15 stationsscatteredin a region of size 120m� 120m.
Thereare threeunidirectionalsessions(0,1), (8,10) and
(2,13), each of which has data to send at all times.
Figure2 illustratesthe routeandpower assignmentsob-
tainedby solvingtheintegerlinearproblemof SectionIII
via the CPLEX optimization package.Optimizing the
power ef�ciency leadsto a total power consumptionof

SIR bound� � 4:5 dB
Transmitpowerspl f 1,5,10gmW
Modulation BPSK
Link datarate 1 Mbps
Noise �oor � � 105 dBm
Propagationmodel Freespace
Processinggain � 10 dB
FEC RS (255,223)

TABLE I

SYSTEM PARAMETERS ADOPTED IN THE NUMERICAL STUDY.

7 mW, whereasminimizing themaximumpathlengthre-
sultsin at most2-hoproutesat theexpenseof increasing
the total power consumptionto 13 mW.

We next examinethe end-to-endthroughputresulting
from the obtainedassignments.In this respectnote that
the parameter� = � 4:5 dB, in conjunction with 10
dB processinggain, amounts to an effective SIR of
5.5 dB. The bit error rate under BPSK modulation is
therefore approximately0.0035. The error correcting
code RS(255,223)can correct up to 16 symbol errors
where symbol length is 8 bits; in turn the codeword
error rate at this SIR level is approximately 0.001.
If lost codewords are retransmitteduntil successful,
then codewords are transmittedon the average1.001
timeson eachlink; thereforethe end-to-endthroughput
is roughly (223=255) � (1:001)� 1 Mbps. In order to
comparethis throughput to that of CSMA/CA based
MAC protocols,we simulatedthe IEEE 802.11via the
OPNET simulationpackageon the sametopology and
with identicalphysicalparameters.Sincethestationsare
closely packed in the current topology, all stationpairs
can communicatewith one hop even with the lowest
power level; in turn multi-hop routing is not required
and eachpacket is delivered to its destinationin one
hop. Due to closeproximity of stations,spatialreuseis
not possiblevia CSMA/CA, consequentlythe available
capacity(minus protocol overheads)is divided roughly
equally amongthe sessions.In particularcapacitysav-
ingsvia powercontrolledCSMA/CA asobservedin [12]
do not arisehere.Thenumericvaluesfor thetwo studied
casesare listed in Table II (a).

Theimpactof randomerrorsis oftenremarkablymore
pronouncedwhen the payloadtraf�c is �o w-controlled,
and it is interestingto seeif the methodsof the present
paperlead to capacitygainsin that case.To shedsome
light on this issue,we next considerthe scenarioof the
above paragraphwith TCP payload.Namely, eachses-
sionis a 50MbyteFTP�le downloadoverTCP, andeach

41



end-to-endthroughputis computedby dividing the size
of the �le by thetime it takesto completethedownload.
The achieved throughputsfor the two casesarelisted in
Table II (b). Here the numericalvaluespertainingto the
presentdesignmethodare also computedvia OPNET
simulations, by using packet discardersthat emulate
link errors with the sameprobabilities determinedin
the above paragraph.Namely, TCP packet size is 6
codewords (roughly 1400 bytes); so eachTCP packet
is lost with probability roughly 0.006 on eachlink. It
is assumedthat the reversetraf�c due to ACK packets
inducesnegligible interference,but ACK packetsarealso
subjectto error ratesas the forward traf�c. Table II (b)
suggeststhat the impactof errorsis strongerfor thepre-
senteddesignmethod,however therearestill signi�cant
capacityadvantagesin allowing limited interference.It
should be noted that this observation is conservative,
sincethelink errorprobabilitiesareobtainedwith respect
to the SIR lower bound� andactualSIR valuesmay be
higher. In fact in the presentcasethe averageSIR over
active receiversis � 3 dB, in turn the actualthroughputs
arehigher thansuggestedby Table II (b).

The SIR bound � is clearly a key parameterthat de-
terminesfeasibility of solutionsaswell astheir resulting
performances.Figure3 indicatesthatas� is increasedto
imposehigherwirelesslink quality, the total throughput
of thethreesessionsincreasesat theexpenseof increased
total power consumption.Thereis a limit to that regime,
as when � exceedsa certain threshold �nding valid
assignmentsbecomesinfeasible.

Finally, we considera larger geographicareato ex-
aminethe effects of spatialreuseof availablespectrum
in the IEEE 802.11scenario.To this end,we study the
topology of Figure 4 on a 3.5 km � 2.5 km grid. We
assumethat stationstransmit at a single power level,
namely 1 mW, and the circles in the �gure indicate
communicationrangesof activestationsin thatcase.The
routing given in the �gure is obtainedby adopting� =
� 5 dB. In theIEEE 802.11scenario,packetsalsofollow
theseroutesby being switchedat intermediatestations
if necessary. The numericalvaluesof throughputswith
TCPpayloadaregivenin TableIII . Notethatsincesome
spatialreuseis beachievedvia CSMA/CA, the resulting
throughputis highercomparedto the previous topology,
however the throughputof the presentdesignmethodis
still noticeablybetter.

V. DISCUSSION

This paperformulatesjoint route and power assign-
ment in asynchronousmulti-hop wireless networks as

(a)

(b)

Fig. 2

SOLUTIONS OF (A) TOTAL POWER AND MAXIMUM POWER

MINIMIZATION, AND (B) MAXIMUM HOP COUNT MINIMIZATION

ON A 15 STATION NETWORK IN AN AREA OF 120M� 120M .

a constrainedoptimization problem. The formulation
entails a relaxed MAC strategy whoseworst-caseper-
formance is guaranteedvia the assignmentof routes
andtransmitpowers.This philosophystandsin contrast
with collision avoidancebasedMAC protocols,in that it
allows a prescribedlevel of interferencesoasto increase
the spatial utilization of available spectrum.Obtained
numericalresultssuggestthat higher network capacity
canbe therebyobtained.

Althoughthepresentpaperreducesthenetwork design
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(a)

(b)

Fig. 3

THE VARIATION OF (A) TOTAL END-TO-END THROUGHPUT, AND

(B) TOTAL POWER CONSUMPTION WITH RESPECT TO SIR BOUND

� .

problemto standardmathematicalprogramsthat canbe
solved by commercialoptimization packages,the en-
tailedcomputationalcomplexity still quickly grows with
the network size. Fast heuristic approacheswould be
requiredto approximatethe exact solutionsin situations
that involve large numbersof stationsandpower levels.

The outlined methodis centralized,so it is suitable
for applicationsthat admit provisioning by a network
controller. In light of the resulting capacitygains it is
tempting to seek distributed online implementationof
the method. Online routing and power control under
moderatetraf�c conditionsentailssigni�cant challenges.

(s,d) pair End-to-endthroughput
CentralizedAssignment IEEE 802.11

(0,1) 836 Kbps 245 Kbps
(2,13) 836 Kbps 245 Kbps
(8,10) 836 Kbps 248 Kbps

(a)

(s,d) pair End-to-endthroughput
CentralizedAssignment IEEE 802.11

(0,1) 611 Kbps 243 Kbps
(2,13) 602 Kbps 244 Kbps
(8,10) 602 Kbps 248 Kbps

(b)

TABLE II

END-TO-END THROUGHPUT OF INDIVIDUAL SESSIONS: (A) NO

FLOW CONTROL , (B) TCP PAYLOAD. SIR BOUND � = � 4:5 DB IN

BOTH CASES. THE PRESENT DESIGN REFERS TO THE ASSIGNMENT

OF FIGURE 2(B), AND PACKETS ARE DELIVERED IN A SINGLE HOP

UNDER IEEE 802.11.

Fig. 4

ROUTE ASSIGNMENT WITH SINGLE TRANSMIT POWER 1 MW.

(s,d) pair End-to-endthroughput
CentralizedAssignment IEEE 802.11

(0,2) 602 Kbps 331 Kbps
(6,5) 611 Kbps 352 Kbps
(10,9) 611 Kbps 353 Kbps

TABLE III

END-TO-END THROUGHPUT OF INDIVIDUAL SESSIONS IN THE

TOPOLOGY OF FIGURE 4 WITH TCP PAYLOAD. SIR BOUND

� = � 5 DB AND SET OF TRANSMIT POWERS IS A SINGLETON.
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The literature on adaptive routing in mobile ad-hoc
networks is rich, anda variety of routing protocolshave
beendevelopedto deal with the issueeffectively [17],
[10]. Theseprotocolspredominantlyfocuson routing in
the face of station mobility, in that their operationis
a function of the logical connectivity of the network.
When the network traf�c is light, end-to-endsessions
typically do not interfere with eachother, as typically
a small number of sessionsare active at any given
instant.In turn admissibilityof a routebroadlydepends
on the geographicallocationsof network nodes.When
the light-traf�c conditiondoesnot hold, whetherreliable
communicationcan be achieved between two given
stationsat a given time dependson the activity patterns
of othersessionsat that time. Typical applicationsresult
in bursty sessiontraf�c characteristics;in turn the state
of a wirelesslink changesat the burst time scale.This
time scaleis much fasterthan the time scaleat which
network connectivity changesdue to station mobility.
Realizingthepotentialof multi-hopwirelessnetworking
will arguably entail adaptive self-organizationschemes
that areagile at the burst time scale.
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