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Abstract— Gupta and Kumar (2000) intr oduced a ran-
dom network model for studying the way thr oughput scales
in a wir eless network when the nodes are �xed, and
showed that the thr oughput per source-destinationpair is
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. Grossglauserand Tse (2001)showed that
when nodesare mobile it is possibleto have a constant or

�������

thr oughput scalingper source-destinationpair.
The focusof this paper is on characterizing the delayand

determining the thr oughput-delay trade-off in such �xed
and mobile ad hoc networks. For the Gupta-Kumar �xed
network model, we show that the optimal thr oughput-delay
trade-off is given by �

�������������! "�#���$�

, where
 "�����

and
�

�����

are the thr oughput and delay respectively. For the
Grossglauser-Tse mobile network model, we show that the
delay scalesas

�%���'&$(*)+��,-�������

, where
,.�#���

is the velocity of
the mobile nodes. We then describea schemethat achieves
the optimal order of delay for any given thr oughput. The
schemevaries (i) the number of hops, (ii) the transmission
range and (iii) the degree of node mobility to achieve the
optimal thr oughput-delay trade-off. The schemeproduces
a range of modelsthat capture the Gupta-Kumar model at
one extremeand the Grossglauser-Tse model at the other.
In the course of our work, we recover previous results of
Gupta and Kumar, and Grossglauserand Tseusing simpler
techniques,which might be of a separateinterest.

Keywords: Stochasticprocesses/Queueingtheory, Com-
binatorics,Informationtheory, Statistics.

I . INTRODUCTION

An ad hoc wirelessnetwork consistsof a collectionof
nodes,eachcapableof transmittingto or receiving from
othernodes. Whena nodetransmitsto anothernode,it
createssomeinterferenceto all other nodesin its vicin-
ity. When several nodestransmit simultaneously, a re-
ceivercansuccessfullyreceive thedatasentby thedesired
transmitteronly if theinterferencefrom theothernodesis
suf�ciently small. An importantcharacteristicof ad hoc
wirelessnetworks is that the topologyof the nodesmay
not be known. For example,it may be a sensornetwork
formedby a randomcon�gurationof nodeswith wireless
communicationcapability. Thewirelessnodescouldalso
be mobile, in which casethe topologycould be continu-
ouslychanging.

Previous researchhasfocusedon determininghow the
throughputof suchwirelessnetworksscaleswith thenum-

berof nodes,/ , in thenetwork. GuptaandKumar[5] in-
troducedarandomnetwork modelfor studyingthroughput
scalingin a�x edwirelessnetwork; i.e. whenthenodesdo
not move. They de�ned a randomnetwork to consistof /

nodesdistributed independentlyand uniformly on a unit
disk. Eachnodehasa randomlychosendestinationnode
andcantransmitat 0 bits-per-secondprovidedthatthein-
terferenceis suf�ciently small. Thus,eachnodeis simul-
taneouslya source,S,a potentialdestination,D, anda re-
lay for othersource-destination(S-D) pairs.They showed
that in sucha randomnetwork the throughputscalesas
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1 perS-Dpair.
GrossglauserandTse[4] showed that by allowing the

nodesto move, the throughputscalingchangesdramat-
ically. Indeed, if node motion is independentacross
nodesandhasauniformstationarydistribution,aconstant
throughputscaling(
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? ) perS-D pair is feasible.Later,
Diggavi, GrossglauserandTse[2] alsoshowedthatacon-
stantthroughputperS-D pair is feasibleevenwith a more
restrictedmobility model.

Thewayin whichdelayscalesfor suchthroughputopti-
mal schemes,however, hasnot beenwell-studied.Indeed,
it is unclearpreciselywhat “delay” means,especiallyin
mobile networks. One of the main contributions of this
paperis a de�nition of delay, which is both meaningful
andmakesderivationspossible.

From [5] and [4], one may make the following infer-
encesaboutthe trade-off betweenthroughputanddelay:
(i) In a �x ed randomnetwork a small transmissionrange
is necessaryto limit interferenceand henceto obtain a
highthroughput.Thisresultsin multi-hopping,andconse-
quentlyleadsto highdelays.(ii) Ontheotherhand,mobil-
ity allows nodesto approachoneanotherclosely. This not
only allows theuseof smalltransmissionranges,but more
crucially, it allows the useof a single relay node,which
booststhroughputto
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? . However, thedelayis now dic-
tatedby thenodevelocity (which is muchlower thanthe
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speedof electromagneticpropagation).
The above observationspoint out threeimportantfea-

tures that in�uence the throughputand delay in ad hoc
networks: (i) the numberof hops, (ii) the transmission
range,and(iii) the nodemobility andvelocity. We pro-
poseschemesthat exploit thesethree featuresto differ-
ent degreesto obtaindifferent pointson the throughput-
delaycurve in anoptimalway (seeFigure1). In �x ednet-
works,ourScheme1 achievesthethroughput-delaytrade-
off shown by segmentPQ in Figure1 andat the highest
throughput,it reducesto theGupta-Kumarscheme(point
Q in the �gure). In the presenceof mobility, and using
only onerelayperpacket (nomulti-hopping),ourScheme
2 is essentiallythe Grossglauser-Tse scheme(point R in
the �gure). At this highestachievablethroughput,we are
ableto computethe exact orderof delayasnetwork size
increases.For lower throughputs,by usingthenumberof
hopsandnodemobility optimally, Scheme3 obtainsdif-
ferentpointson thethroughput-delaycurve shown by seg-
mentPRin Figure1. Beforesummarizingthesestatements
moreprecisely, we shallneedto de�ne whatwe meanby
throughputanddelay.
De®nition of thr oughput: A throughput����� is saidto
be feasible/achievable if every nodecansendat a rateof

� bits persecondto its chosendestination.We denoteby
�

2

/@? , the maximumfeasiblethroughputwith high prob-
ability 2 (whp). In this paper,

�

2

/@? will be themaximum
delay-constrainedthroughput.Whenthereis nodelaycon-
straint,

�

2

/@? is simply the throughputcapacityas in [5],
[4].
De®nition of delay: The delayof a packet in a network
is thetime it takesthepacket to reachthedestinationafter
it leavesthesource.We do not take queueingdelayat the
sourceinto account,sinceourinterestis in thenetwork de-
lay. Theaveragepacket delayfor anetwork with / nodes,

�

2

/@? , is obtainedby averagingoverall packets,all source-
destinationpairs,andall randomnetwork con�gurations.

In a�x ednetwork, thedelayequalsthesumof thetimes
spentat eachrelay. In a mobilenetwork also,thedelayis
thesumof thetimesspentat eachrelay. However, in this
case,delaydependson thevelocity, �

2

/@? , of eachrelay.
For a meaningfulmeasureof delay per packet, it is

importantto scalethe sizeof a packet dependingon the
throughput.If throughputis � , thetransmissiondelay(or
servicetime)of a packet of �x edsizewould scaleas

4
6

� .
This would dominatethe overall delayandhencewould
not let uscapturethedelaycausedby thedynamicsof the
network/scheme.To counteractthis,we let thepacket size
scaleas � so that the transmissiondelay(servicetime) is

�

In this paper, whpmeanswith probability 	�

��
 _ D .

alwaysconstant.
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Fig. 1. Throughput-delayscalingtrade-off for a wirelessnetwork assuming
%'&)(+*-,/./0214365 (+7 . Themarksontheaxesrepresenttheordersasymptot-
ically in ( .

A. OutlineandSummaryof results

Fixed random network: In Section II, we introduce
Scheme1 and show that the dependenceof the optimal
delayon throughputfor a �x ed randomnetwork is given
by
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(1)
The above result says the following: (i) The highest
throughputper node achievable in a �x ed network is
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throughputthe averagedelay
�
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(point Q in Figure 1). (ii) By increasingthe transmis-
sion radiusthe averagenumberof hopscanbe reduced.
But, becausethe interferenceis highernow, the through-
put would be lower. When throughputis smaller than

1
E

4
6
7

/:9<;8=>/
F , equation(1) shows how

�

2

/@? is related
to

�

2

/@? (segmentPQin Figure1).
Delay in a mobile network for

�

2

/@?I8
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? : In Sec-
tion III, we introduceScheme2 in which nodesmove ac-
cordingto independentBrownianmotionsanduseasingle
relay as in GrossglauserandTse. This schemeachieves
throughput

�

2

/@?J8
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? . Using resultsfrom random
walks [3] and queueingtheory [8] we show that the de-
lay,

�

2

/@? , (bothdueto nodemobility andqueueingat the
relay)is givenby
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Here �

2

/@? denotesthe way nodevelocity scaleswith / .
Taking �

2

/@?N8
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/@? , theabove point is shown asR
in Figure1.



Throughput delay trade-off in a mobile network: In
Section IV we introduce Scheme3, where the trade-
off is achieved using multiple hops. The trade-off is
parametrizedby �

2

/@? , where
@

�

2

/@? correspondsto the
averagedistancetraveledin onehop.Therangeof �

2

/@? is
from
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/@? (correspondingto the Grossglauser-Tse
model, point R)3 to

13254

? (correspondingto the Gupta-
Kumar model, point Q). The optimal throughput-delay
trade-off for

�

2

/@? , in the rangebetween
1 E 4
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This is shown by thesegmentQR in Figure1.

I I . THROUGHPUT-DELAY TRADE-OFF FOR FIXED

NETWORKS

We considera randomnetwork model similar to that
introducedby GuptaandKumar [5]. Thereare / nodes
distributeduniformly at randomon a unit torusandeach
nodehasa randomlychosendestination.We assumethe
unit torusto avoid edgeeffects,which otherwisecompli-
catestheanalysis.Wenote,however, thattheresultsin the
paperhold for a unit squareaswell. Eachnodetransmits
at 0 bits persecond,which is a constant,independentof

/ .
Weassumeslottedtimefor transmission.For successful

transmission,we assumea modelsimilar to the Protocol
modelasde�ned [5]. Underour RelaxedProtocolmodel,
a transmissionfrom node

�

to node � is successfulif for
any othernode � thatis transmittingsimultaneously,

�
2

�;:��F?��
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where
�

2

�

:��-? is thedistancebetweennodes
�

and� . This is
a slightly moregeneralversionof themodelpresentedin
[5] in thesensethatnodesdo not requirea commonrange
of transmission.

In the other commonly used model (e.g., [5], [4]),
known asthe Physicalmodel,a transmissionis success-
ful if theSignalto InterferenceandNoiseRatio(SINR) is
greaterthansomeconstant.It is well known [5] thatwith
a fadingfactor 
H��� , theProtocolmodelis equivalentto
thePhysicalmodel,whereeachtransmitterusesthesame
power. In therestof thepaperweshallassumetheRelaxed
Protocolmodel.

�

To beprecise,their schemecorrespondsto �MC<DFERG lnC 
 _ DFE , which
is covered by our Scheme2. For the techniquewe use to analyze
Scheme3 to work, we need �MC<DFEnG ceC<X����kDF_ DFE . For the samerea-
son,wealsoconsider� C<DFE�GjI
C 
`_!X����kDFE insteadof �HC<D-E!GjI
C 
 E in
Scheme3.

Wenow presentaparametrizedcommunicationscheme
and show that it achieves the optimal trade-off between
throughputanddelay. This schemeis a generalizationof
theGupta-Kumarrandomnetwork scheme[5].
Scheme1:

� Divide the unit torus using a squaregrid into square
cells,eachof area�

2

/@? (seeFigure2).
� A cellulartime-divisionmulti-access(TDMA) transmis-
sion schemeis used,in which, eachcell becomesactive,
i.e., its nodescantransmitsuccessfullyto nodesin thecell
or in neighboringcells, at regularly scheduledcell time-
slots(seeFigure3).

� Let the straightline connectinga sourceS to its desti-
nationD bedenotedasanS-D line. A sourceS transmits
datato its destinationD by hopsalongthe adjacentcells
lying on its S-D line asshown in Figure2.

� Whena cell becomesactive, it transmitsa singlepacket
for eachof theS-D linespassingthroughit. This is again
performedusingaTDMA schemethatslotseachcell time-
slot into packet time-slotsasshown in Figure3.
Thefollowing theoremcharacterizestheachievabletrade-
off for the above scheme.The optimality of this scheme
will beprovedin Theorem2.

Theorem 1. For Scheme1 with �

2
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i.e., theachievablethroughput-delaytrade-off is
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D

To prove Theorem1, we needthefollowing threelem-
mas.Lemma1 shows thateachcell will have at leastone
nodewhp, thusguaranteeingsuccessfultransmissionalong
eachS-Dline. Lemma2 shows thateachcell canbeactive
for aconstantfractionof time,independentof / . Lemma3
boundsthemaximumnumberof S-Dlinespassingthrough
any cell. Combiningtheseresultsyieldsa proof of Theo-
rem1.

Lemma 1. (a) If �

2

/@?$�%�e9#;8=H/

6

/ , thenall cellshaveat
leastonenodewhp.
(b) For �

2

/@? 8 &

2
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6

/@? , each cell has /��

2

/@?('

@

� /��
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/@?-9<;8=H/ nodeswhp. In particular, if �

2

/@? 8

)
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/@? theneach cell has /��

2

/@?*'�+

2

/��

2

/@? ? nodes.
(c) Let �

2

/@?98

4
6

/ andlet ,.-

2

/@?M:/�0� � bethefractionof
cellswith � nodes.Thenwhp

,1-

2

/@?98�243

1

6

�65�D

Thislemmacanbeprovedusingwell-known results(for
example,see[7], Chapter3). Dueto spaceconstraints,we
do not repeattheproofhere.
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Fig. 3. The TDMA transmissionscheduleof Scheme1. The number
of cell time-slots is constantwhile the numberof packet time-slots is
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& (�*2* . (Note that a cell hererefersto a squarecell obtainedby
theoverlayof theunit torusby a squaregrid andnot a packet of ®xedsize
ascommonlyusedin networking literature.)

BeforestatingLemma2, we make thefollowing de�ni-
tion: We saythatcell B interfereswith anothercell A if a
transmissionby a nodein cell B canaffect thesuccessof
asimultaneoustransmissionby anodein cell A.

Lemma2. UndertheRelaxedProtocolmodel,thenumber
of cellsthat interfere with anygivencell is boundedabove
by a constant,

1 , independentof / .

Proof. Considera nodein a cell transmittingto another
nodewithin the samecell or in oneof its 8 neighboring
cells. Sinceeachcell hasarea�

2

/@? , thedistancebetween
the transmittingandreceiving nodescannotbemorethan

�

8

@ �

�

2

/@? . UndertheRelaxedProtocolmodel,datais
successfullyreceivedif no nodewithin distance	

�

8
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� of thereceiver transmitsat thesametime. Therefore,

thenumberof interferingcells, ,

1 , is atmost

,
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which, for a constant
�

, is a constant,independentof /

(and �

2

/@? ).

A consequenceof Lemma 2 is that interference-free
schedulingamongall cellsis possible,whereeachcell be-
comesactive oncein every

4 	

,

1 slots. In otherwords,
eachcell canhave a constantthroughput.Now we bound
the maximumnumberof S-D lines passingthroughany
cell.
Lemma 3. Thenumberof S-D linespassingthroughany
cell is <

2

/

@

�

2

/@? ? , whp.

Proof. Consider/ S-D pairs. Let
���

be the distancebe-
tweenthe S-D pair

�

, i.e., the length of S-D line
�

. Let
� �

bethenumberof hopsperpacket for S-D pair
�

. Then
���

8
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/@? . Let � 8��

(

�

,�1

���

, i.e., thetotal number
of hopsrequiredto sendonepacket from eachsenderS to
its correspondingdestinationD.

Now considera particularcell andde�ne theBernoulli
randomvariables �

�

-

, for S-D pairs
4
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/ and
hops

4
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, to be equal to
4

if hop � of S-D
pair

�

's packet originatesfrom a nodein thecell. Hence,
the total numberof S-D lines passingthroughthe cell is

� 8
�

(

�

,�1

�����

-

,�1
�
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. Note that sincethe nodesareran-
domly distributed,the �
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s areidenticallydistributed. For
any
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� is not
possible,asS-D line

�

canintersectthecell atmostonce.
Firstconsidertherandomvariable� 8'�
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where(2) follows from the fact that, by the symmetryof
the torus,any hop is equally likely to originatefrom any
of the

4
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/@? cells.
Considera randomvariable ?� 8
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arei.i.d. Bernoulli randomvariableswith @*A
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By the Chernoff boundfor i.i.d. Bernoulli randomvari-
ables,
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where(5) followsby theMarkov inequalityand(6) follows
from (3) andthefactthat
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�
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�F- ? 8
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+

?
�F- ? . From (6) andthe proof of the Chernoff bound

(for example,see[7], pg. 68) it follows that �

2

�#:�� ? can
beboundedaboveby theboundon �

2

?
� :�� ? asgivenin (4).
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4
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�

D (7)

Thus,for any cell, thenumberof hopsoriginatingfrom
it areboundedaboveby /

@

�

2

/@?

	

+

2

/

@

�

2

/@? ? with prob-
ability �

4
� 4
6

/

� . Sincethereareatmost / cells,by the
unionof eventsbound,theabove boundholdsfor all cells
with probability �

4��b4
6

/ . This completestheproof of
thelemma.

Wearenow readyto prove Theorem1.

Proofof Theorem1. FromLemma2, it follows that each
cell canbeactive for a guaranteedfractionof time, i.e., it
canhave a constantthroughput. Lemma3 suggeststhat

if eachcell divides its cell time-slot into
1

>
/

@

�

2

/@?
B

packet time-slots,eachS-D pair hoppingthroughit can
use one packet time-slot. Equivalently, eachS-D pair

cansuccessfullytransmitfor
1

>

4
6

/

@

�

2

/@?
B fraction of

time. That is, the achievable throughputper S-D pair is
�
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/@?98
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4
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@

�

2

/@? B .

Next we computethe averagepacket delay
�

2

/@? . As
de�ned earlier, packet delayis the sumof the amountof
time spentin eachhop. We �rst boundtheaveragenum-
ber of hopsthenshow that the time spentin eachhop is
constant,independentof / .

Since each hop covers a distance of
1

>

@

�

2

/@? B ,
the number of hops per packet for S-D pair

�

is
1

>

�(�
6

@

�
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/@? B , where
���

is thelengthof S-D line
�

. Thus

thenumberof hopstakenby apacket averagedover all S-

D pairsis
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,�1

�(� 6

@

�

2

/@?LB . Sincefor large / , the

averagedistancebetweenS-Dpairsis
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theaveragenumberof hopsis
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/@? B .

Now notethatby Lemma2 eachcell canbeactiveonce
every constantnumberof cell time-slotsandby Lemma3
eachS-D line passingthrough a cell can have its own
packet time-slotwithin thatcell's time-slot. Sincewe as-
sumedthatpacket sizescalesin proportionto thethrough-
put

�

2

/@? , eachpacket arriving atanodein thecell departs
within aconstanttime.

Fromtheabove discussion,we concludethat thedelay
�

2

/@?98

1

>

4
6

@

�

2

/@?LB . Thisconcludestheproofof The-
orem1.

Next we show that Scheme1 provides the optimal
throughput-delaytrade-off for a �x edwirelessnetwork.

Theorem 2. Let the average delay be boundedabove
by

�

2

/@? . Thenthe achievable throughput
�

2

/@? for any

schemescalesas < >��

& (�*

(
B .

Proof. The proof usessimilar techniquesto the proof of
Theorem2.1 in [5]. Considera given �x ed placementof

/ nodesin the unit torus. Let 	

�

be the samplemeanof
the lengthsof theS-D lines for thegivennodeplacement
andlet thethroughputbe � . Considera largeenoughtime

�

over which the total numberof bits transportedin the
network is ��/

�

. Let
�

2��

? bethenumberof hopstakenby
bit

�

,
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�!/

�

andlet �

2��

:

�

? denotethelengthof hop
�

of bit
�

. Therefore,�
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Now, for two simultaneoustransmissionsfrom node
�

to
node� andfrom node � to node ! ,
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:/��?
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andsimilarly,
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Combiningtheabove two inequalities,weobtain
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This result implies that if we placea disk aroundeach
receiver of radius

��6

� times the length of the hop, the
disks must be disjoint for successfultransmissionunder
theProtocolmodel. Sincea nodetransmitsat 0 bits per



second,eachbit transmissiontime is
4
6

0 seconds.Dur-
ing eachbit transmission,the total areacovered by the
diskssurroundingthe receiversmustbe lessthanthe to-
tal unit area. Summingover the 0

�

bits transmittedin
time

�

, weobtain�
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Let the total numberof hopstaken by all bits be � 8

�

�
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?MD Then,by convexity, it follows that
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Combining(9) and(10)gives
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Substitutingfrom (8) into (11)andrearranging,weobtain
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Now de�ning
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? to be the samplemeanof the number
of hopsover ��/
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bits,weobtain
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Substitutingfrom (12)into (11)andrearranging,weobtain
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By de�nition thethroughputcapacity
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� with high
probability. As a result, .

2

�k? �

�

2

/@? . Substitutinginto
(13),weobtain
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Now, sincetheaveragenumberof hopsperbit is thesame
astheaveragenumberof hopsperpacket andthepacket-
sizescalesas

�

2

/@? , thetimespentby apacketateachrelay
is &

254

? . Therefore,theaveragedelay,
�

2

/@? , is of thesame
orderastheaveragenumberof hopsperbit, .

2
�

2��

? ? . This
concludestheproofof Theorem2.

II I . DELAY IN A MOBILE NETWORK FOR
�

2

/@?98

1 254

?

In this sectionwe considera randomnetwork with mo-
bile nodessimilarto themodelintroducedby Grossglauser
andTsein [4]. They showedthatunderthePhysicalmodel

�

2

/@? 8

13254

? is achievable. We assume/ nodesform-
ing / S-D pairsin a torusof unit areaandassumeslotted
transmissiontime. Eachnodemoves independentlyand
uniformly on theunit torus.Thus,at a giventime, a node

is equally likely to be in any part of the torus indepen-
dentof the locationof any othernode. We �rst presenta
scheme(which is similar to that in [4]) andshow that it
achievesconstantthroughputandthenanalyzeits delayin
SubsectionIII-A.
Scheme2:

� Divide the unit torus into / squarecells, eachof area
4
6

/ .
� Eachcell becomesactiveoncein every

4 	

,

1 cell time-
slotsasdiscussedin Lemma2.

� In anactivecell, thetransmissionis alwaysbetweentwo
nodeswithin thesamecell.

� In an active cell, if two or morenodesarepresentpick
oneat random.Eachcell time-slotis dividedinto two sub-
slotsA andB.
– In sub-slotA, the randomlychosennodetransmitsto

its destinationnodeif it is presentin thesamecell. Other-
wise, it transmitsits packet to a randomlychosennodein
thesamecell, whichactsasa relay.
– In sub-slotB, therandomlychosennodepicksanother

nodeat randomfrom the samecell and transmitsto it a
packet thatis destinedto it.

We now prove that this schemeachieves constant
throughputscaling.Theproofissimplerthantheonegiven
in [4] and,aswe shallsee,will helpusanalyzedelayand
characterizethethroughput-delaytrade-off in mobilewire-
lessnetworks(seeSectionIV).

Theorem 3. The throughputusingScheme2 is
�

2

/@?�8

13254

? .

Proof. The proof is basedon Part (c) of Lemma1 and
Lemma2 asfollows:

Eachpacket is transmitteddirectly to its destinationor
relayedat mostonceandhencethe net traf�c is at most
twice theoriginal traf�c. Since:(i) a nodeis chosento be
arelayatrandomfrom theothernodesin thesamecell and
(ii) thenodeshave independentanduniformly distributed
motion,eachsource's traf�c getsspreaduniformly among
all othernodes(similarto theargumentin [4]). As aresult,
in steadystate,eachnodehaspacketsfor everyothernode
for aconstantfractionof time ,

�

.
Sincein any cell time-slot, the / nodesareuniformly

distributedon thetorusandtheunit torusis dividedinto /

squarecellseachof area
4
6

/ , by Lemma1(c),
4 �

� 2

3

1��

�AD��

�

fraction of the cells containat least � nodes. Thus
from Lemma 2, �AD��

�

,

�

6.254 	

,

1

? fraction of cells can
executethe schemesuccessfully. Sinceeachcell hasa
throughputof

1 254

? , thenet throughputin any time-slotis
132

/@? whp. Moreover, dueto reasons(i) and(ii) above, the
throughputof

132

/@? is divided amongall / pairsequally.
Thus,thethroughputperS-Dpair is

�

2

/@? 8

13254

? .



A. Analysisof Delay

To analyzethedelayfor Scheme2, we make theaddi-
tional assumptionthat eachnodemoves accordingto an
independent2-dimensionalBrownianmotiononthetorus.
Note that in the cellular settingwith / cells, a Brownian
motionon thetorusyieldsa symmetricrandomwalk on a
2-D torusof size

7

/��

7

/ .
Let the nodevelocity scaleas �

2

/@? . We assumethat
�

2

/@? scalesdown asa functionof / . This is motivatedby
the fact that in a realnetwork, eachnodewould occupy a
constantamountof area,andthusasthe network scales,
the overall areamustscaleaccordingly. However, in our
model,asin [5], [4], wekeepthetotalarea�x edandthere-
fore to simulatea realnetwork we mustscale�

2

/@? down.
Note that a nodetravels to oneof its neighboringcells

every
�

2

/@? time-slots,where
�

2

/@? 8

1
E

4
6

7

/ �

2

/@?
F

D (14)

Thus,weassumethateachnodemovesaccordingto aran-
domwalk onthetorus,whereeachmoveoccursevery

�

2

/@?

time-slots.
We now preciselyde�ne delayfor Scheme2. Sincethe

nodesperform independentrandomwalks, only
13254
6

/@?

of thepacketsbelongingto any S-D pair reachtheir des-
tination in a singlehop (which happenswhenbothS and
D arein the samecell). Thus,mostof the packetsreach
their destinationvia a relaynode,wherethedelayhastwo
components:(i) hop-delay, whichis constant,independent
of / , and(ii) mobile-delay, which is the time the packet
spendsat therelaywhile it is moving. To computemobile-
delaywe �rst modelthequeuesformedata relaynodefor
eachS-D pair asa GI/GI/1-FCFS.Thenwe characterize
the inter-arrival andinter-departuretimesof the queueto
obtaintheaveragedelayin themobilecase.
Relay queuemodel: For eachS-D pair, eachof the re-
maining /

�

� nodescanactasa relay. Eachnodekeeps
a separatequeuefor eachS-D pair as illustratedin Fig-
ure4. Thusthemobile-delayis theaveragedelayatsucha
queue.By symmetry, all suchqueuesatall relaynodesare
identical. Consideronesuchqueue4, i.e., �x anS-D pair
anda relaynodeR. To computetheaveragedelayfor this
queue,we needto study the characteristicsof its arrival
anddepartureprocesses.A packet arriveswhen(i) R is in
thesamecell asS, and(ii) thecell becomesactive. Simi-
larly, a packet departswhenR is in thesameactive cell as
D. Let � betheprobabilitythatthecell is activewhenboth
R andS arein it. Notethat � doesnotvarywith / . De�ne
the inter-meetingtime of two nodesasthe time between

�

Fordelayto be®nite,thearrival ratemustbestrictly smallerthanthe
servicerate.To ensurethis,we assumethatif theavailablethroughput
is �HC<DFE , eachsourcetransmitsat a rate C 
C���$E �HC<DFE , for some� T�a .

PSfragreplacements
S D

Direct transmission

4

�

/

�

�

Fig. 4. For any S-D pair, theremaining(

3

� nodesactasrelays.Eachnode
maintainsa separatequeuefor eachof the (

3

� S-Dpairs.

two consecutive instantswherethey areboth in thesame
cell. Sincethe nodemotion is independentof the event
that the cell is active, the inter-arrival time is a sumof a
Geometricnumber, ��� Geom

2

�R? , of inter-meetingtimes
of S andR. Hencethe inter-arrival time is of thesameor-
derasthetheinter-meetingtimeof SandR. Similarly, the
inter-departuretime is alsoof thesameorderasthe inter-
meetingtimeof R andD.
Averagedelayof GI/GI/1-FCFS queue:Sincethenodes
performindependentsymmetricrandomwalks,thequeue
ateachrelaynodeis GI/GI/1-FCFS.Theaveragedelayfor
a GI/GI/1-FCFSqueuecanbeboundedusingthe�rst and
secondmomentsof the inter-arrival and inter-departure
times. We recall the following upperboundon the aver-
agedelayfor aGI/GI/1-FCFSqueueknown asKingman's
upperbound(see[8], page476).

Lemma 4. Considera discreteGI/GI/1-FCFSqueue. Let
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bestationaryindependentinter-arrival times,
and �
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?M:
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bestationaryindependentinter-departure
times.Let
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Then,theaverage delayis boundedaboveas
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Also it is trivially truethat
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+
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Inter -meetingtime analysis: In view of theabovelemma,
weproceedtocomputethe�rst andsecondmomentsof the
inter-meetingtime. The toruswith / cellscanbe viewed
asa

7

/ �

7

/ grid. Let the positionof node
�

at time
�

be
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�

?M:
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�
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? ? , where
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/
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� :/��8

4

:/� . Now considerthe differencerandomwalk between



nodes
�

and� , de�nedby
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/ , for ��8

4

:/� . Sinceeachnode
is performingan independentsymmetricrandomwalk on
a 2-dimensionalgrid (or torus), eachof the components

�

!

�

�

-

2

�

?M:�� 8

4

:/�F� is independentof all others. Further
sinceweareinterestedonly in the�rst two moments,each
componentcanbemodeledasan independentsymmetric
randomwalk on a onedimensionalgrid of size

7

/ , i.e.,
for � 8
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The meeting time of two nodes
�

and � is iden-
ti�ed by the event

�
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�A: � ? � .
Thus the inter-meeting time is the random stopping
time
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� . For furtheranalysis,we
consideronly thedifferencerandomwalk. Also notethat
theunit time stepof therandomwalk is actuallyof order

�
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/@? in realtime.
For � 8

4

:/� , let
�

-N8
�����

�

�

�

4�� !

�

�

-

2

�

? 8�� suchthat
!

�

�

-

2

� ? 8 �-� D

De�ne �

8

	

8

� ,�1�
����

� �

A

& � *2,����

D

Then
�

8����

 

,�1

�

1

2

!

? where
�

1

2

!

? arei.i.d. randomvari-
ableswith thesamedistribution as

�

1 . As a result,

.

+

�

�

- 8 .

+
2

�

8

 

,�1

�

1

2

!

? ?

�

-

8 .

+

.

+
2

�

8

 

,�1

�

1

2

!

? ?

�

3

�

-6-

8 .

+

�

.

+

�

�

1

-

	

�

2

�

� 4

? .

+

�

1

-

�

-

8 .

+

�

- .

+

�

�

1

-

	

.

+

�

�

�

�

- .

+

�

1

-

�

D (17)

The sequence
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? ? forms a Markov chain
with a uniform distribution on the / states
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� . By de�nition
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is theinter-visit time
of this Markov chain to state
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�A: � ? . Sinceit is a �nite
stateMarkov chainwith a uniform stationarydistribution,
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Bound on .
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? bea symmetricrandomwalk
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startingat position � and let ?
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- ? . Now,

considerthe following lemma,which follows from stan-
dardresultsin probabilitytheoryfor martingales.

Lemma 5. .
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Usingthis result,it follows that
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Bound on .

+

�

�

- : Considertwo nodes/

1 and /

�

, both
startingat position � at time

�

8 � andperforminginde-
pendentsymmetricrandomwalks on a 1-D torusof size

7

/ . By de�nition,

�

is thenumberof timesnode /

1 vis-
its � until both /

1 and /

�

areatposition � for the�rst time
�

� � . Considerthe conditionalprobabilityof /

�

being
at � at any time

�

��� giventhat it wasat � at time
�

8 � .
This probability is �

4
6

7

/ sincethestationarydistribu-
tion of thepositionof /

�

hasprobability
4
6

7

/ for position
� . Moreover, node /

�

performsa randomwalk indepen-
dentof /

1 andhenceit is easyto seethat

�

is stochasti-
cally upperboundedby aGeometricrandomvariablewith
parameter

4
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/ . Therefore
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Finally from the above discussion,by combining(18),
(19)and(20),weobtainthefollowing result.

Lemma 6.
.
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Now we are readyto computethe averagedelay of a
packetfor Scheme2. FromLemma6,weobtain� 8
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/@?

and �
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: �
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132

/
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? . Now using(15) and(16) alongwith
the fact that theactualnumberof time-slotsperunit time
asconsideredfor therandomwalk modelis

�

2

/@? (asgiven
by (14)),weobtainthefollowing theorem.

Theorem 4. UnderScheme2, theaverage delayincurred
by a packet
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/@?98

1 !

7

/

�

2

/@?
#

D

From Theorem4, for �

2

/@?J8

13254
6

7

/f? , we obtain,
�
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/@?98

132

/@? , whichcorrespondsto thepointR in Figure
1.

IV. THROUGHPUT-DELAY TRADE-OFF IN MOBILE

NETWORKS

In this sectionwe �nd the optimal throughput-delay
trade-off in randommobile networks. To achieve this
trade-off, we introduceScheme3. This schemeis divided
into two partsbasedon the rangeof throughput:Scheme
3(a) is for

�

2

/@? 8 <

254
6
7

/:9<;8=H/�? , while Scheme3(b) is
for

�

2

/@?98

)

254
6
7

/:9<;8=>/@? .



For �x ed networks, with throughput
�

2

/@? 8

<

254
6 7

/:9<;8=>/@? , Scheme1 achieves the optimal trade-
off of

�

2

/@? 8

132

/

�

2

/@? ? . Sincethe nodesmove ran-
domly andindependently, useof mobility canonly result
in higherdelays.Henceto achieve a trade-off for through-
put

�

2

/@?98K<

254
6 7

/:9<;8=>/@? , weuseScheme3(a)which is
anadaptationof Scheme1 for mobilenetworks.

To achieve constantthroughputscaling, in Scheme2,
the unit toruswasdivided into squarecells of area

4
6

/ .
Thetransmissionsoccurredonly whenthesource(or des-
tination) and relay were in the samecell. The effective
“neighborhood”of a nodewas the areaof the cell con-
tainingit, andtheschemeusedmobility to bring therelay
nodeinto the“neighborhood”of thedestinationto deliver
the packet. This suggeststhat delaycanbe decreasedby
increasingthe size of the “neighborhood”of eachnode.
But a largerneighborhoodwould resultin lower through-
put dueto increasedinterference,thusproviding a trade-
off. To achieve the trade-off for

�

2

/@? 8

)

254
6
7

/:9<;8=H/f? ,
weuseScheme3(b)whichemploysbothmobility of nodes
andrelayingacrosscellsto reduceinterference.
Scheme3(a):

� As in Scheme1, divide theunit torususingasquaregrid
into squarecells,eachof area�

2

/@? (seeFigure2).
� A cellular TDMA transmissionschemeis used, in
which,eachcell becomesactiveatregularlyscheduledcell
time-slots(seeFigure3). FromLemma2, eachcell getsa
chanceto beactive onceevery

4 	

,

1 cell time-slots.
� A sourceSsendsits packetdirectlyto its destinationD if
it is in any of theneighboringcells.Otherwise,it randomly
choosesa relaynodeR in anadjacentcell on theS-D line
at thetime of transmission.

� Whenthe cell containingthe relay nodeR is active, R
transmitsthe packet directly to D, if D is in a neighbor-
ing cell. Otherwise,it relaysthe packet againto a ran-
domly chosennodein a neighboringcell on the straight
line connectingit to D. This processcontinuesuntil the
packet reachesthedestination.

Thefollowing theoremshows that in spiteof nodemo-
bility, Scheme3(a) achieves the samethroughput-delay
trade-off asScheme1 for �x ednetworks.

Theorem 5. If �

2

/@? satis�esthecondition

�

2

/@? 8 +

26@

9#;8=>/

6

/@?M: (21)

Scheme3(a)achievesthefollowing trade-off:
�

2

/@?98

1
!

�

2

/@?

/ #

: for
�

2

/@? 8K<

!

4

7

/:9<;8=H/

#

D

Proof. First we show that condition(21) is necessaryfor
everypacket to beeventuallydelivered.Considerapacket
relayedfrom a sourcetoward its destination,and let the
initial distancebetweenthe sourceandits destinationbe

�

. Eachrelaying stepoccurswithin
4 	

,

1 time slots.
Eachtime thepacket is relayed,thedistancebetweenthe
centerof thecell containingthepacket andits destination
decreasesby at least

@

�

2

/@? . On the other hand,since
the nodesmove with velocity �

2

/@? , this distancecan in-
creaseby at most

254 	

,

1

?4�

2

/@? . Thusafter the packet is
relayed! times,thedistancebetweenthecenterof thecell
containingthepacket andits destinationwill be lessthan

� �

!

2

@

�

2

/@?

��254 	

,

1

?4�

2

/@? ? . Henceif
@

�

2

/@?98

)

2

�

2

/@? ? ,
the packet eventually reachesits destination. Sincewe
have �

2

/@? 8 <

2

9<;8=H/

6

/@? , this resultsin condition (21)
beingnecessaryfor thesuccessof thescheme.

Note that whencondition(21) is satis�ed, the average
numberof times a packet has to be relayedin order to
reachits destinationis of order

13254
6

@

�

2

/@? ? , which is the
sameasin Scheme1 for �x ednetworks. Hencethedelay

�

2

/@?98

13254
6

@

�

2

/@? ? .
Next we analyzethe throughputfor Scheme3(a). De-

�ne anS-D path(which is not necessarilya straightline)
of a packet for a particularS-D pair asthe concatenation
of line-segmentsjoining the centersof the cells through
which it hops.As in theanalysisof Scheme1, in orderto
determinethethroughput,weconsidertheS-Dpathspass-
ing througha cell in sometime-slot.

From the precedingdiscussionabout the delay, the
numberof hops

�%�

, for any packet of an S-D pair
�

, is
13254
6

@

�

2

/@? ? . Hence � 8
�

(

�

,�1

���

, as de�ned in the
proofof Lemma3, hasthesameorder. For a �x edcell and
time-slot,de�ne �

�

-

asin the proof of Lemma3, i.e., �

�

-

is the indicatorfor theevent thathop � of anS-D pair
�

's
packet originatesin thecell duringthis time-slot.Theran-
domvariable�

�

-

hasthesamepropertiesasthatin Lemma
3, i.e., (i) independencebetween�

�

-

and ���

 for
�,�

8 � ,
(ii) event

�

�

�

 

8

4

:&�

�

-

8

4

� cannotoccurfor any given
4




�




/ ,
4


 !

�

8 �




�%�

, and(iii) .

+

�

�

-

- 8

4
6

�

2

/@? .
As aresult,asin Lemma3, thenumberof S-Dpathspass-
ing throughany cell atany giventime-slotis <

2

/

@

�

2

/@? ? .
Consequently, theachievablethroughputperS-Dpair is at
least

13254
6

/

@

�

2

/@? ? . By choosinga particular �

2

/@? such
that �

2

/@? 8 &

2

9<;8= /

6

/@? we obtain the trade-off region
statedin thetheorem.

To obtainhigherthroughputs,we needto usemobility,
and to obtain lower delay, we needto usemultiple hops
cleverly. This leadsto thefollowing scheme.
Scheme3(b):

� As in Scheme3(a),divide theunit torususinga square
grid into squarecells, eachof area �

2

/@? . We further lay
out an additionalgrid formedby squaresub-cellsof size

� 2

/@? 8

132

9<;8= /

6

/@? asshown in Fig 5. Thuseachsquare
cell of area�

2

/@? contains�

2

/@?

6 � 2

/@? sub-cellseachof area
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Fig. 5. Scheme3(b) for throughput-delaytrade-off in amobilenetwork.

� 2

/@? .
� A cellular TDMA transmissionschemeis used, in
which,eachcell becomesactiveatregularlyscheduledcell
time-slots(seeFigure3). A cell time-slot is divided into

132

/��

2

/@? ? packet time-slots.
� An active packet time-slotis divided into two sub-slots
A andB.
– In sub-slotA, eachnodesendsa packet to its destina-

tion nodeif it is presentin the samecell. Otherwise,it
sendsits packet to a randomlychosennodein the same
cell, which actsasa relay. Thepacket is sentusinghops
alongsub-cellsof size

� 2

/@? asin Scheme3(a).
– In sub-slotB, eachnodepicksanothernodeat random

from thesamecell andsendsapacket thatis destinedto it.
Again, thepacket is sentusinghopsalongsub-cellsasin
Scheme3(a).

Wenotethat,theaboveschemerequiresthepacket-size
to scaleas

1 254
6

/��

2

/@? ? insteadof as
13254
6

@

/��

2

/@?*? .

Theschemeis depictedin Figure5. A sourceS �rst de-
liversitspackettoamobilerelaynodeRwhichischosenat
randomfrom all nodesin thesamecell. Themobilerelay
nodeR deliversthepacket to thedestinationnodeD when
R andD arein thesamecell. In this sensetheschemeis
similar to Scheme2. However thepacket delivery in both
thesecasesis by hopsalongsub-cellsasin Scheme3(a).

Thefollowing theoremstatesthetrade-off achievableby
Scheme3(b) for mobilenetworks.

Theorem 6. If condition(21), i.e., �

2

/@? 8 +

2

@

9<;8=>/

6

/@? ,
is satis�ed, then Scheme3(b) achieves the throughput-

delaytrade-off givenby

�

2

/@?98

1 �

4

@

/��
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/@?-9<;8=>/ �

and

�

2

/@?98=<

!

4

�
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where �

2

/@?98K<
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? and �

2

/@? 8 &

2

9#;8=H/

6

/@? .

Proof. As discussedin the proof of Theorem5, in order
to guaranteethatafter leaving its sourcea packet is even-
tually deliveredto its destination,we musthave

� 2

/@? 8

)

2

�

�

2

/@? ? . Since
� 2

/@?I8

132

9<;8= /

6

/@? , this implies that
condition(21)isnecessaryfor theschemeto besuccessful.

In steadystate,eachnodehaspackets for every other
node for a constantfraction of the time and the traf�c
betweeneachsource-destination pair is spreaduniformly
acrossall othernodes.Notethatthis is simply a repeatof
thestatementsfrom theproofof Theorem3 for Scheme2.

In any packet time-slot in a given cell: (i) the S-R or
R-D pairsarerandomlychosenaccordingto Scheme3(b),
(ii) packetsarecommunicatedaccordingto Scheme3(a),
and(iii) thereare

�
2

/@? 8 �

2

/@?

6 � 2

/@? sub-cellsand C 8

/��

2

/@?

254 	

+

254

? ? nodes.Hence,asin the proof of Theo-
rem5 for Scheme3(a),thethroughputbetweenS-R/ R-D
pairsis

1 254
6

C

@

�
2

/@?`? 8
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2

/@?-9<;8=H/@? . Thusthe
throughputfor any S-Dpair is

13254
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2

/@?-9<;8=H/@? .
Thedelayhastwo components:(i) hop-delay, which is

proportionalto the numberof hopsalongsub-cellsfrom
a sourceto themobile relayandfrom themobile relay to
the destinationand(ii) mobile-delay, which is the time it
takes the mobile relay nodeto reachthe cell containing
thedestinationandto deliver thepacket to it. Theaverage
numberof hopstakenby a packet in sub-slotsA andB is
then

132

�

2

/@?

6 � 2

/@? ?/8
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/��

2

/@?

6

9<;8=H/@? . Hencethe hop-
delayis

132

�
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/@?

6 � 2

/@? ? 8
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/��

2

/@?

6

9<;8=H/@? . Themobile-
delaycanbeanalyzedin thesamemannerasfor Scheme
2 with thefollowing differences.

� The inter-meetingtime of nodesfor Scheme3(b) is for
a randomwalk on a discrete-torusof size

@

4
6

�

2

/@?��

@

4
6

�

2

/@? , insteadof
7

/��

7

/ .
� Thetimetakenby anodeto moveoutof acell is

�

2

/@?98
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6

�
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/@? ? , insteadof
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2

/@? ?

Now usingLemma6 andLemma4 with the two differ-
encesmentionedabove, themobile-delayis

1
E

4
6

�

2

/@?

143

�

�

2

/@?
F . Due to condition (21), the mobile-

delayalwaysdominatesthehop-delayandhencetheaver-
agedelayis of thesameorderasthemobile-delay.

The trade-off obtainedby Scheme3 is demonstrated
graphicallyin Figure1 assuming�

2

/@?98

1 2 4
6

7

/@? .



A. Optimalityof Scheme3

Considerany communicationschemefor the random
mobile network introducedin SectionIII. The distance
traveledby a packet betweenits sourceanddestinationis
thesumof thetotaldistancetraveledby hopsandthetotal
distancetraveledby the mobile relaysused. Let 	

!

2

/@? be
thesamplemeandistancetraveledby hopsaveragedover
all packets. In thefollowing lemmawe obtaina boundon
the throughputscalingasa functionof 	

!

2

/@? usinga tech-
niquesimilar to theoneusedin Theorem2. Wethenshow
that to achieve this optimal throughput,theminimumde-
lay incurredis of thesameorderasthedelayof Scheme3,
whichwill establishtheoptimalityof Scheme3.

Lemma 7. The achievable throughput
�

2

/@? for any
schemewith samplemeandistancetraveledby hops 	

!

2

/@?

is boundedaboveas
�
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/@?98=<
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/:9<;8=>/

#

D (22)

Proof. We merelyoutline theproof asit is similar to that
of Theorem2. Heretheequivalentsof (8) and(11)are:
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where ,

�

is a constantthatdoesnot dependon / . Substi-
tuting from (23) into (24)andrearrangingwe obtain
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is thesamplemeanof hop-lengthsover � hops.Rearrang-
ing weobtain
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Now for any cellular schemerequiring full connectivity,

the hop distanceis &

!�� �����

(

(

#

and hencewe obtain
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Note that for Schemes3(a) and 3(b) with parameter

�

2

/@? , theaveragehopdistance	

!

2

/@?�8

1

>

@

�

2

/@? B . Thus
theabove boundon throughputhasthesameorderasthe
boundsin Theorems5-6.
Optimality of Scheme3(a): First considerthecasewhen
mobility is not used,i.e., 	

!

2

/@? 8
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? . In this case,from

(26),weobtain,
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� , anddelay
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which is only dueto hops.
Now supposemobility is usedfor thesamethroughput,

i.e., 	

!

2

/@? 	

� remainsof the sameorder in (26). If 	

!

2

/@? 8

13254

? , thenthedelaydueto hoppingis
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�

? in addition
to mobile-delay. This implies that, useof mobility will
resultin aworsetrade-off. Thus,theuseof mobility when

	

!

2

/@?98
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? doesnothelp.
If 	

!

2

/@? 8 +

254

? , then the averagedistancetraveled by
a packet via nodemobility is

13254

? . From condition21,
since �
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/@? 8 +
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9#;8=>/
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/@? , the averagemobile-delayis
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/f? , the hop-delay
is
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9<;8=H/f? . Clearly the mobile-delay
)

2

@

/

6

9<;8= /f? dominatesthehop-delayfor any 	
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/@? .
From the above discussion,the optimal throughput-

delaytrade-off is boundedas
�

2

/@?98=<
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/@?M: for
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/@?98=<
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/:9<;8=H/@?MD

Since this throughput-delaytrade-off is achieved by
Scheme3(a),it is optimal.
Optimality of Scheme3(b): From (22), it is clear that
achieving

�

2

/@? 8

)

254
6M7

/:9<;8=>/@? requiresthat 	
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2

/@? 8

+

254

? . But from theprecedingdiscussion,for any 	

� , when
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8 +

254

? , themobile-delaydominatesthehop-delay. Thus,
to maximize the throughputfor a given delay, any op-
timal schememust have 	

�

8
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/�? . There-
fore, for any optimal scheme,the throughput
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Considera throughput-delayoptimal schemewith av-
eragehop distance 	

!

2

/@? . For any such scheme,�xing
a throughput

�

2

/@? , �x es 	

!

2

/@? . The goal of an optimal
schemeis to usehopsto minimize the time for a packet
to reachits destination.

Considerthetransmissionof apacket � startingfrom its
sourceS andmoving towardsits destinationD, initially at
a distance

�

from S.Recallthata packet travelsadistance
	

!

8

	

!

2

/@? throughhopsandtherestthroughthemotionof
thenodesrelayingit. De�ne

���

to bethetime it takesthe
packet � , afterleaving its sourceS,to reachits destination
D. We ignorethetime requiredfor hopsasthemobilede-
lay dominatesthetotal delay. Let .

+

���

- betheexpectation
of

�	�

for a given 	

! and
�

. Notethat,theexpectationis over
thedistribution inducedby randomwalksof thenodes.

Weclaimthefollowing.

Lemma 8. For any 	

! and
�

, a schemethatminimizes.

+

���

-

mustperformall the hopsthe �r st time thepacket is at a
distancelessthanor equalto 	

! fromits destinationD.

Proof. For 	

!

�

�

, the Lemmaclearly holds. For 	

!�


�

,
considerthe following two schemes.SchemeA usesthe
entirehopdistance	

! whenthepacket reacheswithin adis-
tance	

! of D for the�rst time,which is consistentwith the



claimof thelemma.SchemeB usesahopof length
�

when
thepacket is at a distance ?

�

(
�

� ?

�

�

	

! ) from D, anduses
theremaininghopdistance	

!

� �

at theend,asin Scheme
A.

Wewantto show that,onaverage,apacket takeslonger
to reachD in SchemeB thanin SchemeA. For simplicity,
we assumethat D is �x ed. This doesnot affect general-
ity as all nodesperform independentsymmetricrandom
walks.

Considerthe pathof a packet originatingat distance
�

from D. Until thepacket reacheswithin a distance ?

�

of D,
its pathis thesamein bothschemes.As illustratedin Fig-
ure6, underSchemeB, atpointX, which is atadistance ?

�

from D, thepacket travelsadistance
�

by hopstowardD to
reachY. UnderSchemeA, thepacket remainsat point X.
At this instant,theremainingtime for thepacket to reach
D underSchemeA,

���

, is the time taken to reacha ball
�

2

�

:

	

!

? startingfrom X, and underSchemeB, it is the
time

���

taken to reach
�

2

�

:

	

!

� �

? , startingfrom Y. We
now show that on average

���




���

. Considera point D'
on the line X–D at distance

�

from D (asdepictedin Fig-
ure 6). Sinceall nodesperform independentsymmetric
randomwalks, theprobability thata pathstartingfrom X
reaches

�

2

�

:

	

!

? is thesameastheprobabilitythatany path
startingfrom � reaches

�

2

���

:
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? . Notethat,by construc-
tion,
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?
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�
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:
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? . Hencethetime for apacket
at Y to reach

�

2

���

:

	

!

? is stochasticallydominatedby the
timeneededto reach

�

2

�

:

	

!

� �

? . Thisprovesthatthetime
taken by SchemeA is strictly smallerthanthe time taken
by SchemeB onaverage.

Using the above argumentinductively for all hopses-
tablishesthelemma.

The above lemmashows that a throughput-delayopti-
mal schememustutilize all thehopsat theend. Sincein
Scheme3(b)half thehopsareperformedat theend,it fol-
lowsthatits achievablethroughput-delaytrade-off is of the
sameorderasthatof anoptimalscheme.This establishes
thefollowing theorem.
Theorem 7. Scheme3 obtains the optimal throughput-
delaytrade-off for mobilenetworks.

V. CONCLUSION

Theway throughputscaleswith thenumberof nodesin
adhoc�x edandmobilewirelessnetworkshasbeenwell-
studied. However, the way delayscaleswith the sizeof
suchnetworks hasnot beenaddressedpreviously. This
paperprovides a de�nition of delay in ad hoc networks
and obtainsoptimal throughput-delaytrade-off in �x ed
andmobilead hocnetworks. For theGupta-Kumar�x ed
network model,we showed that the optimal throughput-
delay trade-off is given by

�
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/@?�8
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PSfragreplacements D
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Fig. 6. Illustrationfor comparisonof SchemesA andB.

Grossglauser-Tsemobilenetwork model,we showed that
thedelayscalesas <

E

/

143

�

6

�

2

/@?
F . For a mobilewireless

network we describeda schemethatachievestheoptimal
throughput-delaytrade-off by varyingthenumberof hops,
the transmissionrange,andthe degreeof nodemobility.
The schemecapturesthe Gupta-Kumarmodelat oneex-
tremeandthe Grossglauser-Tse modelat the other. The
proofsuseauni�ed framework andsimplertoolsthanused
in previouswork.

REFERENCES

[1] N. BansalandZ. Liu, ªCapacity, Mobility andDelay in Wireless
Ad hocNetworksº,In Proceedingsof IEEE Infocom, 2003.

[2] S. N. Diggavi, M. Grossglauserand D. Tse, ªEven One-
DimensionalMobility IncreasesAd Hoc WirelessCapacityºIn
Proceedingsof ISIT 2002, Laussane,Switzerland,July2002.

[3] R. Durrett, ªProbability: Theory and Examplesº,2nd edition,
Duxbury Press,1996.

[4] M. Grossglauserand D. Tse, ªMobility Increasesthe Capacity
of Ad-hoc Wireless Networksº, IEEE INFOCOM, Anchorage,
Alaska,pp.1360-1369,2001.

[5] P. GuptaandP. R. Kumar, ªTheCapacityof WirelessNetworksº,
IEEE Trans.on Information Theory, 46(2), pp. 388-404,March
2000.

[6] S. R. Kulkarni and P. Viswanath, ªA Deterministic Ap-
proach to Throughput Scaling in Wireless Networksº,
Preprint: http://www.ifp.uiuc.edu/ p̃ramodv/pubs
/v021104.ps .

[7] R. Motwani and P. Raghavan, ªRandomizedalgorithmsº,Cam-
bridge Univ. Press, 1995.

[8] R. W. Wolff, ªStochasticModeling and the Theory of Queuesº,
Prentice-Hall.


