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Abstract

We addressthe challengesof bursty convergecastin
multi-hopwirelesssensornetworks,wherealargeburst
of packets from different locationsneedsto be trans-
portedreliably andin real-timeto a basestation. Via
experimentson a 49 MICA2 motesensornetwork us-
ing a realistic traf�c trace,we determinethe primary
issuesin bursty convergecast,andaccordinglydesign
a protocol, RBC (for ReliableBursty Convergecast),
to addresstheseissues: To improve channelutiliza-
tion andto reduceack-loss,we designa window-less
blockacknowledgmentschemethatguaranteescontin-
uouspacketforwardingandreplicatestheacknowledg-
mentfor a packet; to alleviateretransmission-incurred
channelcontention,we introducedifferentiatedcon-
tentioncontrol. Moreover, we designmechanismsto
handlevaryingack-delayandto reducedelayin timer-
basedretransmissions.We evaluateRBC, againvia
experiments,andshow that comparedto a commonly
usedimplicit-ack scheme,RBC doublespacket deliv-
ery ratio andreducesend-to-enddelayby an orderof
magnitude,asa resultof whichRBC achievesa close-
to-optimalgoodput.
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1 Intr oduction

A typical applicationof wirelesssensornetworks is to
monitor an environment(be it an agricultural�eld or
a classi�ed area)for eventsthat areof interestto the
users.Usually, theeventsarerare. Yet whenanevent
occurs,a largeburstof packetsis oftengeneratedthat
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needsto be transportedreliably and in real-timeto a
basestation.Oneexemplaryevent-drivenapplicationis
demonstratedin theDARPA NEST�eld experiment“A
Line in the Sand” (simply calledLites hereafter)[5].
In Lites, a typical event generatesup to 100 packets
within a few secondsandthepacketsneedto betrans-
portedfrom differentnetwork locationsto a basesta-
tion, overmulti-hoproutes.

Thehigh-volumeburstytraf�c in event-drivenappli-
cationsposesspecialchallengesfor reliableandreal-
timepacketdelivery. Thelargenumberof packetsgen-
eratedwithin a short period leadsto high degreeof
channelcontentionandthusahighprobabilityof packet
collision. The situationis further exacerbatedby the
factthatpacketstravel overmulti-hoproutes:�rst, the
total numberof packetscompetingfor channelaccess
is increasedby a factor of the averagehop-countof
network routes;second,theprobabilityof packetcolli-
sion increasesin multi-hopnetworks dueto problems
suchas hidden-terminals.Consequently, packets are
lost with high probability in bursty convergecast.For
example,with the default radio stackof TinyOS [3],
around50%of packetsarelostfor mosteventsin Lites.

For real-timepacketdelivery, hop-by-hoppacket re-
covery is usually preferredover end-to-endrecovery
[16, 18]; and this is especiallythe casewhen 100%
packet delivery is not required(for instance,for bursty
convergecastin sensornetworks). Nevertheless,we
�nd issueswith existing hop-by-hopcontrol mecha-
nismsin bursty convergecast.Via experimentswith a
testbedof 49 MICA2 motesandwith traf�c tracesof
Lites, we observe that the commonlyusedlink-layer
errorcontrolmechanismsdo not signi�cantly improve
andcanevendegeneratepacketdeliveryreliability. For
example,whenpacketsareretransmittedupto twiceat
eachhop,theoverallpacketdeliveryratio increasesby
only 6.15%; and when the numberof retranmissions
increases,thepacket delivery ratio actuallydecreases,
by 11.33%.

Oneissuewith existing hop-by-hopcontrolmecha-
nismsis that they do not schedulepacket retransmis-
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sionsappropriately;asa result, retransmittedpackets
furtherincreasethechannelcontentionandcausemore
packet loss.Moreover, dueto in-orderpacket delivery
and conservative retransmissiontimers, packet deliv-
erycanbesigni�cantly delayedin existinghop-by-hop
mechanisms,which leadsto packet backloggingand
reductionin network throughput.(We examinethede-
tails in Section3.)

On theotherhand,thenew network andapplication
modelsof burstyconvergecastin sensornetworksoffer
uniqueopportunitiesfor reliable and real-timetrans-
port control:

� First, the broadcastnatureof wirelesschannels
enablesanodeto determine,bysnoopingthechan-
nel,whetheritspacketsarereceivedandforwarded
by its neighbors.

� Second,high-precisiontime synchronizationand
thefactthatdatapacketsaretimestampedrelieve
transport layer from the constraintof in-order
packet delivery, sinceapplicationscandetermine
theorderof packetsby their timestamps.

Therefore,techniquesthat take advantageof theseop-
portunitiesandmeetthechallengesof reliableandreal-
timeburstyconvergecastaredesired.

Contrib utions of the paper. We study the limita-
tionsof two commonlyusedhop-by-hoppacket recov-
ery schemesin bursty convergecast.We discover that
the lack of retransmissionschedulingin bothschemes
makes retransmission-basedpacket recovery ineffec-
tive in thecaseof bursty convergecast.Moreover, in-
orderpacket delivery makesthecommunicationchan-
nel under-utilized in the presenceof packet- andack-
loss.

To addressthechallenges,we designprotocolRBC
(for ReliableBurstyConvergecast).Takingadvantage
of theuniquesensornetwork models,RBCfeaturesthe
following mechanisms:

� To improve channel utilization, RBC uses a
window-lessblock acknowledgmentschemethat
enablescontinuouspacket forwardingin thepres-
enceof packet-andack-loss.Theblock acknowl-
edgmentalsoreducestheprobabilityof ack-loss,
by replicatingtheacknowledgmentfor a received
packet.

� To ameliorate retransmission-incurredchannel
contention,RBC introducesdifferentiatedcon-
tentioncontrol,which ranksnodesby their queu-
ing conditionsaswell asthenumberof timesthat
the enqueuedpackets have beentransmitted. A
noderanked the highestwithin its neighborhood
accessesthechannel�rst.

In addition, we designtechniquesthat addressthe
challengesof timer-basedretransmissioncontrolin bursty
convergecast:

� Todealwith continuouslychangingack-delay, RBC
usesadaptive retransmissiontimer which adjusts
itself asnetwork statechanges.

� To reducedelayin timer-basedretransmissionand
to expediteretransmissionof lost packets, RBC
usesblock-NACK, retransmissiontimerreset,and
channelutilization protection.

WeevaluateRBCby experimentingwith anoutdoor
testbedof 49 MICA2 motesandwith realistic traf�c
tracefrom the �eld sensornetwork of Lites. Our ex-
perimentalresultsshow that, comparedwith a com-
monly usedimplicit-ack scheme,RBC increasesthe
packet delivery ratio by a factorof 2.05 and reduces
the packet delivery delayby a factorof 10.91. More-
over, RBC achievesa goodputof 6.37packets/second
for the traf�c traceof Lites, almostreachingtheopti-
mal goodput— 6.66packets/second— for thetrace.

Organization of the paper. We describeour testbed
anddiscusstheexperimentdesignin Section2. In Sec-
tion 3, we studythelimitationsof existinghop-by-hop
control mechanisms.We presentthe detaileddesign
of RBC in Section4, thenwe presenttheexperimental
resultsin Section5. We discussrelatedworks in Sec-
tion 6, andwe makeconcludingremarksin Section7.

2 Testbedand experimentdesign

Towardscharacterizingtheissuesin makingburstycon-
vergecastboth reliableandtimely, we conductan ex-
perimentalstudy. We chooseexperimentationas op-
posedto simulationin orderto gainhigher�delity and
con�dencein theobservations. Beforepresentingour
study, we �rst describeour testbedandtheexperiment
design.

Testbed. We setupour testbedto re�ect the�eld sen-
sornetwork of Lites, andwe usethetraf�c tracefor a
typical eventin Litesasthebasisof our experiments.

Thetestbedconsistsof 49MICA2 motesdeployedin
a grass�eld, asshown in Figure1(a),wherethegrass
is 2-4 inchestall.The49 motesform a 7 � 7 grid with
a5-feetseparationbetweenneighboringgrid points,as
shown in Figure1(b) whereeachgrid point represents
a mote. Themoteat the left-bottomcornerof thegrid
is the basestationto which all the other motessend
packets.The7 � 7 grid imitatesa subgridin thesensor
network of Lites.

Thetraf�c trace(simplycalledLitestracehereafter)
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(a)Environment (b) Grid topology

Figure1: Thetestbed

correspondsto thepacketsgeneratedin a 7 � 7 subgrid
of theLites network whena vehiclepassesacrossthe
middleof theLites network. Whenthevehiclepasses
by, eachmoteexceptfor thebasestationdetectstheve-
hicle andgeneratestwo packets,which correspondto
thestartandtheendof theeventdetectionrespectively
andareseparated5-6 secondson average.Overall, 96
packetsaregeneratedeachtimethevehiclepassesby.1

The cumulative distribution of the numberof packets
generatedduring the event is shown in Figure2. (In-
terestedreaderscan�nd thedetaileddescriptionof the
traf�c tracein [4].)
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Figure2: Thedistributionof packetsgeneratedin Lites
trace

If we de�ne the burst rate up to a momentin the
event as the numberof packets generatedso far di-
vided by the time sincethe �rst packet is generated,
the highest burst rate in Lites trace is 14.07 pack-
ets/second.Given that the highestone-hopthrough-
put is about42.93packets/secondfor MICA2 motes
with B-MAC (the latestMAC componentof TinyOS)
and that, in multi-hop networks, even an ideal MAC
canonly achieve �

� of thethroughputthata single-hop
transmissioncanachieve [11], the burst rate of Lites

1Wecouldhavechosenatraf�c tracewherefewernumberpacketsaregen-
erated(e.g.,whena soldierwith a gunpassesby), but thatwould not serve as
well in showing thechallengesposedby hugeeventtraf�c bursts.

tracefar exceedstherateat which themotescanpush
packetsto thebasestation.Therefore,it is a challeng-
ing taskto deliver packetsreliably andin real time in
sucha heavy-loadburstytraf�c scenario.

Experiment design. To re�ect themulti-hopnetwork
of Lites, we let eachmote transmitat the minimum
power level by which two motes10 feetapartareable
to reliablycommunicatewith eachother, andthepower
level is 9 (out of a rangebetween1 and255). We use
theroutingprotocolLGR [7] in ourtestbed.2 LGR uses
links that are reliable in the presenceof bursty traf-
�c, andLGR spreadstraf�c uniformly acrossdifferent
pathsto reducewirelesschannelcontention.Therefore,
LGR providesa reliableanduniform packet delivery
servicein bursty convergecast[7]. In our testbed,the
numberof hopsin a pathis up to 6 andis 3.3on aver-
age.

For eachprotocolweevaluate,weruntheLitestrace
10 timesandmeasuretheaverageperformanceof the
protocolby thefollowing metrics:

� Eventreliability (ER): thenumberof uniquepack-
etsreceivedat thebasestationin aneventdivided
by thenumberpacketsgeneratedfor theevent.

Event reliability re�ects how well an event is
reportedto thebasestation.

� Packet deliverydelay (PD): the time taken for a
packetto reachthebasestationfrom thenodethat
generatesit.

� Eventgoodput(EG): thenumberof uniquepack-
etsreceivedat thebasestationdividedby the in-
terval betweenthemomentthe�rst packet is gen-
eratedand the momentthe basestationreceives
any packet thelasttime.

Eventgoodputre�ects how fastthetraf�c of an
event is pushedfrom thenetwork to thebasesta-
tion. By de�nition, theoptimaleventgoodputfor
Lites traceis 6.66 packets/second,which corre-
spondsto the casewherethe packet delivery de-
lay is 0 andall thepacketsarereceivedby thebase
station.

� Nodereliability (NR): thenumberof uniquepack-
etsthat aregeneratedby a nodeandreceived by
thebasestationdividedby thenumberof packets
generatedat thenode.

(Remark: The study in this paper applies to cases
wherenetwork topologiesotherthangrid androuting
protocolsotherthanLGR areused,sincetheprotocols
studiedare independentof the network topologyand
theroutingprotocol.)

2To focuson transportissues,wedisablethe “base-snooping”in LGR so
thatthebasestationdoesnot acceptpacketssnoopedover thechannel.
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3 Limitations of two hop-by-hop
packet recovery mechanisms

Two widely usedhop-by-hoppacket recovery mecha-
nismsin sensornetworksaresynchronousexplicit ack
andstop-and-wait implicit ack. We studytheir perfor-
mancein burstyconvergecastasfollows.

3.1 Synchronousexplicit ack (SEA)

In SEA, a receiver switchesto transmit-mode,imme-
diatelyafterreceiving a packet,andsendsbacktheac-
knowledgmentwithoutgoingthroughtheprocedureof
channelaccesscontrol (sincethecurrenttransmission
is preventing other nearbynodesfrom accessingthe
channel);thesenderimmediatelyretransmitsa packet
if the correspondingack is not received after certain
constanttime. Usingour testbed,we studytheperfor-
manceof SEA whenusedwith B-MAC [13, 3] andS-
MAC [21]. B-MAC usesthemechanismof CSMA/CA
(carriersensemultipleaccesswith collisionavoidance)
to controlchannelaccess;S-MACusesCSMA/CA too,
but it alsoemploys RTS-CTShandshake to reducethe
impactof hiddenterminals.

SEA with B-MAC. Theevent reliability, theaverage
packet delivery delay, aswell asthe event goodputis
shown in Table1, whereRT standsfor the maximum

Metrics RT = 0 RT = 1 RT = 2
ER (%) 51.05 54.74 54.63

PD (seconds) 0.21 0.25 0.26
EG(packets/sec) 4.01 4.05 3.63

Table1: SEAwith B-MAC in Lites trace

numberof retransmissionsfor eachpacket at eachhop
(e.g., RT = 0 meansthat packets are not retransmit-
ted). Thedistribution of thenumberof uniquepackets
receivedat thebasestationalongtime is shown in Fig-
ure3.

Table1 andFigure3 show thatwhenpacketsarere-
transmitted,theeventreliability increasesslightly (i.e.,
by up to 3.69%). Nevertheless,the maximumrelia-
bility is still only 54.74%,and,even worse,the event
reliability aswell asgoodputdecreaseswhenthemax-
imum numberof retransmissionsincreasesfrom 1 to
2. (Theabove datais for B-MAC with its default con-
tentionwindow size. We have conductedthe experi-
mentwith differentcontentionwindow sizeof B-MAC,
andwefoundthattheperformancepatternremainsthe
same.)

SEA with S-MAC. Unlike B-MAC, S-MAC uses
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Figure3: Thedistribution of packet receptionin SEA
with B-MAC

RTS-CTShandshake for unicasttransmissions,which
reducespacket collisions.We evaluateSEA whenit is
usedwith S-MAC, andtheperformancedatais shown
in Table2 andFigure4.

Metrics RT = 0 RT = 1 RT = 2
ER (%) 72.6 74.79 70.1

PD (seconds) 0.17 0.183 0.182
EG(packets/sec) 5.01 4.68 4.37

Table2: SEA with S-MAC in Lites trace
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Figure4: Thedistribution of packet receptionin SEA
with S-MAC

Comparedwith B-MAC, RTS-CTShandshake im-
provesthe event reliability by about20% in S-MAC.
Yetpacketretransmissionsstill donotsigni�cantly im-
prove the event reliability and can even decreasethe
reliability.

Analysis. We �nd thatthereasonwhy retransmission
doesnot signi�cantly improve— andcanevendegen-
erate— communicationreliability is that,in SEA, lost
packetsare retransmittedwhile new packetsaregen-
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eratedandforwarded,thusretransmissions,whennot
scheduledappropriately, only increasechannelcon-
tentionandcausemorepacketcollision.3 Thesituation
is further exacerbatedby ack-loss(with a probability
ashigh as10.29%),sinceack-losscausesunnecessary
retransmissionof packetsthathave beenreceived. To
make retransmissioneffective in improving reliability,
therefore,weneedaretransmissionschedulingmecha-
nismthatamelioratesretransmission-incurredchannel
contention.

3.2 Stop-and-wait implicit ack (SWIA)

SWIA takesadvantageof thefact thatevery node,ex-
ceptfor thebasestation,forwardsthepacketit receives
andthe forwardedpacket canact as the acknowledg-
mentto thesenderat theprevioushop[12]. In SWIA,
the senderof a packet snoopsthe channelto check
whetherthe packet is forwardedwithin certain con-
stantthresholdtime; the senderregardsthe packet as
received if it is forwardedwithin the thresholdtime,
otherwisethepacket is regardedaslost. Theadvantage
of SWIA is thatacknowledgmentcomesfor freeexcept
for thelimited controlinformationpiggybackedin data
packets.

WeevaluateSWIA only with B-MAC,giventhatthe
implementationof S-MAC is not readilyapplicablefor
packet snooping. The performanceresultsareshown
in Table3 andin Figure5.

Metrics RT = 0 RT = 1 RT = 2
ER (%) 43.09 31.76 46.5

PD (seconds) 0.35 8.81 18.77
EG(packets/sec) 3.48 2.58 1.41

Table3: SWIA with B-MAC in Lites trace

We seethatthemaximumeventreliability in SWIA
is only 46.5%,andthatthereliability decreasessignif-
icantly whenpacketsareretransmittedat mostonceat
eachhop. Whenpacketsareretransmittedup to twice
at eachhop, the packet delivery delay increases,and
the event goodputdecreasessigni�cantly despitethe
slightly increasedreliability.

Analysis. We �nd that the above phenomenaare
dueto the following reasons.First, the lengthof data
packets is increasedby the piggybacked control in-
formation in SWIA, thus the ack-lossprobability in-
creases(ashigh as18.39%in our experiments),which
in turn increasesunnecessaryretransmissions.Second,

3Thisisnotthecasein wirelinenetworksandisdueto thenatureof wireless
communications.
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Figure5: Thedistributionof packetreceptionin SWIA
with B-MAC

mostpacketsarequeueduponreceptionandthustheir
forwarding is delayed. As a result, the piggybacked
acknowledgmentsare delayedand the corresponding
packetsareretransmittedunnecessarily. Third, oncea
packet is waiting to be acknowledged,all the packets
arriving latercannotbeforwardedevenif thecommu-
nicationchannelis free. Therefore,channelutilization
aswell assystemthroughputdecreases,andnetwork
queuingas well as packet delivery delay increases.
Fourth, as in SEA, lack of retransmissionscheduling
allows retransmissions,beit necessaryor unnecessary,
to causemorechannelcontentionandpacket loss.

4 ProtocolRBC

To addressthelimitationsof SEA andSWIA in bursty
convergecast,wedesignprotocolRBC.In RBC,wede-
sign a window-lessblock acknowledgmentschemeto
increasechannelutilizationandto reducetheprobabil-
ity of ack-loss.We alsodesignadistributedcontention
control schemethat schedulespacket retransmissions
and reducesthe contentionbetweennewly generated
andretransmittedpackets.Moreover, wedesignmech-
anismsto addressthechallengesof burstyconvergecast
on timer-basedretransmission(such as varying ack-
delayandtimer-incurreddelay).

Given that the number of packets competingfor
channelaccessis less in implicit-ack basedschemes
than in explicit-ack basedschemes,we designRBC
basedontheparadigmof implicit-ack(i.e.,piggyback-
ing control informationin datapackets).We elaborate
onRBCasfollows. (Eventhoughthemechanismsused
in RBCcanbeappliedin theexplicit-ackparadigm,we
relegatethedetailedstudyasour futurework.)
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4.1 Window-lessblock acknowledgment

In traditional block acknowledgment[6], a sliding-
window is usedfor both duplicatedetectionand in-
order packet delivery.4 The sliding-window reduces
network throughputoncea packet is sentbut remains
unacknowledged(sincethesendercanonly sendup to
its window sizeonceapacketis unacknowledged),and
in-orderdelivery increasespacket delivery delayonce
a packet is lost (sincethe lost packet delaysthedeliv-
ery of every packet behindit). Therefore,thesliding-
window basedblockacknowledgmentschemedoesnot
apply to bursty convergecast,given the real-timere-
quirementof thelatter.

To addressthe constraintsof traditional block ac-
knowledgmentin the presenceof unreliablelinks, we
take advantageof the fact that in-orderdelivery is not
requiredin bursty convergecast.Without considering
theorderof packet delivery, by which we only needto
detectwhetherasequenceof packetsarereceivedwith-
out lossin themiddleandwhethera receivedpacket is
a duplicateof a previously receivedone. To this end,
we design,as follows, a window-lessblock acknowl-
edgmentschemewhich guaranteescontinuouspacket
forwardingirrespective of theunderlyinglink unrelia-
bility aswell astheresultingpacket-andack-loss.For
clarity of presentation,weconsideranarbitrarypairof
nodes� and � where � is thesenderand � is there-
ceiver.

Window-lessqueuemanagement. Thesender� or-
ganizesits packet queueas ����� �"! linked lists, as
shown in Figure 6, where � is the maximumnum-
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Figure6: Virtual queuesata node

ber of retransmissionsat eachhop. For convenience,
we call the linked lists virtual queues, denotedas

#%$'&)(*()(+&,#.-0/

�

. The virtual queuesare ranked such
thata virtual queue

#21

rankshigherthan
#43

if 5�687 .
Virtual queues

#
$

&,#

�

&*()(*(

, and
#

-

buffer packets
waiting to be sentor to be acknowledged,and

#
-0/

�

4Note that SWIA is a specialtype of block acknowledgmentwherethe
window sizeis 1.

collects the list of free queuebuffers. The virtual
queuesaremaintainedasfollows:

� Whena new packet arrivesat � to besent, � de-
tachesthe headbuffer of

# -0/

�

, if any, stores
thepacket into thequeuebuffer, andattachesthe
queuebuffer to thetail of

# $

.
� Packetsstoredin a virtual queue

# 1

( 5:9<; ) will
not be sentunless

# 1>=

�

is empty;packetsin the
samevirtual queuearesentin FIFO order.

� After a packet in a virtual queue
#?1

( 5A@B; ) is
sent,thecorrespondingqueuebuffer is movedto
the tail of

#.1 /

�

, unlessthe packet hasbeenre-
transmitted � times5 in which casethe queue
buffer is movedto thetail of

# -0/

�

.
� Whena packet is acknowledgedto have beenre-

ceived, the buffer holding the packet is released
andmovedto thetail of

# -0/

�

.
Therefore,the order in which unacknowledgedpack-
etshave beensentis maintainedin the virtual queues
without any window-basedcontrol, providing the ba-
sisfor window-lessblockacknowledgment.Moreover,
newly arrivedpacketscanbesentimmediatelywithout
waiting for thepreviously sentpacketsto beacknowl-
edged,which enablescontinuouspacket forwardingin
thepresenceof packet-andack-loss.

Block acknowledgment & reducedack-loss. Each
queuebuffer at � hasanID that is uniqueat � . When

� sendsa packet to the receiver � , � attachesthe ID
of thebuffer holdingthepacketaswell astheID of the
buffer holding thepacket to besentnext. In Figure6,
for example,when � sendsthepacketin buffer C , � at-
tachesthevaluesC and D . Giventhequeuemaintenance
procedure,if thebuffer holdingthepacketbeingsentis
thetail of

#E$

or theheadof a virtual queueotherthan
#E$

, � alsoattachestheID of theheadbuffer of
#0-?/

�

,
if any, sinceoneor morenew packetsmay arrive be-
fore thenext enqueuedpacket is sentin whichcasethe
newly arrived packet(s)will be sent�rst. For exam-
ple, whenthepacket in buffer F of Figure6 is sent, �

attachesthevaluesF , G , and H .
Whenthereceiver � receivesapacket I

$

from � , �

learnsthe ID JLK of the buffer holding the next packet
to besentby � . When � receivesa packet INM from �

next time, � checkswhetherIOM is from buffer JLK at � :
if IPM is from buffer JLK , � knowsthatthereis nopacket
lossbetweenreceiving I

$

andIOM from � ; otherwise,�

detectsthatsomepacketsarelost betweenI

$

andI
M .

For eachmaximalsequenceof packets I

1
&)(*()(+&

I

1RQ

from � that arereceived at � without any loss in the

5Due to block-NACK, to be discussedin Section4.3.2, a packet having
beenretransmitted

-

timesmaybein a virtual queueotherthan SUT .
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middle, � attachesto packet I

1 Q

the 2-tuple VXW

1�&

W

1 Q�Y

,
where W

1

and W

1RQ

arethe IDs of thebuffersstoring I

1

and I

1RQ

at � . We call VXW

1 &

W

1RQ

Y

theblock acknowledg-
mentfor packets I

1 &)(*(*()&

I

1 Q

. When � snoopsthe for-
wardedpacket I

1 Q

later, � learnsthat all the packets
sentbetweenI

1

andI

1 Q

havebeenreceivedby � . Then
� releasesthebuffersholdingthesepackets.For exam-
ple, if � snoopsa block acknowledgmentVXF

&[Z Y

when
its queuestateis asshown in Figure6, � knows that
all the packetsin buffersbetweenF and

Z

in
#

�

have
beenreceived,and � releasesbuffersbetweenF and

Z

,
including F and

Z

.
Onedelicatedetail in processingtheblockacknowl-

edgment VXW

1�&

W

1RQ Y

is that after releasingbuffer W

1

, �

will maintaina mapping W

1]\

W

1+Q Q

, where W

1RQ Q

is the
buffer holdingthepacket sent(or to besentnext) after
that in W

1

Q

. When � snoopsanotherblock acknowl-
edgment VXW

1 &

W
M

Y

later, � knows, by W

1^\

W

1 Q Q

, that
packetssentbetweenthosein buffers W

1
Q Q

and W
M have

beenreceivedby � ; then � releasesthebuffersholding
thesepackets,and � resetsthemappingto W

1
\

W*M

Q Q

,
where W)M

Q Q

is the buffer holding the packet sent(or to
be sentnext) after that in W)M . � maintainsthe map-
ping for W

1

until � receivesa block-NACK (to bedis-
cussedin Section4.3.2) or a block acknowledgment

VXW

&

W�K

Y

whereW`_

a

W

1

.
In theaboveblockacknowledgmentscheme,theac-

knowledgmentfor a received packet is piggybacked
ontothepacket itself aswell asthepacketsthatarere-
ceivedconsecutively after thepacket without any loss
in themiddle.Therefore,theacknowledgmentis repli-
catedandtheprobabilityfor it to belostdecreasessig-
ni�cantly, by a factorof 2.07in Lites traceasanalyzed
below.

Analysisof ack-lossprobability. For convenience,we
de�ne thefollowing notations:

b c theprobabilityof losingasingle(data)packet;
d

c thenumberof packetsreceived in succession
withoutany lossin themiddle;

d
e

c thenumberof packetslost in succession;
f

c thenumberof packetsreceived in succession
withoutany lossin themiddle,afterapacket
is alreadyreceived;

g

c thenumberof timesthattheacknowledgment
for apacket is receivedat thesender.

Assumingthatpacket lossesareindependentof one
another, we have the probability massfunctions for
randomvariablesh and h]K asfollows.

ikj d^lnm*o l

b�pXqsrtb'uXv

ikj d
ewlxm)oyl

pXqzr
b'u{b
v

In RBC,whenapacket | is receivedatareceiver � ,
theacknowledgmentfor | canreachbackto thesender

� in two ways: � snoops| whenit is forwardedby �

later, with probability }•~•€ƒ‚…„ ; or � doesnot snoop |

but snoopsa packet whoseblock acknowledgmentac-
knowledgesthe receptionof | , with probability }‡†ƒˆ .
Therefore,the probability }Š‰‹†ƒŒ of � receiving the ac-
knowledgmentfor | canbederivedasfollows:
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Then, the probability }.K

‰,†ƒŒ

of losing the acknowledg-
mentfor apacket in RBC is µ·¶¸}Š‰‹†�Œ .

In the caseof Lites trace and implicit-ack, I

a

�"�

({¹'º

. Therefore }
K

‰‹†ƒŒ

ay»

(

»'¼

º

, reducingthe ack-
lossprobabilityof SWIA by a factorof 2.07. ½

Duplicate detection& obsolete-ack�ltering . Since
it is impossibleto completelypreventack-lossin lossy
communicationchannels,packetswhoseacknowledg-
ments are lost will be retransmittedunnecessarily.
Therefore,it is necessarythatduplicatepacketsbede-
tectedanddropped.

To enableduplicatedetection,the sender� main-
tainsa counterfor eachqueuebuffer, whosevalue is
incrementedby oneeachtime a new packet is stored
in the buffer. When � sendsa packet, it attachesthe
currentvalueof thecorrespondingbuffer counter. For
eachbuffer W at � , thereceiver � maintainsthecounter
value F)¾ piggybackedin thelastpacket from thebuffer.
When � receivesanotherpacketfrom thebuffer W later,

� checkswhetherthecountervaluepiggybackedin the
packetequalsto F)¾ : if they areequal,� knowsthatthe
packet is a duplicateanddropsit; otherwise� regards
thepacket asa new oneandacceptsit. The duplicate
detectionis local in thesensethatit only requiresinfor-
mationlocal to eachqueuebuffer insteadof imposing
any rule involving differentbuffers(suchasin sliding-
window) thatcandegeneratesystemperformance.

For thecorrectnessof theabove duplicatedetection
mechanism,weonly needto choosethedomainsize ¿

for thecountervaluesuchthattheprobabilityof losing
¿ packetsin successionis negligible. For example,for
the high per-hop packet lossprobability 22.7%in the
caseof Lites trace,¿ couldstill beassmallas7, since
theprobabilityof losing7 packetsin successionis only
0.003%.6

6Given the small domainsizefor the countervalueaswell asthe usually
small queuesize at eachnode,the duplicatedetectionmechanismdoesnot
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In additionto duplicatedetection,wealsousebuffer
counterto �lter out obsoleteacknowledgment. De-
spitethe low probability, packet forwardingat � may
beseverelydelayed,suchthat thequeuebufferssigni-
�ed in a block acknowledgmenthave beenreusedby

� to hold packetsarriving later. To dealwith this, �

attachesto eachforwardedpacket the ID as well as
the countervalue of the buffer holding the packet at

� originally; when � snoopsa packet forwardedby
� , � checkswhetherthe piggybacked countervalue
equalsto thecurrentvalueof thecorrespondingbuffer:
if they areequal, � regardsasvalid the piggybacked
blockacknowledgment;otherwise,� regardstheblock
acknowledgmentasobsoleteandignoresit.

Aggregated-ackat the basestation. In sensornet-
works, the basestationusuallyforwardsall the pack-
etsit receivesto an externalnetwork. As a result,the
children of the basestation (i.e., the nodesthat for-
ward packets directly to the basestation)are unable
to snoopthepacketsthebasestationforwards,andthe
basestationhasto explicitly acknowledgethepackets
it receives.To reducechannelcontention,thebasesta-
tion aggregatesseveral acknowledgments,for packets
receivedconsecutively in a shortperiodof time, into a
singlepacket andbroadcaststhepacket to its children.
Accordingly, thechildrenof thebasestationadapttheir
controlparametersto theway thebasestationhandles
acknowledgments.

4.2 Differentiatedcontention control

In wirelesssensornetworkswhereper-hopconnectiv-
ity is reliable,mostpacketlossesaredueto collision in
the presenceof severechannelcontention.To enable
reliablepacketdelivery, lostpacketsneedto beretrans-
mitted.Nevertheless,packet retransmissionmaycause
morechannelcontentionandpacket loss,thusdegen-
eratingcommunicationreliability. Also, thereexist un-
necessaryretransmissionsdueto ack-loss,which only
increasechannelcontentionand reducecommunica-
tion reliability. Therefore,it is desirableto schedule
packet retransmissionssuchthat they do not interfere
with transmissionsof otherpackets.

The way the virtual queuesare maintainedin our
window-lessblockacknowledgmentschemefacilitates
the retransmissionscheduling,sincepacketsareauto-
maticallygroupedtogetherby differentvirtual queues.
Packets in higher-ranked virtual queueshave been
transmittedless numberof times, and the probabil-

consumemuchmemory. For example,it only takes 36 bytesin the caseof
Lites.

ity that the receiver hasalreadyreceived the packets
in higher-ranked virtual queuesis lower (e.g., 0 for
packets in

#E$

). Therefore,we rank packets by the
rank of the virtual queuesholding the packets, and
higher-ranked packets have higher-priority in access-
ing thecommunicationchannel.By this rule, packets
thathavebeentransmittedlessnumberof timeswill be
(re)transmittedearlierthanthosethathave beentrans-
mitted more,andinterferencebetweenpacketsof dif-
ferentranksis reduced.

Window-less block acknowledgmentalreadyhan-
dles packet differentiation and schedulingwithin a
node,thuswe only needa mechanismthat schedules
packet transmissionacrossdifferentnodes.To reduce
interferencebetweenpacketsof the samerank andto
balancenetwork queuingaswell aschannelcontention
acrossnodes,inter-nodepacket schedulingalso takes
into accountthenumberof packetsof acertainrankso
thatnodeshaving moresuchpacketstransmitearlier.

To implementtheaboveconcepts,wede�ne therank
À

CwJs5N�…7w! of a node 7 as Vž�Á¶Â5

&�Ã #.1šÃ{&

ID �Ä7�!

Y

, where
#21

is thehighest-rankednon-emptyvirtual queueat 7 ,
Ã #.1´Ã

is thenumberof packetsin
#21

, andID �Ä7�! is the
ID of 7 . A nodewith a largerrankvaluerankshigher.7

Then,thedistributedtransmissionschedulingworksas
follows:

� Eachnodepiggybacksits rankto thedatapackets
it sendsout.

� Upon snoopingor receiving a packet, a node 7

comparesits rankwith thatof thepacketsender5 .
7 will changeits behavior only if 5 rankshigher
than7 , in whichcase7 will notsendany packet in
thefollowing Å2�Ä7

&

5´!O�tÆOÇ

1‹È

time. ÆPÇ

1‹È

is thetime
taken to transmita packet at theMAC layer, and

Å2�Ä7

&

5´!

aÊÉ

¶¸Ë , when À

CwJs5N�…7�! and À

CwJs5N��5´! dif-
fer atthe Ë -th elementof the3-tupleranks. Å2�Ä7

&

5´!

is de�ned suchthat theprobabilityof all waiting
nodesstartingtheir transmissionssimultaneously
is reduced,andthat higher-rankednodestend to
wait for shortertime. Æ

Ç

1RÈ

is estimatedby the
methodof ExponentiallyWeightedMoving Aver-
age(EWMA).

� If a sendingnode 7 detectsthat it will not send
its next packet within ÆOÇ

1‹È

time (i.e., when 7

knows that,after thecurrentpacket transmission,
it will rank lower thananothernode), 7 signi�es
this by markingthepacket beingsent,sothat the

7The conceptof “rank” is de�ned suchthat the �rst �eld guaranteesthat
packetshaving beentransmittedlessnumberof timeswill be (re)transmitted
earlier, thesecond�eld ensuresthatnodeshaving morepacketsenqueuedget
chancesto transmitearlier, andthe third �eld is to breakties in the �rst two
�elds.
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nodesoverhearingthe packet will skip 7 in the
contentioncontrol. (This mechanismreducesthe
probability of idle waiting, wherethe channelis
freebut nopacket is sent.)

4.3 Timer management in window-less
block acknowledgment

In window-less block acknowledgment,a sender �

startsaretransmissiontimeraftersendingapacket,and
� retransmitsthepacket if � hasnot receivedthecor-
respondingackwhenthetimer timesout. Retransmis-
sion timers directly affect the reliability and the de-
lay in packet delivery: large timeoutvaluesof timers
tendto increasepacket delivery delay, whereassmall
timeoutvaluestend to causeunnecessaryretransmis-
sionsandthusdecreasepacket delivery reliability. To
provide reliableandreal-timepacket delivery, we de-
signmechanismsto managethetimersin window-less
block acknowledgmentas follows. (Again, we con-
siderasender� anda receiver � .)

4.3.1 Dealingwith varying ack-delay

When the receiver � receives a packet | from the
sender� , � �rst buffers | in

#
$

. Thedelayin � for-
warding | dependson thenumberof packetsin front
of | in

#
$

. Sincethenumberof packetsenqueuedin
#

$

keepschanging,thedelayin forwardinga received
packet by � keepschanging,which leadsto varying
delay in packet acknowledgment. Therefore,the re-
transmissiontimer at thesender� shouldadaptto the
queuingconditionat � ; otherwise,eitherlost packets
areunnecessarilydelayedin retransmission(whenthe
retransmissiontimer is too large)or packetsareunnec-
essarilyretransmittedeven if they arereceived (when
theretransmissiontimer is toosmall).

To adaptively settingthe retransmissiontimer for a
packet,thesender� keepstrackof, by snoopingpack-
etsforwardedby � , thelength Ì

‰ of
#

$

at � , theaver-
agedelay G

‰ in � forwardinga packet afterthepacket
becomesthe headof

#
$

, and the deviation GwK

‰

of G
‰ .

When � sendsa packet to � , � setstheretransmission
timerof thepacketas

�žÌ
‰

� ¿

$

!+�žG
‰

�

É

G

K

‰

!

where ¿

$

is a constantdenotingthe numberof new
packetsthat � may have received since � learnedÌ

‰

the last time ( ¿

$

dependson the applicationas well
asthe link reliability, and ¿

$

is 3 in our experiments).
The reasonwhy we usethe deviation GŽK

‰

in the above
formula is that Gw‰ variesa lot in wirelessnetworks in

thepresenceof bursty traf�c, in which casethedevia-
tion improvesestimationquality [10].

At a node,eachlocal parameterÍ (suchas G�‰ for
node � ) and its deviation ÍUK are estimatedby the
methodof EWMA asfollows:

Î.ÏÐpXqsr.Ñ"u³Î

¡

Ñ'Î

e e

Î

e

ÏÐpžqLr.Ñ

e

u³Î

e

¡

Ñ

e

• Î

e e

r2ÎN•

where Ò and Ò K areweight-factors,and Í K K is thelatest
observationof Í . Empirically, we set Ò

a

�

Ó and ÒÔK

a

�

� in RBC.

4.3.2 Alleviating timer-incurr eddelay

Thepacket retransmissiontimer calculatedasabove is
conservative in thesensethat it is usuallygreaterthan
theactualack-delay[10]. This is importantfor reduc-
ing theprobabilityof unnecessaryretransmissions,but
it introducesextra delayandmakesnetwork resources
under-utilized[22].

To alleviatetimer-incurreddelay, we designthefol-
lowing mechanismsto expeditenecessarypacket re-
transmissionsandto improvechannelutilization:

� Whenever the receiver � receives a packet |

from buffer J of thesender� while � is expecting
(in theabsenceof packet loss)to receivea packet
from buffer JsK of � , � learnsthatpacketssentbe-
tweenthosein buffers JsK and J at � , includingthe
onein JsK , are lost. In this case,� piggybacksa
block-NACK Õ JsK

&

Js! onto the next packet it for-
wards,by whichtheblock-NACK canbesnooped
by � immediately.

When � learnsthe block-NACK Õ JsK

&

Js! from
� , � resetstheretransmissiontimersto 0 for the
packetssentbetweenthosein JzK and J (includ-
ing theonein JsK ), andfor eachof thesepackets,

� moves the correspondingbuffer to the tail of
#.1�=

�

if thebuffer is currentlyat
#?1

. Therefore,
packetsthatneedto beretransmittedareput into
higher-ranked virtual queuesandare retransmit-
tedquickly.8

� Whenever � learnsthatthevirtual queue
#.$

of �

becomesempty, � knowsthat � hasforwardedall
thepacketsit hasreceived. In this case,� resets
the retransmissiontimers to 0 for thosepackets
still waiting to be acknowledged,sincethey will
notbe(dueto eitherpacket-lossor ack-loss).

Similarly, when � snoopstheacknowledgment
for a packet | , � resetstheretransmissiontimer
to 0 for thosepacketsthat aresentbefore | but
arestill waiting to beacknowledged.

8Notethat themovementof NACKedpacketsdo not disruptthebuffering
orderrequiredby block-acknowledgment.
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� Whenanetworkchannelis fully utilized,it should
be busy all the time. Therefore,if the sender

� haspackets to send,and if � noticesthat no
packet is sentby any neighboringnodein a pe-
riod of ¿

�

� ÆšÇ

1‹È

time, � sendsout the packet
at the headof its highest-ranked non-emptyvir-
tual queue,without consideringthe retransmis-
sion timer even if the packet is to be acknowl-
edged.9 ¿

�

is a constantre�ecting the degreeof
channelutilization we want and Æ Ç

1‹È

is the time
takento transmitapacketat theMAC layer.

5 Experimental results

We have implementedprotocolRBC in TinyOSusing
B-MAC,10 andRBChasbeensuccessfullyappliedin a
�eld sensornetworkof about1,000XSM motes(anen-
hancedversionof MICA2) to supportreliableandreal-
time convergecast[2]. We have alsoevaluatedRBC in
our testbed,andthe performanceresultsareshown in
Table4. Figure7 shows thedistribution of packet re-

Metrics RT = 0 RT = 1 RT = 2
ER (%) 56.21 83.16 95.26

PD (seconds) 0.21 1.18 1.72
EG(packets/sec) 4.28 5.72 6.37

Table4: RBC in Lites trace
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Figure7: Thedistributionof packet receptionin RBC

ceptionin RBC.FromTable4 andFigure7,weobserve
thefollowing propertiesof RBC:

9This mechanismimproveschannelutilization without introducingunnec-
essaryretransmissionsbecauseof the “dif ferentiatedcontentioncontrol” in
RBC.

10In the implementation,the control logic takes185 bytesof RAM when
eachnodemaintainsa buffer capableof holding 16 packets,andthe control
information piggybacked in datapackets takes 14 bytes. We are currently
studyingmethodsof reducingthememoryconsumptionandthelengthof the
piggybackedcontrolinformation,for instance,usingexplicit acknowledgment.

� Theeventreliability keepsincreasing,in a signif-
icant manner, as the numberof retransmissions
increases. The increasedreliability mainly at-
tributes to reducedunnecessaryretransmissions
(by reducedack lossandadaptive retransmission
timer)andretransmissionscheduling.

� Comparedwith SWIA which is also basedon
implicit-ack, RBC reducespacket delivery delay
signi�cantly. This mainly attributesto theability
of continuouspacket forwardingin the presence
of packet-andack-lossandthereductionin timer-
incurreddelay.

� Therateof packetreceptionatthebasestationand
theeventgoodputkeepincreasingasthenumber
of retransmissionsincreases.When packets are
retransmittedup to twice at eachhop, the event
goodputreaches6.37packets/second,quiteclose
to theoptimalgoodput— 6.66packets/second—
for Lites trace.

Comparedwith SWIA, RBC improvesreliability by
a factor of 2.05 and reducesaveragepacket delivery
delay by a factor of 10.91. Comparedto SEA with
B-MAC (simply referredto as SEA hereafter),RBC
improves reliability by a factor of 1.74, but the av-
eragepacket delivery delay increasesby a factor of
6.61 in RBC. Interestingly, however, RBC still im-
provestheeventgoodputby afactorof 1.75whencom-
paredwith SEA.Thereasonis that,in RBC,lostpack-
etsareretransmittedanddeliveredafter thosepackets
thataregeneratedlaterbut transmittedlessnumberof
times. Therefore,the delivery delay for lost packets
increases,which increasestheaveragepacket delivery
delay, without degeneratingthe systemgoodput. The
observation shows that, dueto the uniqueapplication
modelsin sensornetworks, metricsevaluatingaggre-
gatesystembehaviors(suchastheeventgoodput)tend
to beof morerelevancethanmetricsevaluatingunit be-
haviors (suchasthedelayin deliveringeachindividual
packet).

To furtherunderstandprotocolbehaviorsin thepres-
enceof packetretransmissions,weconduct,asfollows,
a comparative studyof RBC, SWIA, andSEA for the
casewhere packets are retransmittedup to twice at
eachhop.

Figure8 comparesthedistribution of packet gener-
ation in Lites tracewith thedistributionsof packet re-
ceptionin SEA,SWIA, andRBC.Weseethatthecurve
for packet receptionin RBC smoothsout andalmost
matchesthat of packet generation.In contrast,many
packetsarelost in SEA despitethefactthat therateof
packetreceptionin SEAis closeto thatin RBC;packet
delivery is signi�cantly delayedin SWIA, in addition

10
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Figure 8: The distributions of packet generationand
reception

to thehigh degreeof packet loss.
Basedon thegrid topologyasshown in Figure1(b),

Figures 9(a)-(c) show the node reliability in SEA,
SWIA, andRBC respectively. Figure10showsthecu-
mulativedistributionof nodereliability in SEA,SWIA,
andRBC.Weseethatnodereliability improvessignif-
icantly in RBC: only 4.17%of nodeshave a nodereli-
ability lessthan80% in RBC; yet in SEA andSWIA,
above 80% of nodeshave a nodereliability lessthan
80%.

Figure11showstheaveragenodereliability in SEA,
SWIA, andRBC asthenumberof routinghops(to the
basestation)increases.We seethatthenodereliability
in RBC is muchhigherthanthat in SEA andSWIA at
everyroutinghop,andthatthereliability at thefarthest
hopin RBC is evengreaterthanthatat theclosesthop
in SEAandSWIA. (Notethat,in RBC,thereasonwhy
nodes5 hopsawayfrom thebasestationhavelowerav-
eragedelivery ratethannodes6 hopsaway canbedue
to thespeci�c traf�c patternandthedifferenceamong
nodes'hardware.)

Remark. In this paper, we focuson scenarioswhere
packetsare timestampedand thus we do not needto
preciselypreserve therelative timing betweenpackets
asit is whenthey aregenerated.Nevertheless,to char-
acterizehow RBCaffectstherelativetimingof packets,
we measurethe timing-shiftof packet delivery asfol-
lows. Given a packet }²µ receivedat the basestation,
thetiming-shift for }²µ is calculatedas

Ã

�X�

�

¶8�

$

!U¶Ö�ž�

�

¶×�

$

!

Ã

where �

�

denotesthetime when }²µ is receivedat the
basestation,�

$

denotesthetime whena packet }E; is
receivedat thebasestationimmediatelybefore}²µ , �

�

denotesthe time when }²µ is generatedat somenode
in the network, and �

$

denotesthe time when }E; is
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Figure9: Nodereliability

generatedat somenodein the network.11 For conve-
nience,we setthe timing-shift to ; for the �rst packet
received at the basestation. Basedon this de�nition,

11In this de�nition, we do not considerthe packets that arelost, only cal-
culatingtherelative timing-shift betweenpacketsthatarereceivedat thebase
station.
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Figure10: Distributionof nodereliability
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Figure 11: Node reliability as a function of routing
hops

we �nd that theaveragetiming-shift is 1.0035second
for thepacketsreceivedin thecaseof RBC,andthatthe
averagetiming-shift is around0.1698secondin both
SEA andSWIA. Eventhoughthetiming-shift in RBC
is predictablygreaterthanthosein SEA andSWIA, it
is still smallenoughfor real-timeevent-drivenapplica-
tionssuchasLitesandExScal[2] wherehigh-levelde-
cisionsarebasedondatain theorderof seconds.Note
that to reducethe timing-shift in packet delivery, we
canmodify thequeuemanagementpolicy in window-
lessblockacknowledgment,but we relegatea studyof
this to our futurework.

6 Relatedwork

The performanceof packet delivery in densesensor
networks hasbeenstudiedin [23]. The resultsshow
that, in the presenceof heavy channelload, a com-
monlyusedlossrecoveryschemeatlink layer(i.e., lost
packetsareretransmittedup to 3 times)doesnot mask
packet loss,andmore than50% of the links observe
50%packet loss.Theobservationshowsthechallenge
of reliablecommunicationovermulti-hoproutes,since

thereliability decreasesexponentiallyasthenumberof
hopsincreases.

Thelimitationsof timersin TCPretransmissioncon-
trol have beenstudiedin [22]. The authoranalyzes
the intrinsic dif�culties in usingtimersto achieve op-
timal performanceand arguesthat additionalmecha-
nismsshouldbe used. Despiteits focuson TCP, the
studyalsoappliesto retransmissioncontrol in sensor
networks.

Blockacknowledgment[6] hasbeenproposedfor er-
ror aswell as�o w control in theInternet.It considers
the problemof in-orderpacket delivery. Therefore,a
lost packet blocks the delivery of all the packets that
arebehindthe lost onebut have reachedthe receiver,
asa resultof which packetdeliverydelayis increased.
Moreover, a sendercansendpacketsat mostup to its
window sizeonceapacketis sentbut unacknowledged,
thusthechannelresourcemaybeunder-utilized.Block
acknowledgmentalso usestimers without addressing
their limitations,which canrenderadditionaldelayin
packetdelivery.

Forpacket-lossdetectionandretransmissioncontrol,
DFRF [12] usesstop-and-wait implicit ack (SWIA).
YetDFRFdoesnotaddresstheissueof retransmission-
incurred channelcontention. Moreover, the retrans-
missiontimers in DFRF do not adaptto the varying
ack-delay, which can introducemore retransmission
or delay than necessary. To reducethe numberof
packet transmissions,DFRFusesraw dataaggregation
wheremultiple shortpacketsareconcatenatedto form
a longerpacket. In the type of burstyconvergecastas
experiencedby Lites andExScal[2], it is moredif�-
cult to performdataaggregationat themotelevel be-
causemotesdetectingan event can be multiple hops
away from oneanotherandthe lengthof a singlesen-
sor dataentry is more thanhalf of the packet length.
Therefore,thecurrentimplementationof RBCis based
on theparadigmof implicit-ack to reducethenumber
of packetscompetingfor channelaccess.On theother
hand,we believe that the methodologiesdevelopedin
RBC (e.g., window-less block acknowledgmentand
differentiatedcontentioncontrol) can also be applied
whenthereis dataaggregation,in which casewe can
useexplicit-ack packets to sendout control informa-
tion. Thedetailedstudyon this is a partof our future
work.

RMST [16] and PSFQ [18] have shown the im-
portance of hop-by-hop packet recovery in sensor
networks. Yet RMST and PSFQ do not focus on
burstyconvergecast.Therefore,they do not copewith
retransmission-incurredchannelcontention, they do
not designmechanismsto alleviate delay incurredby
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retransmissiontimers(whosetimeoutvaluesarecon-
servatively chosento reduceunnecessaryretransmis-
sions),and they do not designmechanismsto reduce
the probability of ack-loss. Our work complements
theirs by identifying issueswith existing hop-by-hop
mechanismsin burstyconvergecastandproposingap-
proachesto addresstheissues.

CODA [19] and ESRT [14] have studiedconges-
tion controlin sensornetworks.They considera traf�c
modelwheremultiple sourcesarecontinuouslyor pe-
riodically generatingpackets. Therefore,they do not
focuson real-timepacket delivery in burstyconverge-
cast,andthey do not considerretransmission-incurred
delayaswell aschannelcontention.Recentwork in [9]
and[8] hasstudieddifferenttechniquesfor mitigating
congestionandguaranteeingfairnessin wirelesssensor
networks. Our work complementstheirsby focusing
on retransmission-basederror control andretransmis-
sion scheduling. Several transportprotocols,suchas
ATP [17] andWTCP[15], arealsoproposedfor wire-
lessadhocnetworks.Again, they donot facethechal-
lengesof reliableburstyconvergecast.

7 Concluding remarks

Unlike mostexisting literatureon reliabletransportin
sensornetworks that focuseson periodic traf�c, we
have focusedon bursty convergecastwhere the key
challengesarereliableandreal-timeerrorcontrol and
theresultingcontentioncontrol.To addresstheunique
challenges,we have proposedthe window-lessblock
acknowledgmentschemewhich improveschanneluti-
lizationandreducesack-lossaswell aspacketdelivery
delay; we have also designedmechanismsto sched-
ulepacketretransmissionsandto reducetimer-incurred
delay, whicharecritical for reliableandreal-timetrans-
port of bursty traf�c. With its well-testedsupportfor
reliableandreal-timetransportof bursty traf�c, RBC
has beenusedin a �eld sensornetwork experiment
whereabout1,000XSM motesaredeployed[2].

From protocol RBC, we seethat bursty converge-
castnotonlyposeschallengesfor reliableandreal-time
transportcontrol,it alsoprovidesuniqueopportunities
for protocoldesign. Toleranceof out-of-orderpacket
delivery enablesthe window-lessblock acknowledg-
ment, which not only guaranteescontinuouspacket
delivery in the presenceof packet- and ack-lossbut
alsofacilitatesretransmissionscheduling.Overall, the
uniquenetwork aswell asapplicationmodelsin sensor
networksoffer opportunitiesfor new methodologiesin
protocolengineeringandareinterestingareasfor fur-

therexploration.
In designingRBC, we have focused on reliable

bursty convergecastin event-driven applications. As
a partof our futurework, we planto evolve thedesign
of RBC to supportreliableandreal-timetransportof
periodicdata.
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