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Abstract—
Traditionally , slotted communication protocolshave employed

guard times to delineateand align slots. Theseguard times may
expand the slot duration signi�cantly , especiallywhen clocks are
allowed to drift for longer time to reduceclock synchronization
overhead.Recently, a new classof lightweight protocolsfor statis-
tical estimation in wir elesssensornetworks have beenproposed.
This new classrequires very short transmission durations (jam
signals),thus the traditional approachof usingguard timeswould
impose signi�cant overhead. We proposea new, more ef�cient
algorithm to align slots.Basedon geometricalpropertiesof space,
we prove that our approach bounds the slot duration by only
a constant factor of what is needed.Furthermor e, we show by
simulation that this bound is loose and an even smaller slot
duration is required, making our approach even more ef�cient.

I . INTRODUCTION

Moti vation: Over the past few years,sensornetworks have
received much attention as they are envisioned to support
a wide range of important applications, e.g. surveillance
systems,biological monitoring systems,environmentcontrol
systems,equipmentsupervisionsystems,etc.A large number
of suchsensorapplicationsare basedon small, inexpensive,
batteryoperated,electronicmicrosensordevices (e.g. Berke-
ley/Crossbow Motes [1], MIT � AMPS nodes[2]) with radio,
sensing and processingcomponents.Due to the size and
cost restrictions,thesewirelesssensordevices have limited
storageand computationcapabilities.Furthermore,accessto
the sensorsmay be dif�cult, or even impossible,after their
initial deployment, which implies that the energy expended
mustbe minimized to increasethe lifetime of the system.

In order to minimize energy expenditurein suchsystems,
sensorsare periodically allowed to shut down their radio
and CPU to save energy, which led many researchersto
proposeslotted protocols [3]–[8]. The nodesin a Wireless
SensorNetwork (WSN), as in any other distributed system,
do not have synchronizedclocks.However, the natureof the
applicationsbuilt on top of WSNs, requiressome kind of
synchronizationbetweenthe nodes[9], for example,a node
should send in a slot during which a neighboringnode is
scheduledto be awake. How tight or loose,global or local
the synchronizationis, variesfrom applicationto application.
In mostslottedprotocolsfor WSNs,the nodesrun somekind
of local synchronizationprotocol. Slot duration is expanded
using guard times in the beginning and end of eachslot to
ensurealignment.For most protocols,such an expansionis

just a smalloverhead.However, in lightweightprotocols,such
asthosein which nodestransmitfor very shortdurations(jam
signals)for the sole purposeof statisticalestimation[7], [8],
andwherethe protocolneedsto run over multiple contiguous
slots, such an expansionmight be an overkill. The authors
in [7] compute that the necessaryslot duration for their
protocol is 18� s for an IEEE 802.11acompliant radio.1 If a
moresuitableradio for wirelesssensors,suchasthe CC1100,
is considered,thesamecalculationyieldsa slot sizeof 39:5� s.
At a maximumclock drift of 40ppm and, assuminga clock
synchronizationprotocol that runs every 100s, we would
require a total guard time of 2 � 4ms, which results in a
slot duration200 times larger thannecessary.2

Our Contrib utions: We summarizeour contributionsas fol-
lows:

� We proposea new slot alignmentalgorithm(SectionV)
that requiresa slot expansionof only constantfactor of
the neededslot duration.The key ideaof our algorithm,
is having the sensorssynchronizetheir clocks with one
of their neighborsbefore executing the actual slotted
protocol.Given the distributednatureof a WSN andthe
needto minimize messageexchange,neighboringnodes
might end up synchronizingwith different nodes.Using
geometricalpropertiesof space,we boundthenumberof
suchindependentalignmentsto 22. This constantfactor
of 22 is in contrast to the traditional slot alignment
basedon guard times (SectionIV), which may require
a much longer slot duration that is dependenton drifts
in the clocks.Furthermore,our approachusesonly short
transmissionsto achieve slot alignment,thusminimizing
the energy expenditureoverhead.

� Through simulations (Section VI), we show that the
theoretic constant-factor bound on slot duration, is in
fact too loosefor the averagecasescenarioand a much
smaller value can be usedin practice,thus making our
approacheven moreef�cient.

1This minimum slot durationis computedas the sum:
slot time = max (t r x=tx ; t tx=r x ) + 2 � tchannel delay + tcar r ier sense ,
wheret r x=tx and t tx=r x is the time the radio needsto switch from receive
modeto transmitandvice versa.

2Given that the clock might drift at most40�s in every 1s, after 100s the
maximumclock drift is 40� 10� 6 � 100 = 4ms. This meansthat two clocks
that startedsynchronizedmight have a maximumdifferenceof 2 � 4ms; the
clock drift might be eitherpositive or negative.



I I . PROBLEM STATEMENT

For the rest of the paper, we assumethat sensorsrun a
generic slotted protocol. Time is divided into slots, and a
node can transmit in any of the slots. Whether the slot-
basedprotocol is used for communication,e.g. [3]–[6], or
for statisticalestimation[7], [8], it is essentialthat no single
transmissionspanstwo slotsin orderto eitheravoid collisions
or obtainaccuratestatistics.
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Fig. 1. Effect of clock skewnesson a slottedprotocol.

Figure 1 depictsthe effect of clock skewnesson a slotted
protocol. In this example, the slot duration is equal to the
transmissiontime. It is obvioushow themisalignmentof slots
can inducecollisions.

De�nition 1 (Slot alignment): A network achieves slot
alignment when no single transmissionspanstwo slots for
any of the receiving nodes.

Figure2 shows an exampleof a network that achievesslot
alignment.Thedottedvertical linesdenotetheslot boundaries
accordingto sensorsi . In this case,every transmission(shown
asshadedareas)falls within the boundariesof a slot.

Fig. 2. Exampleof slot alignment.The timeline is with respectto sensor
si . The dottedvertical lines denotethe slot boundariesfor sensorsi .

In this paper, we presentan ef�cient algorithm to achieve
network-wide slot alignment.

I I I . DEFINITIONS

Let dtx denotethe durationof one transmission,and dsl ot

denotethe durationof a slot. Let S = f s1; :::; sN g, be the set
of all thesensornodesin thenetwork, whereN is thenetwork
size.

De�nition 2 (NeighborhoodSi ): The neighborhoodSi of
sensornodesi is the set of nodesthat nodesi can directly
communicatewith.

De�nition 3 (Clock Skew � ij ): The clock skew between
two nodes i and j , denotedby � ij , is de�ned to be the

differencebetweenthe clocks of the two sensors.If t i is the
currenttime accordingto sensorsi , andt j accordingto sensor
sj , then

� ij = jt i � t j j (1)
Henceforth,we assumethat any kind of WSN requiresthat

the nodesbe at least locally synchronized.However, thereis
noassumptiononhow looseor tight, thissynchronizationmust
be. There have been signi�cant work in the area of clock
synchronizationfor wirelesssensornetworks [9]–[11]. Each
one of theseapproachesprovides an upper bound � on the
clock skew which is a parameterof the system.

De�nition 4 (MaximumLocal Clock Skew � ): Let � denote
the maximumlocal clock skew. 8 neighborhoodsSi , � ij � � ,
8sj 2 Si , at any point in time.

For the remainderof the paperwe assumethat the time is
measuredin multiplesof the system's clock tick.

IV. SLOT ALIGNMENT USING GUARD TIMES

In this section,we presenta straightforwardway to achieve
slot alignment,given � . Let dsl ot = dtx + 2� . In eachslot, a
nodewaitsfor � time periodbeforeit transmits.For any sensor
si , this ensuresthat its slot hasstartedwhennodeswith more
advancedclocksmight transmit,and that the slot is extended
enoughto includetransmissionsof nodeswith slower clocks.
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Fig. 3. This is how the slots of sensorssj and sk are alignedwith sensor
si . The timeline in the bottomof the �gure representsthe time accordingto
sensorsi .

Let's considerFigure 3. Let sj ; sk 2 Si and let � ij =
� ik = � . In this example, the clock of sj is faster than si ,
while the clock of sk is slower; sj and sk are not within
communicationrange.The shadedareawithin eachslot is the
transmissionperiod.Theslot for si startsat time t0. For sj , the
slot hasstarted� beforet0. At t0, the transmissionperiodfor
sj starts,while at time t0 + 2� + dtx , the transmissionperiod
for nodesk ends.The transmissionperiodof any othersensor
that hasa clock skew lessthan � startsafter the transmission
of sj , and �nishes before the transmissionof sk , so all the
transmissionsof nodesfrom the neighborhoodof si startand
�nish within a slot. Thegeneralizationfor the restof theslots
is straightforward.Usingthismethodthenetwork achievesslot
alignment.

Theoverhead,Hguar d, introducedby theabove approachis
measuredin termsof the extra time introducedin the running
time dueto slot alignment.Let n be the total numberof slots.
Let � = c � dtx for c � 1. Underperfectsynchronization,i.e.
c = 0, the running time is Tmin = n � dtx , while using the



guard-timeapproachfor c > 0, the running time is

Tguar d = n � (dtx + 2� )

= n � (dtx + 2 � c � dtx )

Thus the overheadH guar d = Tguar d � Tmin = 2n � c � dtx .

V. GEOMETRIC APPROACH TO SLOT ALIGNMENT

If � � dtx then the overheadintroducedby the above
approachis signi�cant. To reducethis overhead,we proposea
new methodfor slot alignmentamongnodes.In our approach,
nodes �rst try to locally synchronizetheir clocks. To this
end,our approachusesonly one transmissionper node.The
slot duration is expandedenoughto accommodatedifferent
schedulesfrom differentnodes.

Let thedurationof eachslotbedsl ot = � � dtx , where� is a
network-wideconstant.We computea boundon thevalueof �
laterin thissection.Eachslot is dividedinto � minislotsof dtx

durationeach.A nodecantransmitin only oneminislot called
the transmissionminislot. In order to achieve slot alignment,
the transmissionminislot shouldnot spantwo different slots
of a neighbor.

The Geometric Slot Alignment (GSA) algorithm (Algo-
rithm 1) achievesslot alignmentamongthenodesof a wireless
network. After all thenodeshaveexecutedthisalgorithm,each
node:

� has aligned its minislots, i.e. it has computedthe start
time of eachminislot,

� hascomputedits transmissionminislots,and
� has determinedthe boundariesof eachslot, i.e. which

minislotsare the �rst minislot of eachslot.

Algorithm 1 GeometricSlotAl ignment (� ; dtx ; dsl ot )
Input: � the maximumlocal clock skew, dtx the durationof
oneminislot, dsl ot the durationof oneslot

1: t tx = � 1;
2: tstar t = tnow = get local time ();
3: while tnow � tstar t + � do
4: tnow = get local time () ;
5: if (channel is busy == TRUE) then
6: t tx = tstar t + � + [dsl ot � (tstar t + � � tnow )%dsl ot ];

7: break;
8: end if
9: end while

10: if t tx == � 1 then
11: t tx = get local time ();
12: end if
13: tr ansmit (t tx ); //Transmitat time t tx for oneminislot
14: t f ir st minisl ot = monitor channel(tstar t + 2� � + dsl ot +

dtx � get local time ())

The function that is called in line 14 of the algorithm,
monitorsthechannelfor thedurationthat is providedasinput,
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Fig. 4. An example of how node si is choosingits �rst minislot, after
executingAlgorithm 1. � = 9, and si has4 neighbors.In this example,si
will choosethe minislot number5 as its �rst minislot.

andreturnsthe time that the �rst slot starts,i.e. the time when
the �rst minislot of the �rst slot starts.The �rst minislot is
chosencarefully to ensurethat the transmissionminislots of
neighboringnodesare fully containedwithin only one slot.
As we prove later, if � is large enough,suchminislot always
exists. Considerthe caseof Figure 4. In this example,node
si has only 4 neighborsand � = 9. As we prove later in
this section,when si �nishes Algorithm 1, it hasheardone
transmissionfrom every neighbor. Let's say that the nodes
have alignedasshown in Figure4. In this case,nodesi will
chooseminislot number5 as the start of the slot, since this
minislot is the �rst whosebeginning is idle, andas we show
later, thisguaranteesthatno transmissionwill spantwo slotsof
nodesi . The transmissionminislot is chosenat theendof the
algorithmbasedon thevalueof t tx , the �rst transmissiontime
assignedby Algorithm 1, and the fact that the transmission
minislot is periodicand is repeatedevery � minislots.In this
example,t tx = 1.

Claim 1: After all the nodeshave executedAlgorithm 1,
and for � � 23, the network is slot aligned.

In order to prove the above claim, we �rst prove some
otherhelpful claims.Only for thesake of analysis,we assume
that thereis a global clock accordingto which we timestamp
the events.Let t i

star t denotethe time at which nodesi starts
executingthe algorithm.Given that the maximumlocal clock
skew in the network is � , we know that

8si 2 S; jt i
star t � t j

star t j � � ; 8sj 2 Si (2)

Accordingto Algorithm 1, every nodesi will eitherchoose
its scheduleindependentof everyone else (line 11), or it
will synchronizeits transmissionminislots accordingto the
�rst neighbor that transmits (line 6). Let t i

tx , be the time
that node si transmits. Since the nodes synchronizetheir
schedulesbasedon their �rst transmission,it is essentialthat
t i
tx � t j

star t ; 8sj 2 Si .
Claim 2: For all nodessi , t i

tx � t j
star t ; 8sj 2 Si .

Proof: The transmissiontime is set in either line 6
or line 11. If node si choosesits scheduleindependentof
everyoneelse(line 11), the �rst transmissionstartsexactly at
time t i

star t + � , which ensuresthatall nodesin Si have started
executingAlgorithm 1. If nodesi synchronizesits schedule
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Fig. 5. The scheduleof the minislots for nodes si , sj and sk are
shown. Nodes sk and si are not neighbors.The shadedminislots denote
the transmissionminislotsof eachnode.

basedon the transmissionof anothernodesk , then the �rst
transmissionis scheduledin line 6 of thealgorithm.Obviously,
theterm[dsl ot � (t i

star t + � � tnow )%dsl ot ] is positive andthus
t i
tx � t i

star t + � � t j
star t ; 8sj 2 Si .

In order for any node si to be able to determinethe slot
boundaries,all the nodesin its neighborhoodshouldtransmit
oncedenotingthe alignmentof their minislots.

Claim 3: For every nodesi , at time t i
star t + 2� � + dsl ot +

dtx , all nodesin Si have transmittedat leastonce.
Proof: According to claim 2, for every node sj , it is

true that t j
tx � t j

star t + � � t i
star t . Moreover, since dsl ot �

(t j
star t + � � tnow )%dsl ot � dsl ot < dsl ot + dtx , then from

Algorithm 1, t j
tx � t j

star t + � + dsl ot + dtx . According to
Equation(2), t j

star t � t i
star t � t j

star t � min k ;sk 2 Sj tk
star t �

� , t j
star t � t i

star t + � . Combiningall the above equations,
we get:

t i
star t � t j

tx � t i
star t + 2 � � + dsl ot + dtx

Based on Algorithm 1, at most one node sj in every
neighborhoodSi can chooseits scheduleindependently. The
restof the nodesin this neighborhoodwill eithersynchronize
with this nodeor with anothernodesk of their neighborhood
suchthat sk =2 Si .

Let's assumethat node si choosesits scheduleindepen-
dently, and anothernode sj has alreadybeensynchronized
with nodesk =2 Si . Sincenodesk =2 Si and si =2 Sk , we say
thesetwo schedulesare independent. In the worse case,the
minislots' schedulesof nodessi andsj arenot alignedandthe
two transmissionminislotscannot be separatedinto different
slots—seeFigure5. In thiscase,dsl ot � 2� dtx ensuresthatno
transmissionminislot spanstwo slots of anotherneighboring
node.

If in Si , there are � independentschedules,then dsl ot �
� � dtx ensuresthat thenodescanachieve looseslot synchro-
nization.If themaximumnumberof independentschedulesin
a neighborhoodis computed,a lower boundon the slot size
canalsobe computed.

Claim 4: In any neighborhoodSi therecan be at most 22
independentschedules.

Before proving this claim (restatedin claim 7 below), we
�rst prove otherhelpful claims.

Every nodein Si , will synchronizewith the scheduleof a
nodein the two-hop neighborhoodof si . Hence,only nodes

in the two-hop neighborhood,i.e. nodeswithin a radius of
2r from si —r denotesthe communicationrange—canaffect
the scheduleof nodesin Si .3 As mentionedearlier, only one
nodeperneighborhoodcanchooseits scheduleindependently,
which meansthat if two nodeschosetheir scheduleindepen-
dently, the distancebetweenthem is at least r , i.e. they are
out of communicationrange.Basedon this observation our
problem becomesthat of computing the maximum number
of nodesin a two-hop neighborhoodof any nodeso that the
pairwisedistancebetweenany two of themis at leastr . More
formally we want to prove the following:

Claim 5: In any circle of radius2r therecanbeat most22
points,so that the pairwisedistancebetweenany two of them
is at leastr .

In order to prove the above claim, we �rst prove the
following:

Claim 6: In a circle of radiusR, we can�t n pointsso that
the pairwisedistanceis at leastd, if andonly if we canpack
n non-intersectingcircles with radius d

2 inside the circle of
radiusR + d

2 .
) If n points with minimum pairwise distanced can �t

in a circle of radiusR, thenn non-intersectingcirclescanbe
packed in a circle of radiusR + d

2 .
Proof: Placethe n points within the circle of radiusR, and
with eachof thesepoints as a centerdraw a circle of radius
d
2 . Thesen circles are non-intersectingsince the minimum
distancebetweenthe centersis d. It is straightforward that
thesen circleswill be containedin a circle of radiusR + d

2 .

( If n non-intersectingcirclescanbepacked in a circle of
radiusR + d

2 , thenn pointswith minimum pairwisedistance
d can �t in a circle of radiusR.

Proof: If we packn non-intersectingcirclesof radius d
2

in a circle of radiusR + d
2 , then we also have n points, the

centersof the circles,that areat distanceat leastd from each
other. It is straightforward to seethat the centersof all the n
circles are at a distanceof at most R from the centerof the
circle with radiusR + d

2 .
Basedon claim 6 we restateclaim 4 as follows:
Claim 7: In a circle of radius2r + r

2 , we canpackat most
22 non-intersectingcirclesof radius r

2 .
Proof: Theproblemof packingcirclesin a 2-d planeis a

well-studiedproblem.FejesTothhasprovedthatthemaximum
density any circle packing can achieve in a 2-dimensional
plane,is �p

12
[12]. Let n be the maximumnumberof circles

of radius r
2 that can be packed in a circle of radius2r + r

2 .
We know that

n � � (
r
2

)2=� (
5r
2

)2 �
�

p
12

,
n
25

�
�

p
12

, n � 22:66

Now, we canprove claim 1.

3For analyticalsimplicity, we assumethat the communicationrangeis the
samefor all nodesin thenetwork andequalto r . Theanalysiscanbeextended
to handlethe caseof heterogeneous,asymmetriccommunicationranges.



Proof: Given that we can have at most 22 independent
schedules,every nodewill hearat most 22 transmissionsin
each slot. If the duration of each slot is equivalent to 23
minislots,i.e. � = 23, thereshouldbeat leastoneminislot for
every nodesuchthat thereis no transmissionin thebeginning
of that minislot. Basedon claim 3, we know that a nodehas
hearda transmissionfrom all its neighborsbeforethe endof
Algorithm 1. We alsoknow that thetransmissionminislotsare
periodicwith a periodof � minislots.Given this information,
every nodecan computethe transmissionminislots of all its
neighborsfor a period of � minislots and �nd the minislot
during which no one is transmitting in its beginning and
make this the �rst minislot of eachslot—which is what the
function in line 14 of Algorithm 1 does.In this way, every
node managesto delineatethe transmissionminislots of its
neighborsandachieve slot alignment.

Going back to the example in Figure 4, sensorsi picks
minislot 5 asthestartof theslot, its �rst transmissionminislot
becomes1+ 9 = 10, andits subsequenttransmissionminislots
would repeatevery 9 minislots.

Algorithm 1 should be executedbefore the actual slotted
protocol. In order to computethe overheadof our approach,
we assumethat the slottedprotocolneedsto run for n slots.

The executiontime of Algorithm 1 is 2 � � + dsl ot + dtx .
Thus,the total time requiredis

Tgsa = 2 � � + dsl ot + dtx + n � dsl ot

= 2 � c � dtx + (� + 1) � dtx + n � � dtx

= (2c + � + 1 + � n) � dtx

The minimum running time, under perfect no-overhead
synchronization,is Tmin = n � dtx .

The overhead,Hgsa , is thusgiven by Tgsa � Tmin :

Hgsa = (2c + 24) � dtx + (� � 1)n � dtx

Now we computethe critical value for c which determines
which type of slot alignment is more ef�cient to use. Our
approachis moreef�cient if the following is true:

Hgsa < Hguar d

c >
� + 1 + (� � 1)n

2n � 2
VI . PERFORMANCE EVALUATION

In order to experimentallyevaluatethe GSA algorithm,we
implementedandtestedthealgorithmin matlab[13]. The�rst
set of experimentswe ran was for the purposeof testingthe
effect of theparameter� . We expectthatasthedensityof the
network increases,the minimum � required to achieve slot
alignmentwill also increaseup to the value of 23. In a �eld
of 100m� 100m, we createdrandomtopologies.We increased
the total numberof nodesin the network while keepingthe
communicationradiussteadyat 10m. For this simulation,we
used� = 4ms anddtx = 40�s .

Figure 6 shows the averagenumber of nodesthat failed
to align their minislots—i.e. after the executionof our GSA
algorithm,they couldnot choosea minislot to separateall the
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Fig. 6. (a) Averagenumberof nodesthat failed to align for increasingvalue
of � and for varying network sizes;(b) a zoomedin versionof (a) to show
detail.

transmissionminislotsin separateslots—forincreasingvalues
of � . Eachline representsa differentnetwork size.Theresults
shown arethe averageof 20 runsalongwith 95% con�dence
intervals.Fromthis �gure, it is obviousthattheminimum� for
which all the nodesachieved slot alignment—avalue of 9—
is well below the theoreticalvalue of 23, even for extremely
densenetworks.The neighborhoodsizesfor eachnetwork are
presentedin Table I.

TABLE I

AVERAGE NEIGHBORHOOD SIZES OVER 20 NETWORKS

Net Size mean(NeighSize) min(NeighSize) max(NeighSize)
100 3.8 1.0 7.9
500 15.4 3.9 27.2
1000 29.7 8.0 48.3
1500 44.1 13.0 67.7
2000 58.6 16.3 87.8
2500 73.1 20.2 106.2
3000 87.5 23.8 125.5

Figure7 shows the time overheadin the executiontime of
a protocol that needsto run for 100 slots, for varying � . We
observe thattheoverheadwhenusingguardtimesgrows really
fast(notethat they-axis is in logarithmicscale).Thedifferent
GSA plots correspondto different dtx valuesof 40; 200 and
500�s , with � set to 10—the value of � was set empirically
basedon theresultsof Figure6. For theguard-timesapproach,
dtx = 40�s .

Next, we wantedto evaluatetheeffect of theoverheadon a
protocolwith smalldtx . We usedDIP [8], a statisticalprotocol
that estimatesthe local density for eachnode.We kept the
total executiontime of DIP constant,andwe variedthe value
of � . Figure 8 shows the averageerror in DIP's estimation
of the local densityover 10 runs along with 95% con�dence
intervals. We observe that the low overheadof our GSA-
basedslot alignmentaffordsDIP enoughtime to collectmuch
more reliable statistics,comparedto the traditional approach
of usingguardtimes.
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VII . RELATED WORK AND CONCLUSION

Prior researchon slot synchronizationin WSNshasfocused
on reducingthe “guard times” arounda slot. However, this
reductionin overheadusuallycomesat theexpenseof running
the clock synchronizationprotocolmore frequentlyto reduce
clock drifts. Local synchronizationprotocols require extra
coordinationto achieve network-wideslot alignment[14], and
may be slow to converge [15]. On the other hand,network-
wide approachesrequire building spanningtrees to achieve
clock synchronization[16]. Theselatter approachesvary in
their tradeoff betweenthe speedand the optimality of tree
construction [17]—a rapid tree construction may sacri�ce
delayandef�ciency in propagating synchronizationtraf�c.

Motivatedby lightweightslottedprotocols,suchasthosein
which nodestransmit for very short durations(jam signals)
for the solepurposeof statisticalestimation[7], [8], we take
a radically differentapproachto slot alignment.We show that
a slot durationof a (practically small) constant-factor of the
(short)transmissiontime suf�ces for nodesto align their slots
by overhearingother nodes,so no transmissionspansmore
thanoneslot.
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