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Abstract—

Traditionally, slotted communication protocols have 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 geometrical properties of 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

Motivation: Over the pastfew years,sensornetworks have
receved much attention as they are ervisioned to support
a wide range of important applications, e.g. suneillance
systems biological monitoring systems ervironmentcontrol
systemsgquipmentsupervisionsystemsgtc. A large number
of suchsensorapplicationsare basedon small, inexpensve,
battery operated electronicmicrosensordevices (e.g. Berke-
ley/Crosshav Motes[1], MIT AMPS nodes[2]) with radio,
sensingand processingcomponents.Due to the size and
cost restrictions, thesewireless sensordevices have limited
storageand computationcapabilities.Furthermore accessto
the sensorsmay be dif cult, or even impossible,after their
initial deployment, which implies that the enegy expended
must be minimizedto increasethe lifetime of the system.

In orderto minimize enegy expenditurein suchsystems,
sensorsare periodically allowed to shut down their radio
and CPU to save enegy, which led mary researcherdo
proposeslotted protocols [3]-[8]. The nodesin a Wireless
SensorNetwork (WSN), asin ary other distributed system,
do not have synchronizectlocks. However, the natureof the
applicationsbuilt on top of WSNSs, requiressome kind of
synchronizatiorbetweenthe nodes[9], for example,a node
should sendin a slot during which a neighboringnode is
scheduledto be awake. How tight or loose, global or local
the synchronizations, variesfrom applicationto application.
In mostslottedprotocolsfor WSNs, the nodesrun somekind
of local synchronizationprotocol. Slot durationis expanded
using guardtimes in the beginning and end of eachslot to
ensurealignment. For most protocols, such an expansionis

justa small overheadHowever, in lightweight protocols,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
protocolis 18 s for an IEEE 802.11acompliantradiol If a
more suitableradio for wirelesssensorssuchasthe CC1100,
is consideredthe samecalculationyieldsa slot sizeof 395 s.
At a maximum clock drift of 40ppm and, assuminga clock
synchronizationprotocol that runs every 100s, we would
require a total guard time of 2 4ms, which resultsin a
slot duration200 times larger than necessary

Our Contrib utions: We summarizeour contritutions as 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 distributed natureof a WSN andthe
needto minimize messagexchange neighboringnodes
might end up synchronizingwith differentnodes.Using
geometricalpropertiesof spacewe boundthe numberof

suchindependenalignmentsto 22. This constantfactor
of 22 is in contrastto the traditional slot alignment
basedon guardtimes (SectionlV), which may require
a much longer slot durationthat is dependenbn drifts

in the clocks. Furthermorepur approachusesonly short
transmissiongo achieve slot alignment,thus minimizing

the enegy expenditureoverhead.

Through simulations (Section VI), we showv that the
theoretic constant-fctor bound on slot duration, is in

fact too loosefor the averagecasescenarioand a much
smallervalue can be usedin practice,thus making our
approacheven more ef cient.

1This minimum slot durationis computedasthe sum:
slot_time = max (trx=tx ;ttx=r x) +2 tehannel _delay + tear rier _sense »
wheret, -« andty-, y is thetime the radio needsto switch from receve
modeto transmitand vice versa.

2Giventhatthe clock might drift at most40s in every 1s, after 100s the
maximumclock drift is 40 10 & 100= 4ms. This meansthattwo clocks
that startedsynchronizednight have a maximumdifferenceof 2 4ms; the
clock drift might be either positive or negative.



Il. 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 ary of the slots. Whether the slot-
basedprotocol is usedfor communication,e.g. [3]-[6], or
for statisticalestimation[7], [8], it is essentiathat no single
transmissiorspangwo slotsin orderto eitheravoid collisions
or obtainaccuratestatistics.

\

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
transmissiortime. It is obvious how the misalignmenibf slots
caninducecollisions.

De nition 1 (Slotalignment): A network achieves slot
alignmentwhen no single transmissionspanstwo slots for
ary of the recevzing nodes.

Figure 2 shavs an exampleof a network that achieves slot
alignment.The dottedvertical lines denotethe slot boundaries
accordingto sensors; . In this case every transmissior(shavn
as shadedareas)falls within the boundarief a slot.
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Fig. 2. Exampleof slot alignment.The timeline is with respectto sensor

sj . The dottedvertical lines denotethe slot boundariedor sensors; .

In this paper we presentan ef cient algorithmto achiere
network-wide slot alignment.

I1l. DEFINITIONS

Let diy, denotethe durationof one transmissionand ds o
denotethe durationof a slot. Let S = fs;;:::; sy 0, be the set
of all the sensomodesin the network, whereN is the network
size.

De nition 2 (NeighborhoodS;): The neighborhoodS; of
sensornode s; is the set of nodesthat nodes; can directly
communicatewith.

De nition 3 (Clock Slew j ): The clock skew between
two nodesi andj, denotedby j, is dened to be the

differencebetweenthe clocks of the two sensorslf t; is the
currenttime accordingto sensors;, andtj accordingto sensor
sj, then

i =0t ] 1)

Henceforthwe assumehatary kind of WSN requiresthat
the nodesbe at leastlocally synchronizedHowever, thereis
noassumptioron how looseor tight, this synchronizationmust
be. There have been signi cant work in the areaof clock
synchronizationfor wirelesssensornetworks [9]-[11]. Each
one of theseapproachegprovides an upperbound on the
clock skew which is a parameteiof the system.

De nition 4 (MaximumLocal Clock Slew ): Let denote
the maximumlocal clock skew. 8 neighborhoodss;, j; ,
8sj 2 §;, atary pointin time.

For the remainderof the paperwe assumethat the time is
measuredn multiples of the systems clock tick.

IV. SLOT ALIGNMENT USING GUARD TIMES

In this section,we presenta straightforvard way to achieze
slot alignment,given . Let dgot = dix + 2 . In eachslot, a
nodewaitsfor time periodbeforeit transmitsFor ary sensor
s;i, this ensureghatits slot hasstartedwhennodeswith more
advancedclocks might transmit,and that the slot is extended
enoughto include transmission®f nodeswith slower clocks.

[
-

Fig. 3. Thisis how the slotsof sensorss; andsy arealignedwith sensor
s;. Thetimeline in the bottom of the gure representshe time accordingto
Sensors; .

Let's considerFigure 3. Let s;;s¢ 2 S and let

ik = . In this example,the clock of s; is fasterthans;,
while the clock of s is slower; s; and s, are not within
communicatiorrange.The shadedareawithin eachslotis the
transmissiorperiod.Theslotfor s; startsattimeto. For s;, the
slot hasstarted beforety. At tg, the transmissiorperiod for
s; starts,while attime to + 2 + dy, the transmissiorperiod
for nodesy ends.The transmissiorperiodof ary othersensor
that hasa clock skew lessthan startsafter the transmission
of s, and nishes before the transmissionof sy, so all the
transmission®f nodesfrom the neighborhoof s; startand
nish within a slot. The generalizatiorfor the restof the slots
is straightforvard. Usingthis methodthe network achievesslot
alignment.

TheoverheadH guar ¢, introducedby the above approachs
measuredn termsof the extra time introducedin the running
time dueto slot alignment.Let n be thetotal numberof slots.
Let = c dy forc 1. Underperfectsynchronizationi.e.
c = 0, therunningtime is Tmin = N di , while usingthe



guard-timeapproachfor ¢ > 0, the runningtime is

(dix +2)
(de +2 ¢

Tguard = N

= n O )

Thusthe overheadH guar ¢ = Tguard  Tmin = 2N

V. GEOMETRIC APPROACH TO SLOT ALIGNMENT

If dix then the overheadintroducedby the above
approachis signi cant. To reducethis overheadwe proposea
new methodfor slot alignmentamongnodes.In our approach,
nodes rst try to locally synchronizetheir clocks. To this
end, our approachusesonly one transmissiorper node.The
slot durationis expandedenoughto accommodatalifferent
schedulegrom differentnodes.

Let the durationof eachslotbedg o = di , Where isa
network-wide constantWe computea boundon the valueof
laterin this section.Eachslotis dividedinto  minislotsof diy
durationeach.A nodecantransmitin only oneminislot called
the transmissiorminislot. In orderto achieve slot alignment,
the transmissiorminislot should not spantwo different slots
of a neighbor

The Geometric Slot Alignment (GSA) algorithm (Algo-
rithm 1) achiezesslot alignmentamongthe nodesof awireless
network. After all the nodeshave executedhis algorithm,each
node:

has alignedits minislots, i.e. it has computedthe start
time of eachminislot,

hascomputedits transmissiominislots, and

has determinedthe boundariesof eachslot, i.e. which
minislotsarethe rst minislot of eachslot.

C  dy.

Algorithm 1 GeometricSlotAlignment( ;di ; dsiot)

Input:  the maximumlocal clock skew, dy the durationof
oneminislot, dg ¢ the durationof one slot

1: tt)( = 1,

2: tstar t = thow = get_local time ();

3: while thow  ftstart + dO

4:  thow = getlocaltime();

5. if (channel.is_busy== TRUE) then

6: ttx = tstar t+t [dsl ot (tstar tt tnow )%dslot];
7: break;

8: endif

9: end while

10: if tx == 1 then

11:  tyi = getlocal_time ();

12: end if

13: transmit (ty ); //Transmitat time ty for one minislot
14: tir st_minisl ot = Monitor channel(tsgar t+2  + dsjor +

dx  getlocal_time())

The function that is called in line 14 of the algorithm,
monitorsthe channeffor the durationthatis provided asinput,
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Fig. 4. An example of how nodes; is choosingits rst minislot, after
executingAlgorithm 1. = 9, ands; has4 neighbors.In this example, s;
will choosethe minislot number5 asits rst minislot.

andreturnsthe time thatthe rst slot starts,i.e. thetime when
the rst minislot of the rst slot starts. The rst minislot is
chosencarefully to ensurethat the transmissiomminislots 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
s; hasonly 4 neighborsand = 9. As we prove later in
this section,whens; nishes Algorithm 1, it hasheardone
transmissionfrom every neighbor Let's say that the nodes
have alignedas shovn in Figure4. In this case,nodes; will
chooseminislot number5 as the start of the slot, sincethis
minislot is the rst whosebeginning is idle, andaswe shav
later, this guaranteethatno transmissiomwill spantwo slotsof
nodes;. The transmissiormminislot is chosenat the endof the
algorithmbasedon the valueof ty , the rst transmissiortime
assignedby Algorithm 1, and the fact that the transmission
minislot is periodicandis repeatedavery  minislots. In this
example,ty = 1.

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

In order to prove the abose claim, we rst prove some
otherhelpful claims.Only for the sale of analysiswe assume
that thereis a global clock accordingto which we timestamp
the events.Let t.,.. , denotethe time at which nodes; starts
executingthe algorithm. Given that the maximumIlocal clock
skew in the network is , we know that

8si2'S; jtla ;85 2 S 2)

Accordingto Algorithm 1, every nodes; will eitherchoose
its scheduleindependentof everyone else (line 11), or it
will synchronizeits transmissionminislots accordingto the
rst neighbor that transmits (line 6). Let t}, , be the time
that node s; transmits. Since the nodes synchronizetheir
schedulesasedon their rst transmissionit is essentiathat

j .
tstar IJ

titx thtar ;88 2 Si. ) .
Claim 2: For all nodess;, ti,  ti, ¢ 8s 2 Si.
Proof: The transmissiontime is set in either line 6

or line 11. If nodes; choosesits scheduleindependentof
everyoneelse(line 11), the rst transmissiorstartsexactly at
timetl, .+ , whichensureghatall nodesin S; have started
executing Algorithm 1. If nodes; synchronizedts schedule
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Fig. 5. The scheduleof the minislots for nodess;, s; and sy are
shavn. Nodessy and s; are not neighbors.The shadedminislots denote
the transmissiominislots of eachnode.

basedon the transmissionof anothernode sy, thenthe rst
transmissioris scheduledn line 6 of thealgorithm.Obviously,
theterm[dsot (t‘star t+t  thow )%ds ot] is positive andthus
t{x t!star ¢t tJstar t;851' 2. u
In order for ary nodes; to be able to determinethe slot
boundariesall the nodesin its neighborhoodshouldtransmit
oncedenotingthe alignmentof their minislots.
Claim 3: For every nodes;, attime t, , + 2
di , all nodesin S; have transmittedat leastonce.
Proof: According to claim 2, for every nodes;, it is
true thatt},  th, . + tl... . Moreover, since dgot
(tjstart + tr]ow )%dslot dsl ot < dslot + d'[X! then from
Algorithm 1, t}, + + dgot + i . According to
Equat_ion (2)1 t]star t tlstar t tJstar t min k;sk2S; tl;tar t
+ . Combiningall the abore equations,

+ dslot +

J
Ustar t

J i
v tstar t tstar t

we get:

tlstar t tth tlstar ¢t 2 + dsl ot T dtx
[ |

Basedon Algorithm 1, at most one node s; in every
neighborhoodS; canchooseits scheduleindependentlyThe
restof the nodesin this neighborhoodwill eithersynchronize
with this nodeor with anothemodesy of their neighborhood
suchthatsg 2 S;.

Let's assumethat node s; choosesits scheduleindepen-
dently and anothernodes; has already been synchronized
with nodesk 2 S;. Sincenodesk 2 S; ands; 2 Sy, we say
thesetwo schedulesare independentin the worse case,the
minislots' schedule®f nodess; ands; arenotalignedandthe
two transmissiomminislots cannot be separatednto different
slots—sed-igureb. In thiscasedg ot 2 di ensureshatno
transmissiomminislot spanstwo slots of anotherneighboring
node.

If in S, thereare independenschedulesthen dg ot

dix ensureghatthe nodescanachiese looseslot synchro-
nization.If the maximumnumberof independenschedulesn
a neighborhoods computed,a lower boundon the slot size
canalsobe computed.

Claim 4: In ary neighborhoodS; therecanbe at most22
independenschedules.

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

Every nodein S;, will synchronizewith the scheduleof a
nodein the two-hop neighborhoodf s;. Hence,only nodes

in the two-hop neighborhood,.e. nodeswithin a radius of
2r from sj—r denotesthe communicationrange—caraffect
the scheduleof nodesin S;.° As mentionedearliet only one
nodeperneighborhoodtanchoosets scheduléndependently
which meansthat if two nodeschosetheir schedulendepen-
dently, the distancebetweenthemis at leastr, i.e. they are
out of communicationrange.Basedon this obseration our
problem becomesthat of computingthe maximum number
of nodesin a two-hop neighborhoodf ary nodeso that the
pairwisedistancebetweenary two of themis at leastr. More
formally we wantto prove the following:

Claim 5: In ary circle of radius2r therecanbe at most22
points,so thatthe pairwisedistancebetweenary two of them
is at leastr.

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

Claim 6: In acircle of radiusR, we can t n pointssothat
the pairwisedistanceis at leastd, if andonly if we canpack
n non-intersectingeircles with radius% inside the circle of
radiusR + §.

) If n points with minimum pairwise distanced can t
in a circle of radiusR, thenn non-intersectingircles canbe
pacled in a circle of radiusR + 4.

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

( If n non-intersectingirclescanbe pacledin a circle of
radiusR + % thenn pointswith minimum pairwisedistance
d can t in acircle of radiusR.

Proof: If we packn non-intersectingircles of radius%
in a circle of radiusR + % thenwe also have n points, the
centersof the circles,that are at distanceat leastd from each
other It is straightforvard to seethat the centersof all the n
circles are at a distanceof at mostR from the centerof the
circle with radiusR + 4. [

Basedon claim 6 we restateclaim 4 asfollows:

Claim 7: In acircle of radius2r + 5, we canpackat most
22 non-intersectingircles of radius 5.

Proof: The problemof packingcirclesin a 2-d planeis a
well-studiedproblem.FejesToth hasprovedthatthe maximum
density ary circle packing can achieze in a 2-dimensional
plane,is P [12]. Let n be the maximumnumberof circles
of radius 5 that can be pacled in a circle of radius2r + 7.
We know that

r

N (5%

22:66
25

5r
=P p=,

p—., n
2 12 12

Now, we can prove claim 1.

SFor analyticalsimplicity, we assumethat the communicatiorrangeis the
samefor all nodesin the network andequalto r . Theanalysiscanbe extended
to handlethe caseof heterogeneoussymmetriccommunicatiorranges.



Proof: Giventhat we canhave at most22 independent
schedulesgvery node will hearat most 22 transmissionsn
each slot. If the duration of eachslot is equialent to 23
minislots,i.e. = 23, thereshouldbe atleastoneminislot for
every nodesuchthatthereis no transmissiorn the beginning
of that minislot. Basedon claim 3, we know that a nodehas
hearda transmissiorfrom all its neighborsbeforethe end of
Algorithm 1. We alsoknow thatthe transmissiomminislotsare
periodicwith a periodof  minislots. Given this information,
every node can computethe transmissiorminislots of all its
neighborsfor a period of  minislots and nd the minislot
during which no one is transmitting in its beginning and
male this the rst minislot of eachslot—whichis what the
function in line 14 of Algorithm 1 does.In this way, every
node managedo delineatethe transmissionminislots of its
neighborsand achieve slot alignment. ]

Going back to the example in Figure 4, sensors; picks
minislot 5 asthe startof the slot, its rst transmissiominislot
becomed + 9 = 10, andits subsequertransmissiominislots
would repeatevery 9 minislots.

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

The executiontime of Algorithm 1 is 2 + dgot + dix .

Thus, the total time requiredis

Tgsa 2 + dslot + dtx +n dsl ot
= 2 Cc dux+( +1) dyx+n O
= (2c+ + 1+ n) dy

The minimum running time, under perfect no-overhead
synchronizationjs Tmin = N di .
The overheadHysa, is thusgiven by Tysa

Hgsa = (2c+ 24) di + ( I)n

Tmin :
dtx

Now we computethe critical valuefor ¢ which determines
which type of slot alignmentis more efcient to use. Our
approachis more ef cient if the following is true:

Hgsa < ngar d
. + 1+ ( n
2n 2

V1. PERFORMANCE EVALUATION

In orderto experimentallyevaluatethe GSA algorithm,we
implementedandtestedthe algorithmin matlab[13]. The rst
set of experimentswe ran was for the purposeof testingthe
effect of the parameter . We expectthatasthe densityof the
network increasesthe minimum  requiredto achiere slot
alignmentwill alsoincreaseup to the value of 23. In a eld
of 100m 100m, we createdandomtopologies We increased
the total numberof nodesin the network while keepingthe
communicatiorradiussteadyat 10m. For this simulation,we
used = 4ms anddy = 40s.

Figure 6 shawvs the averagenumberof nodesthat failed
to align their minislots—i.e. after the executionof our GSA
algorithm,they could not choosea minislot to separateall the

20
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#not aligned slots

#not aligned nodes
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=)
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Fig. 6. (a) Averagenumberof nodesthatfailedto align for increasingvalue
of andfor varying network sizes;(b) a zoomedin versionof (a) to shav
detail.

transmissiormminislotsin separateslots—forincreasingvalues
of . Eachline represents differentnetwork size.Theresults
shavn 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 belov the theoreticalvalue of 23, even for extremely
densenetworks. The neighborhoodsizesfor eachnetwork are
presentedn Tablel.

TABLE |
AVERAGE NEIGHBORHOOD SIZES OVER 20 NETWORKS

NetSize | mean(NeighSize) min(NeighSize) max(NeighSize)
100 . 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

Figure 7 shaws the time overheadin the executiontime of
a protocol that needsto run for 100 slots, for varying . We
obsenre thatthe overheadvhenusingguardtimesgrows really
fast(notethatthe y-axisis in logarithmic scale).The different
GSA plots correspondo differentdy valuesof 40; 200 and
500s, with  setto 10—the valueof wassetempirically
basedon theresultsof Figure6. For the guard-timesapproach,
dtx = 40s.

Next, we wantedto evaluatethe effect of the overheadon a
protocolwith smalldy . We usedDIP [8], a statisticalprotocol
that estimatesthe local density for eachnode. We kept the
total executiontime of DIP constantandwe variedthe value
of . Figure 8 shaws the averageerror in DIP's estimation
of the local densityover 10 runs along with 95% con dence
intenals. We obsere that the low overheadof our GSA-
basedslot alignmentaffords DIP enoughtime to collect much
more reliable statistics,comparedto the traditional approach
of usingguardtimes.
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Fig. 7. Thetime overheadn the protocols executionfor differentvaluesof

. The protocolneedsto run for n=100slots. The differentplots for the GSA
algorithm correspondo varying dix for the protocol (40, 200 and 500 )
with = 10.
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Fig. 8. The averageerror in computingthe local density using DIP, when
guard times and gsa are usedfor slot alignmentfor varying . The total
runningtime of DIP is constantat 1s, dix is setto 40s and = 10.

VII. RELATED WORK AND CONCLUSION

Prior researchon slot synchronizationn WSNshasfocused
on reducingthe “guard times” arounda slot. However, this
reductionin overheadusuallycomesat the expenseof running
the clock synchronizatiorprotocol more frequentlyto reduce
clock drifts. Local synchronizationprotocols require extra
coordinationto achieve network-wide slot alignment[14], and
may be slow to corverge [15]. On the other hand, network-
wide approachesequire building spanningtreesto achieve
clock synchronization[16]. Theselatter approachessary in
their tradeof betweenthe speedand the optimality of tree
construction[17]—a rapid tree construction may sacri ce
delayandef ciency in propagting synchronizatiortraf c.

Motivatedby lightweight slottedprotocols,suchasthosein
which nodestransmitfor very short durations(jam signals)
for the sole purposeof statisticalestimation[7], [8], we take
aradically differentapproacho slot alignment.We show that
a slot durationof a (practically small) constant-fctor of the
(short)transmissiortime sufces for nodesto align their slots
by overhearingother nodes,so no transmissionspansmore
than oneslot.
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