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Abstract— We provide an analytical framework for preamble
sampling techniques for MAC protocols in wireless sensor net-
works, from which we derive closed-form formulas for lifetime
and reliability calculations. In addition to take into account
transmitter behavior that controls the form and the content of the
transmitted preamble, our model also considers receiver behavio
that controls the duration of preamble reception in case of
successful and failed reception. Along with both transmitter and
receiver behavior, our model considers a non-perfect channeind
thus takes into account the impacts of transmission errors and
retransmissions on lifetime and reliability of preamble sampling
protocols. Numerical results show that no protocol is universally
optimal; that is, each protocol has its own optimal operation
point that depends on the given channel and load conditions.

I. INTRODUCTION

by changing the form and the content of the preamble. They
have also neglected transmission errors and their effatts o
both energy saving and reliability. In this paper, we extend
the scope of existing variants of preamble sampling prdsoco
by considering the behavior of receivers as well. Receivers
may be persistent or not. While a non-persistent receivesgiv
up shortly after not being able to detect a preamble frame,
a persistent receiver persists in reception until it rezeia
frame or the channel becomes clear again. Along with this
extension to the receiver side, we propose a global analytic
framework in which we model the lifetime and the reliability
of preamble-frame protocols over non-perfect channels. We
restrict the analysis to the case of persistent receivere—th
case of non-persistent receivers can be easily deductéd wit
easier derivations. For the numerical evaluation, we ctamsi

Preamble sampling [2], also referred to as LPL (Low Power Rayleigh fading channel.
Listening), is a key technique used by a large number of

MAC protocols to save energy in wireless sensor networks.

Il. SYSTEM MODEL

In preamble sampling, nodes save energy by keeping theifFor the sake of analysis, we distinguish betweegerzeral
radios off most of the time to reduce idle listening. To reeei transmission and asingle transmission. A single transmission
frames, nodes periodically wake up for a short time to sampl®olves only the preamble and the data, whereas a gen-
the channel to check whether there is an ongoing transmissaral transmission may include several single retransorissi
on the channel. A transmission is detected when a node firatteempts. Retransmissions occur in unicast communication
that a preamble is being transmitted, in which case it keephen the transmitter does not receive an ACK frame from the
its radio on to receive the data frame that is sent just afterceiver. The receiver continues retransmissions unth@g

the preamble. The preamble is used to indicate that a dé&tame is received or the maximum number of transmissions
frame will be transmitted and is long enough to make sute reached. The reliability” is the probability that a general

that all potential receivers wake up at least once during
transmission.

tiansmission is successful. It is equallte- p'f, Wherepy is
the probability that a single transmission fails.

Preamble sampling techniques have been extensively invesThe lifetime £, of a particular protocol 3’ is equal to
tigated in the literature. Many variants have been propcl)eedEi;Dii:ial where P, (Joule/sec) is the average power a node
enhance the form and contents of the transmitted preamldensumes and;,;;;.; (Joule) is its initial energy. For the sake

Protocols, hereafter referred to pseamble-frame protocols, of conciseness and simplicity, we consider only the power
replace the traditional specific pattern of bits composimg t consumed by the radio—the power consumed by other node’s
preamble by a series of frames. The difference between tt@mponents can be considered with only minor modifications
various preamble-frame protocols depends on whether thésethe following derivations. We hav@, = P! + P’ + Ps,
preamble frames are control or data frames, and on whethewtsere P! (resp.P?, and P¢) is the average power drained
gap is inserted between two consecutive preamble framesirotransmission (resp. reception and sampling). The aegerag
not. Control preamble-frames are usually used to inform tipg@wer drained during preamble samplingf$ = T% where
receiver about the remaining length of the preamble so thatf is the energy drained in channel sampling drd is the
can go back to sleep to save energy and wake up again justresponding check interval. Similarly, the average powe
to receive the data (e.g., MFP [1]). Data preamble-frames afrained during transmission 8! = £ - F},.m., and the av-
used to increase reliability by duplicating the same datitén erage power drained during receptiorfs = £7 - 1 - Firaffic,
preamble (e.g., DFP [1]). When gaps are used, they are usétkrer is the average number of neighbors afd.m. the
for receiving acknowledgment frames from the receiver op st average number of messages transmitted per unit time. In the
preamble transmission (e.g., WOR [3] and CSMA-MPS [4]ase of unicasty = 1.

The before-mentioned contributions have omitted the re-The energy drained in a general transmissiindepends
ceiver side as they have only focused on the transmitter siole whether its single transmissions failed or succeeded and



TABLE |
SINGLE TRANSMISSIONFAILURE PROBABILITY

pf Broadcast Unicast
LPL, MFP, CSMA-MPS Pd 1—(1—-pa)(1 —pa)
DFP M(ﬁ) 1— [ _Pid<i)_ (1 —pa)
rq \ 1-pa rq \ 1—pa
WOR (2 ()
Preanble WOR frames A;k after the preamble. In the case of unicast communications, i
’ ) also depends on the ACK-frame transmitted to acknowledge
Sender | | | reception of the data frame. For DFP and WOR, the probability
suecessful reception — of failure is different because there are copies of the data
Re““J | frame transmitted in the preamble and the reception of one
of these frames makes the single transmission successful in
Preamble WOR frames N the broadcast case. Therefore, a single transmission ifails
’ ) the receiver cannot receive any data frame. This includes
Seder | fp ] e the series of preamble-frames (DFP or WOR) and the data
Failed reception frame transmitted afterward. As the wakeup instant of the
Receiver2 receiver is random, it may miss the reception iofDFP
‘ frames,i = 1,._..,7"(_1 — 1, wherery is the number of II_)FP
Slot 1 Slotr -1 Slotr, frames transmitted in the preamble to span the check irterva

The value ofr, is extracted from the check intervdlq
Fig. 1. Example on WOR protocol operation with a successfec@ier 1) and the transmission duratidfy; of a DFP frame according
and failed (Receiver 2) single transmissions. to the following relationry = [Tcr/T4]. Therefore, if the
receiver wakes up during the first DFP frame, it may keep

thus on the energy drained in each of these cases. We [ig€ning during all ther; — 1 subsequent DFP frames plus
el .o (resp.et,.) to refer to the energy drained in the case dhe subsequent data frame if all these frames are corrupted.

succ

a successful (resp. failed) single transmission. Theeefase [N this case, the number of missed frames is equatto

have: (rqg — 1 DFP frames plusl data frame). As the wake up of
. , . ; the receiver is chosen independently of the other parameter
& = (L=ppleee + (1= pp)prleran + el it can be modeled by a uniform random variable and thus the
+ - probability that the receiver wakes up during the transioiss
+(1— pf)p?fl [(n— Debyy + €l of the first, the last, or any other DFP frame j5-,. Therefore,
ot the probabilityp; of a failed single transmission is:
+Prneg; . )
1 —p¥ = —prdg —grazly oy
= 1 _ pjft <pfe§ail + (1 pf)ez.ucc) . (1) by T‘dpd + ’I”dpd + + pod
1—plf
The same methodology is applied to compéteby replacing = iﬂ ( 1 ];d ) . 3)
t d — Pd

€succ by e;-ucc and e%ail by e?ail in (1)’ Whereegucc (resp'e;ail) 3 .
is the average energy drained in the case of a successfpl (ré¥ote that the same formula applies for broadcast communi-
failed) single reception. The energy drained in samplinigs ~cations with WOR with replacing-q by 7., which is the

independent of transmission success or failure. number of WOR frames in the preamble definedras =
[Tci1/(Tq + Ty)], whereT, andT, are the WOR and ACK
I1l. EVALUATION OF PREAMBLE PROTOCOLS WITH transmission durationS, respective'y_
PERSISTENTRECEIVERS In the unicast case, a successful single transmission also

In this section, we compute the lifetime and the reliabilitglepends on the correct reception of an ACK frame. In DFP, the
of preamble sampling protocols with persistent receidfs. ACK frame is transmitted only at the end of the transmission;
consider five variants: LPL, MFP, DFP, WOR, and CSMAtherefore, the probability of failure can be derived easily
MPS for which we obtain their characteristic parameters: tlirom (3) as shown in Table I.
probability that a single transmission fails and the energy In WOR, the situation is different because an ACK frame
drained in sampling, in transmission, and in reception fithb is expected after each WOR frame transmission as shown in
unicast and broadcast communications. Fig. 1. In this case, we introdueg,, the probability of failure

within one slot (see Fig. 1) defined as:
A. Probability of Sngle Transmission Failure

The probability that a single transmission fails with LPL, Gw = 1= (1 =pa){1 = pa)- “)
MFP, and CSMA-MPS is the same. For broadcast corftherefore, the probability of transmission failure with \RO
munications, it depends only on the data frame transmittedn be derived as in (3) by replacipg by ¢, andr, by r,,.
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TABLE I

ACK are expected. We have thus assumed that the transmitter
SAMPLING COST

goes back to sleep mode during the inter preamble-frame gaps

g3 Broadcast or Unicasi For unicast communications, we introduce a random variable
LPL, MFP, DFP (r +Tcs)Ps Y that counts the number of preamble frames transmitted. The
CSMA-MPS, WOR || (7 + Tu + Tcs) Ps

transmission of preamble frames stops when the transmétter
ceives an ACK frame from the receiver that acknowledges the
correct reception of the just transmitted preamble franweN
that the minimum number of transmitted preamble frames is
2 because in the best case, the receiver wakes up iri slot
thus misses the first preamble frame. In the case of WOR, the
B. Energy Drained in Channel Sampling random variablé” is calledY,, and is defined if2,...,7,}

The energy drained in sampling operation depends,dhe as in (2). Note that thé’[Y,, = r,,] has a different form from
time needed to switch the radio from sleep to receive statéhe others. Thus, we have:

Table | summarizes these probabilities. Note thatefers to
the probability that an ACK frame is corrupted.

and on the time needed to draw a conclusion on whether the 1 i1 ) ,
channel is active or not. The latter time includéss, the , (=) f2si<ry
time needed to perform a RSSI measure and includes tﬁg/w =i = 1 1— gt i

inter preamble frame tim&, envisaged for ACK frames if Tuw (1 + 1 — qu ) =T

gaps are ingerted between them such as i.n C.SMA'MPS aﬂqe value ofY, for CSMA-MPS is obtained in a similar way.
WOR. The time needed for channel sampling is mdependefgble Il summarizes the obtained results. Varialfesind P,

of whether the transrmssmn is broadcast or umcast. Tablerclefer to the power the radio consumes in transmit and receive
summarizes the obtained results for the considered preampl

. X odes, respectively.
sampling variants. We have usde, to refer to the power P 4

drained when the radio is in sampling mode. D. Energy Drained in Reception

The reception starts when a node detects that a preamble
is being transmitted. As the receiver may wake up at any

As in most of contention-based protocols, each transmissigme during preamble transmission, it can only receive the
in preamble sampling protocols is preceded by a carrigimaining part of the preamble. In the case of LPL, it receive
sense operation. Carrier sensing before transmissioraiglgx half of the preamble on the average. In the case of preamble-
similar to the channel sampling operation and thus the dthinframe protocols, it receives a number of preamble frames. In
energy is equal to the correspondifiy For protocols without general, the receiver is not guaranteed to wake up right at
inter preamble-frame gaps such as LPL, MFP, and DFP, 2 beginning of each preamble-frame, thus the first detecte
energy drained by the transmitter is the same independehtlyyreamble-frame is missed. On the average, only half of it is
whether the single transmission fails or succeeds. It #&su received. For derivations, we consider both cases of ssfides
the transmission of all preamble frames and the Subsequgﬁa failed Sing|e receptiomgucc and e;ail’ respective|y_ Ta-
data frame. For broadcast communications with WOR age v summarizes the obtained results. Note that the energy
CSMA-MPS, the preamble is transmitted entirely, because Bgained in reception also includes the energy drained when t

1 " . » radio switches from sleep to receive mode.
In contrast to other transitions, this transition cannotnieglected. For Ti te th drained i bl fi
the CC 2500 radio, the transition from sleep mode to active ni®88.4.s, 0 compute the energy drained In preamble reception, we

whereas the transition from receive to transmit mode is Onfiy:s. introduce a protocol-specific random variabte that counts

C. Energy Drained in Transmission



TABLE Il
SINGLE TRANSMISSIONCOST

et Broadcast Unicast
LPL ezucc = egail =E5+ (TCI + Td)Pt e§ucc = el’iaﬂ =E5 + (TCI + Td)Pt + To Py
MFP €luce = e?ail =&+ (rmTm + Ta) Pt eliee = eﬁaﬂ =&+ (rmTm + Tyq) P + To Pr
DFP etie =€t =8+ (raTa + Ty) Py €lee = e?mi E8+ (raTy + Ta)P; + Ta Py
WOR ehuce = €hy = €5+ [rw (T + Ta) + Ta) P egtucc =&5+ Yw((TdPt + TaPr)) + TP + Ty Pr
efail =& "F@pot +TaP7‘ +TdPt +TaP7‘
CSMA-MPS || el =€t =E 5+ ra(m+Tu) + TalP: | elyee = E5+ Ya(TuPr + TuPr) + TyP; + PuTy
ezail =&+ Tz(Tth + Tn,Pr) + TdPt + P, Ty

TABLE IV
SINGLE RECEPTIONCOST

e’ Broadcast Unicast
LPL e;ﬂucc = e’gail = (T+TCI/2+Td)PT‘ 67sﬂucc = (T+TCI/2+Td)PT' +Ta Py
epn = (T +Tc1/2+Tg)Pr + (1 — pa)TaPe
MFP €huce = (T +Tm/2+ XmTm + 7+ Ta) Pr €huce = (T +Tm/2+ XmTm + 7+ Ta) Pr + To P
er = (T4 Tm/2 + XmTm + Ta) Pr el =T+ Tm/2+ XmTm + T))Pr + (1 — pa)Tu Pt
DFP e = €hee = (T+Ta/2+ XaTa +T))Pr | €hnee = (T+Ta/24 XqTa + Ta)Pr + T P:

e?ail = (T + Td/2 +7‘)§7de + Td)PTJF
[ ) (—17’? N (7 +Ta)Ps.

rd 1—-pgq

WOR | chait = Couee = Chce = |7+ (T + T) 2| Pr + X |pallTa 7)ot
[T + (Ta + Ta)/2 + (Ta + Ta) Xw + Td:| Py (1 —pa)(TaPr + TaPt)} £ TPy + TuPs
Clail = [T + (Ta + Td)/2] Py +Tw[pd(Td +7)Prt

(1 = pa)(TaPr + TaPt)w +TgPr + (1 = pa)Ta Py

CSMA-MPS || el | = elye. = [T + (Ty + T)/2+ eiee = [T + (Ty +Tx) /2} P+ XT{TIPT
(Ta + T;L)Z"F (7' + Td):| P, (1 - px)TaPt +px7'Pri| + (’7' + Td)Pr + To P+

ehi = [r + (Ta + Tx)/2} Pr+ Xy {T,TPW

(1 - pz)TaPt +pzTPr“ + TaPr + (1 - Pd)TaPt

the number of received preamble-frames. For protocols th#terefore,
use control frames such as MFP and CSMA-MBRScounts P o — (i 4+ 1)
the number ofall received preamble-frames, which is a suc-  P[X,, =i = ———pit—-"——p! .

cession of corrupted preamble frames followed by a sucgkessf o ) ?’m_ m ) )

defined in{0, r,, — 1}. We haveP[X,, = 0] = 1/r,,, because "m by . and py, by p, (Wher_epx is the probability that a
the probability of receiving MFP frame is the probability that CSMA-MPS preamble frame is corrupted).
the receiver wakes up during the last MFP frame transmissiéi®! Protocols that use data frames in the preamklesounts

This wake up is independent and thus can be assumed unifdfiy "umber otorrupted data frames received in the preamble.
in the general case. Hence, the probability is equal/ig,. To The derivations are similar to those described above. Fét, DF

computeP[X,, = i] for i € {1,r,, — 1}, we use the relation We have:

PlX,, =1 = P[X,, > i — P[X,, > i+ 1]. We have: . -1 —(t+1)
o == P 2 1) = Pl = 15 1] We have Py =il = Mty e

Similarly, X, is obtained by replacing, by r,,.
For the unicast case, the ACK frames should be taken into
. 1, 1 account. That ispy is replaced byg,, in the calculation of
PlX,, > = —p’ e —pt ! LA .
[Xm 2 1] Tmpm oo rmpm X, andp, by ¢, in the calculation ofX,. Detailed results
are summarized in Table IV.

If the receiver wakes up before positief, —i

1 1
+ TO T TO IV. NUMERICAL RESULTS
m m
Otherwise For the numerical evaluation, we consider a Rayleigh fading
Tm — 1 channel and use a familiar model to compute the packet error
- Pm probability [5]. For other parameters, we use the charaties

Tm
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V. CONCLUSIONS

We have taken into account non-perfect channel conditions
to compute the lifetime and the reliability of various prdsen
sampling techniques with persistent receivers. Our nurakri
results show that the channel sampling cost has a significant
impact on the energy consumption of sampling protocols.
Moreover, no protocol maximizes reliability and lifetime¢ a
the same time. Therefore, no protocol is universally opitirna
each one has its own optimal operation point that depends on
given channel and load conditions.



