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Abstract— In this paper we provide a method to analytically hardware, program and data memory resources are scarce, and
compute the energy saving provided by the use of Transmissio consequently, impose limitations on the protocol comgexi

Power Control (TPC) at the MAC layer in Wireless Sensor
Networks (WSN). We consider a classical TPC mechanism: data
packets are transmitted with the minimum required power to
achieve a given packet error probability, whereas the addibnal
MAC control packets are transmitted with the nominal (maxi-

Second, the amount of energy available per node is finite
if they are battery powered. Therefore, the development of
energy-efficient protocols and applications is a majorleingle

in current WSN research, in order to develop systems that run

mum) power. This scheme has been chosen because it does naynattended (without battery replacement) for an arbithaing

modify the network topology, since control packet transmision
range does not change. This property also allow us to compute
analytically the expected energy savings. Besides, thigiy of TPC

time (e.g. years).

Actually, the major sources of energy “waste” are related

can be implemented in the current sensor hardware, and can be to radio communication issues [2], [3]. For instance, commu
applied directly to several MAC protocols already proposedfor nicating one bit of information consumes as much energy as
WSN. The foundation of our analysis is the evaluation of_ ratio, executing hundreds of instructions in typical sensor ndittes

defined as the total energy consumed by the network using the | ,. . .
original MAC protocol divided by the total energy consumed M|ca2 mote; [4]. The radio interface con;umpuon depends on
its state, which can be one of the following:

if the TPC mechanism is employed. In theL computation we
emphasize the basic properties of sensor networks. Namely,
the savings are calculated for a network that is active a very
long time, and where the number of sensors is supposed to
be very large. The nodes position is assumed to be random
-for the sake of example a normal bivariate distribution is
assumed in the paper- and no node mobility is considered. In
the analysis we stress the radio propagation and the distrilstion
of the nodes in the network, that will ultimately determine the
performance of the TPC. Under these conditions we compute
the mean value of L. Finally, we have applied the method
to evaluate the benefits of TPC for TDMA and CSMA with
two representative protocols, L-MAC and S-MAC using their
implementation reference parameters. The conclusion is i,
while S-MAC does not achieve a significant improvement, L-
MAC may reach energy savings up to 10-20%.

Index Terms— Energy saving, MAC, network lifetime, trans-
mission power control, WSN

o Transmission state:{). Packet transmission. Power con-
sumption is proportional to the the radiated output power,
which can be selected from a set of discrete values (e.g.
from -20 to 5 dBm in steps of 1 dB in the Mica2 motes,
see Table ). However, in practice the output power is kept
fixed at anominalvalue (usually, the maximum possible
output power).

o Reception -and listening- states{). Packet reception
and channel listening (carrier sense). It also consumes
a significant amount of power independently of receiving
actual data or just listening (e.g. 35.4 mW in the Mica2
motes).

« Sleep states). Radio off. Negligible power consumption
(e.g. 3uW in the Mica2 motes).

From the MAC (Medium Access Control) layer perspective

consumption may be minimized if the nodes sleep during
inactivity instead of being in the reception state. Therdiyy
Wireless Sensor Networks (WSNs) consist of a large saterage consumption is significantly reduced. This styateg
of autonomous wireless sensing nodes [1]. They are desigmeduires coordination among nodes (all neighbors muspslee
and deployed to accomplish specific tasks, e.g. enviroreherdnd awake simultaneously) and a tradeoff between the sleep-
monitoring, industrial sensing or space exploration. Thist ing time and the achievable throughput (since nodes cannot
yields to specific traffic patterns and network topologiesend or receive data in the sleep state). Consumption may
that are strongly application dependent. WSNs also inheaiso be reduced using only the power needed for each data
key properties from ad-hoc networks: decentralized cantréeransmission. Figure 1 illustrates this idea. Node 1 resche
common transmission channel, broadcast nature, multi-hopdes 2 and 3 with powep;, however nodes 4, 5 and 6 are
routing, and ephemeral topologies among others. Besidesly reached at powe®)s. In this caseQ- is the nominal
there are two WSN basic constraints. First, the expectpdwer that guarantees full conectivity. But, if power is set
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after a very long running time. We denote this ratio las
.- We find that, for a given node distributioh, depends on two
Nodes factors: (i) one characterizes the geometrical distrdrutdf
’ the nodes and the other (ii) is mainly influenced by the MAC
protocol and the traffic of the network. Both parameters are
evaluated under the most widely accepted WSN assumptions
(see Section V), stressing the geometrical distribution a
Nie‘;f the transmission properties of the network. It is shown that
” L converges if the number of nodes is large. Once developed
E the theoretical framework, it can be applied to a wide rarfge o
. o MAC proposals, just by adjusting the parameters of the model
o according to a given MAC operation. Therefore, we describe
how to put our results in practice: the theoretical result is
applied to a set of traffic loads and nodes densities for two
MAC protocols, a TDMA one (L-MAC) [8] and a contention

fixed, there is a waste when data packets are deliveredofe (S-MAC) [3]. The results reveal that energy savings are
nodes 2 and 3 at powe,. Selecting thebestoutput power considerable for L-MAC (from 10% to 20%), while rather
in each transmission may reduce considerably the outgiferage for S-MAC (< 10%). _ _
power, and thus the total consumption. This type of strategy 1he rest of the paper is organized as follows. Section
called Transmission Power Control (TPC). Currently, ohig t | Presents the related work in the field. In section Il the
former scheme -coordinated sleeping- has been exhalysti\)é‘thork lifetime ratioL is deflne_d and computed as gfunctlon
studied as a technique for energy saving in WSNs, since i@ietwo factors € ands). In section IV a representative WSN
listening avoidance has been widely considered the dorhin&f€nario is discussed and studied. Sections V and VI compute
factor to reduce power consumption. This has been the majo mean of¢ and s, respectively, under the assumptions
design objective of a large set of specific WSN MAC protoc&onsidered in the scenario of Section IV. Then, Section
proposals [3], [5]-[8]. VII applies these results to co_mpute the. meanLofor the
In this paper, we are interested in the additional benefits, i-MAC and S-MAC protocols. Finally, section VIil concludes
terms of energy saving, that the use of TPC may provide to ) _ _
WSN MAC protocols. First, we have to select a TPC mechAlote: From then on, the following notation and conventions
nism suitable (or at least adaptable) for the vast majofithe are used:
WSN MAC approaches, in order to evaluate the performances Probabilities are denoted as|Bvent.
of TPC. We have selected a well-known approach for TPC [9]: « Random variables (rv) are denotedas
the considered TPC mechanism uses the minimum necessary Average values are denoted 2r E{z}.
power to transmit the network layer packet data units with a* Stochastic processes are denoted:@.
bounded packet error probability, and the nominal (maximum ¢ Discrete output transmission powers are denoted with the
power to transmit the additional MAC control packets. For  (quantum) letteq.
instance, in the example depicted in Fig. 1, considering thee Power consumptions are denoted with the lefter
IEEE 802.11 protocol [10]: RTS/CTS/Data/AGKsequence.
If node 1 has to send a data packet to node 2, then node 1
would start transmiting the RTS at the maximum (nominal) The goal of the TPC mechanisms is to select dpémum
power Q. Afterwards, node 2 would answer with the CTS aRower transmission level to be employed in each packet
the same nominal power. Then Data is exchanged, but at fiflivery. The precise meaning of optimum depends, indeed,
reduced poweK):, and finally the ACK is transmitted with ON the scope and objective. TPC protocols for Mobile Ad-hoc
the nominal powers. NETworks (MANETS) have been commonly designed with the
This approximation does not modify network topology sinc@im of increasing the capacity in wireless media by means of
control packet transmission range is not modified. Therel§}annel reuse or to ensure network connectivity. Two types
upper layer behavior is not affected. This property allow (& strategies have been already considered: (i) In network
to compare fairly the energy consumption between TPC afftyer TPCs transmission power control is used to select the
non-TPC protocols. best subset of the actual neighbors to be reached, that is,
As a drawback, this type of TPC requires that nodes ha{fd topology control purposes (e.g. COMPOW [12] and PSP
an exact knowledge about the output power needed for evéhgl)- And (i), the MAC layer TPCs, where power is selected
packet exchange. Nevertheless, since we are interestéa infPr €ach packet to improve channel reuse or reduce packet
maximum energy saving achieved by an ideal TPC, we wipllision probability (e.g. PCM [14], PCDC [15], PCMA [16]
assume that this information is already known by the node@nd DCAPC [17]). The three latter proposals are based on
To evaluate such a mechanism, we compute the ratio of fmalitichannel devices, using the additional channels toaig

energy without TPC to the energy using the TPC algorithficoming transmissions and to compute the best output power
to use. Besides, the PCM protocol must run on specialized

IRequest To Send/Clear To Send/Data/ACKnowledgement. radio hardware that allows very fast output power variation

Node 1

Fig. 1. Discrete output powers
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These solutions effectively reduce collisions and improve
capacity, which is the major issue in MANETS. However, in n_
WSN the primary concern isnergy consumption efficiency Tix(t) = ZTt’I(t)
rather than high channel throughput and reusability. Meeeo i=1

WSN protocols are constrained by the scarce memory, CPU ~ i

and radio resources available. Sensor nodes are too litated Tra(t) = ZTm(t) 1)
support most of the previously mentioned approaches peapos 121

for MANETS. For instance, multichannel proposals cannot be Ta(t) = ZTSil (t)

implemented since current sensors are mainly monochannel. Pl

There is a number of TPC algorithms designed Speciﬁca”yAccordingb/, |etth, PHL and Psl be the power consump-
for sensor networks. In [18] a set of distributed TPC aldgwn$  tjons associated to each state. Then, the total energy emtsu
is proposed. These mechanisms select a single transmissjafl an arbitrary instant, E(t), is given by eq. (2).
power level for each node. The different proposals are com-
pared with each other, using network connectivity anditifet E(t) = PiuTya(t) + ProTop(t) + PyTy(t) 2)
as performance metrics, but no comparison with non-TPC ) o
protocols is provided. In this paper, on the contrary, we We should specify a way tq measure the energetic eﬁlplency
evaluate the expected energy savings that can be achievedgrovement due to the application of the TPC mechanism to
using a generic TPC protocol, without describing a particul@ particular MAC protocol. One metric may be the increase
way of finding the power level necessary to reach a specifit the lifetime of the network. However, this is difficult to

neighbor. Thus, our analyisis provides an ideal upper boufl@fine in a general way, since it is not clear when the network
on energy saving. (as a whole) cannot continue its correct operation, which

Analytical studies on several aspects of TPC can also %ually depends on the application. Instead, we can compute
found in the scientific literature. In [19] the auhors look fo metric of the efficiency (we name I) of TPC based on

. o . he assimptotical ratio for a largeof the energy consumption
the optimal transmission range that maximizes a parame b geo 9y P

r ; ) :
called “expected one-hop progress in the desired dirébtion? the network in both cases (with and without TPC) through

but energy consumption is not considered. In [20], an an%guatlon (3).
lytical comparison between common range and variablegang . E(t)|no-Trc
TPC for MANETS is provided. The study is focused on the L= lim “E)|ee ®)

impact of TPC on network connectivity, capacity and routing __, . . L
protocols. An energy consumption model, as a function of This expression can be further developed taking into con-

the packet size, MAC protocol and radio characteristics, ?d;ratxnxti?ﬁ art:sur\r;vptrlo_rllr;ch?tfc?ntrr?l i?f?ci(itstv?/rerka'lnmmf S
used in [21] to derive an optimal transmission power in ter € maximum power. Therelore, neitner network topology,

of end-to-end energy consumption. Our approach focuses Q{wa(t), Ir,(t) andTy(t), changes when TPC is used.

the improvement that TPC may provide. In addition, the TPC Let us nassrurcvtieﬂ;hat t?bei rlftvxorr:i 'Si c:mptos?d ?/{/ homoge-
mechanism used in our evaluation can be combined wif OuS Sensors possible transmission output powee;(

: =1,...,p). Let us denoteP,,, as the power consumption
roposals focused on network layer operation. It should e " " ST
brop y P sociated to output transmission povégr. Let @, be the

noticed that the network topology is determined by the ranﬁ%minal (maximum) transmission output power. and hence
of control packets, which here is set to the maximum (nomj put p ’

mij-— . . i
nal) transmission power. Therefore, this nominal transiors h% is the nominal consumption. Now, let us note that the

power can be selected in order to achieve a desired netwg&nsmlssmn time of each node can be decomposed into two

property, such as full connectivity, and still TPC can bemsecontribution_s: data and signaling. Let us define the stdhas
for data transmission. processesl;, (t), Ty, (t) for i = 1,...,n as the accu-

mulated transmission time dedicated to data and signaling
respectively for each node. L&fiaa(t) = Y i Thura(t),
Tsign(t) = Y1y Tl (t). In addition, T, (t) can be further
subdivided in the time spent transmitting at each outputgyow
[1l. PERFORMANCE ANALYSIS 7t Tiaga, (t). Let us defin€Tyan, (t) = 307, Tiga, () for
j=1,...,p.
Then, assuming that the power consumption during the sleep
In this section, we introduce the calculation of the energyeriods is negligible, the energy consumption without aitt w
saving which can be obtained from the TPC mechanismPC is given by equations (4) and (5), respectively.
selected. Letn be the number of nodes in the network. Let
T} (t), T, (t) andT? (t) be stochastic proccesses representin
the accumulated time that nodefor i=1.n, is in each state
-transmissiontk), reception (x) and sleepgl)- during the in-
terval [0¢). Then, we can define the total network accumulated »
time in each state, summing all nodes contributidhis(t),  E(t)|rpc = ZTdataj (t) Peas; +Tsign (t) P, + Ty (t) Pry (5)
T,..(t) andTy(t), as: =

E () lno-rre = Ttata (£) Pro, + Taign (t) Pra, + Tra(t)Prs (4)



Therefore, from eq. (3), (4) and (5): position is random (a likely case in WSN), tliefactor is also

random.
Tuata(t)Prx, + Toign(t)Pia, + Toa(t)Pra We will compute the mean of, L, in the next sections.
L= lim e e o T e T = We will show that for large values of, in a representative
t—oo Z?:l Tdataj (t)Pth + Tsign (t>Ptxp + Tr:n (t>Prx g P

WSN deploymentL is given by the following expression:
L can be rewritten dividing both numerator and denominator

by Piz,Taata(t); We obtain: . 14€
- 1*+§ (11)
s+¢&
1 + Tsmgn(t) + PerTw(t) -~ T H
I — lim Taata(t) ' PrayTaata(t) 6 Both 5 and ¢ (and, therefore,L) are evaluated in the
T t—oo mp  Pra;Tdata; (1) o Teign(®) PryTrg(t) 6) following sections applying the realistic assumptions\W/sN
I=1 PrapTaata(t) " Taata(t) © PropTaata(t) discussed in Section IV.
Now, let us define the variablg as,
IV. WSN MODEL
e—1 Tsign(t)  Pra Tra(t) At this point, we aim to compute the generalfunction
= lim 7 . . . . .
255 Tyata(t) | Pra Taata(t) (7)  derived in the previous section for a representative WSN

_ o model. Such scenario is specified by: (i) a suitable projpagat
Besides, letQ be the “output transmission power” randoniodel, (i) a node distribution, (iii) a traffic pattern anig)(a
variable that assigns to each transmission output pawer multiple access scheme.

its corresponding probability R = Q] (i.e., the probability
that a data transmission occurs in tf¢h power quantum).

A. Propagation model
Let us note that, pag

WSN media can be considered a time-invariant narrow-band

. Taata, (1) channel, which can be modeled using a path-loss approxima-
PIQ = Q;] = lim Taata(t) () tion [22]. In this case, the transmission power requirBg)
to achieve a target probability errgs. for nodes at a given
Hence, distanced is:
L= pl - 9) P = d*Q(py) (12)
o1 A PIQ=Q] + €
being « the propagation coefficient of the path-loss model
Finally, callings = >-_, i::j PQ=Q;], we arrive to: and(2 a function that depends gin. and the communication
o environment. Appendix 1 describes how this expression is
14¢ found. _ _
L= s (10) For instance, for the Mica2 motes hardware, a packet

size of 100 bytes, a target error probabilify = 10~3, and

This expression says that the energy ratio of the twp — 3.95 (value experimentally obtained in our test-beds
approaches converges after a long running time to a valyg]), and a bit rate of 30 Kbps we hage~ -97.5 dE. For
that is a function of two variables: and¢{. The s-coefficient the discrete transmission output powers of the Mica2 motes,
characterizes the geometrical distribution of the netvginke the associated distances using the previous parameters are
it depends on the relative distance between neighborswhigymmarized in Table |I.
determines the output power required. Moreogeralues are
always within the interval (0,1]. Low values indicate thatles Maximum range Additionally, receivers have a sensitivity
are closer, and thus savings are more noticeable (largeesal(Py ~ —102 dBm for the Mica2 motes) that establishes
of L). High values indicates that it is unlikely that the outputhe maximum distance between nodés)( For instance, for
quantum can be reduced. In fagt= 1 means that no saving the path-loss model with the previous propagation coefficie
is possible at all. Thus, in this case TPC lacks interest. (o = 3.95) the associated maximum distandeg is 89.92 m.

On the other hand, thg-coefficient measures the balance
between the time devoted to data transmission and the tige
used for signaling and reception. Note thakt/0¢ = (s —
1)/(s+&)? < 0for all s € (0,1). Therefore, L decreases a
increases. Protocols with a good balance have aglaalue,
yielding to a higherL ratio, that is, larger savings.

Finally, let us note that both coefficients are influenced
the traffic properties, and that if either the position of esd
or the number of sensors change, these varialdesn(l &)
will also change, and so the factor. That is,L is a function  2rpjs vaiue has been calculated for Manchester codificatitnich doubles
of the number of nodes and their positions. Hence, if nodesg baud rate.

Nodes distribution

In a general WSN deployment the position of nodes may
not be controlled, and ia-priori unknown. In this paper we
consider a reasonable type of node position pattern, where
Hﬁg}des are concentrated aroungdaint of interest This pattern
IS likely in several cases, like natural disaster zones,revhe
sensing nodes are thrown close to a target area. A simple way



Output power Consumption Range Timeslot #i-1  Timeslot #i Timeslot #i+1  Timeslot #i+2

|
-20 dBm (0.0100 mW)  25.8 mW 19.30m . . . . .

-19 dBm (0.0126 mW)  26.4 mW 20.46 m e )
-18 dBm (0.0158 mW)  27.0 mW 21.69 m
-17 dBm (0.0200 mW)  27.0 mW 22.99 m
-16 dBm (0.0251 mW)  27.3 mW 24.38m - . ;
-15 dBm (0.0316 mW)  27.9 mW 25.84 m PREAMBLE | UISTENING | MESSAGES | SLEEPING
-14 dBm (0.0398 mW) 27.9 mWw 27.39 m NOTIFYING | EXCHANGE
-13 dBm (0.0501 mW)  28.5 mW 29.03 m B bits Bibis | B/Bbis |
-12 dBm (0.0631 mW)  29.1 mW 30.78 m F ’
-11 dBm (0.0794 mWw) 29.7 mwW 32.62 m
-10 dBm (0.1000 mW) 30.3 mW 34.58 m
-9 dBm (0.1259 mWw) 31.2 mw 36.66 m . Acti od
-8 dBm (0.1585 mW)  31.8 mW 38.86 m ctive perio
-7 dBm (0.1995 mW) 32.4 mW 41.19m D Sleeping period
-6 dBm (0.2512 mW) 33.3 mw 43.67 m
-5 dBm 0.3162 mW) 41.4 mw 46.29 m . ) o
-4 dBm (0.3981 mW) 43.5 mW 49.07 m Fig. 3. General timeslot distribution
-3 dBm (0.5012 mW) 43.5 mW 52.01 m
-2 dBm (0.6310 mW) 45.3 mW 55.13 m
-1 dBm (0.7943 mW) 47.4 mW 58.44 m .
+0 dBm (1.0000 mW)  50.4 mw 61.95 m C. Traffic pattern
T3 dom oaaa M) eeamw oot Usually, WSN nodes are expected to carry unicast traffic
+3 dBm (1.9953 mW)  57.6 mW 73.79m flows from the sensors to thginks Sink nodes are special
+4 dBm (2.5119 mW) 63.9 mW 78.22 m : :
+5dBm (3.1623 MW)  76.2 mW 82.92 m nodes that receive and process the data fror_n all the Semsors i
the network. Therefore, nodes closer to the sinks transmiem
TABLE | traffic, since they must relay the information of other nodes
PATH-LOSS MODEL (o = 3.95)RANGES AND CONSUMPTIONS FOR THE ~ The average load in the network is assumed to be low, with a
MICA2 OUTPUT POWERS small data packet size (around 100 bytes long). According to
these premises, and for the sake of simplicity, we will make
the following considerations in our analytical model:
, , , , , : : : : « The number of nodes is very large.
0o r 1 « The sink nodes are situated close to the center of the
a00 | . i plane. Therefore, traffic flows go from thexigesto the
° o .. N ) center.
200 [ e ce ™o ° ° | o The link utilization is uniform in all the links of the
o © PO® oo~ 0 © . . i . . .
100 | o oS eiog o 0 08, 0 : network, and equal tp. This simplification is sound with
° ° RS @00 QO . . .. .
. o0 0 m3%S A gé’% the idea that there is more traffic in central nodes than in
F [o} [} 0 © ° - . . .
° RN L I ° the edge ones, since central nodes will have more links.
0608% o o
100 o °o” J’%‘Zg&ﬁ o, % 1 This simplification will allow us to anallyticaly determine
o © @0 ° °
ol o . | the L factor.
%00 1 D. Multiple access scheme
00 | . We consider a generic model in which time is divided
w0 a0 20 4w o 10 20 30 40 into timeslots, composed by an active period for transmis-
Fig. 2. 250 nodes positioned with a normal bivariate distidn of parameter S'On/recept'on.and. a passw_e .per'Od to slegp. This is the mos
o =100 common solution in WSN, it is employed in a vast range of

protocols both deterministic (TDMA) [7], [8] and contermtio
ones (CSMA variations) [3], [5], [6]. In our analysis we will

to model this scenario is to select nodes with a random nornf@sume that no collisions are possible. Such assumption is
bivariate distribution around the coordinates of the “fgicu justified since in TDMA access schemes nodes exclusively
point. The typical deviation parameterwill control the node OWn timeslots for transmission, ama collisions are possibje

dispersion. An example of this type of distribution is pbatt Whereas in contention ones the low load premise discussed in
in Fig. 2, forn = 250 nodes and = 100. the previous section allow us to consider collisions anketyi

“ocyfvent. Indeed, if such premise cannot be applied to CSMA
oposals, and collisions may occur frequently, the bedravi
TPC will degrade, but the value obtained forstill will be
an upper boundof the efficiency of the TPC algorithm.

In our model lengths are expressed in bits, and each timeslot
consists of (see Fig. 3):

« Preamble B, bits). The preamble is usually intended to
recover from clock drifts, discovery of new neighbors and
maintenance functions. All nodes in range must listen

1 x during theB,, bits to any other node preamble transmis-
far (@) = o5 exp(= 1 5) (13) sion, which is cyclically sent. That is, each node selects

Let us assume, without lost of generality, that the
point is situated in the center of the real plane. Then, ti?c%
position of thei-th node is X;, Y;), beingX;, Y; independent 0
and identically distributed random variabl€g(0,0). The
quadratic distance between two nodes is d? = AX? +
AY? being AX = X; — X;, AY = Y; - Y;. The
probability density function (pdf) ofl? is (see Appendix 2):



a timeslot and retransmits its preamble eéthimeslots node. Then, the contributions to each time are the following
(the preamble period). Actually, it is possible that the

preamble packet lasts less th&y bits (for instance, if Data transmission: B bits for each packet sentm(¢)
contention is employed, there must be additional time fmackets altogether.

accomodate the contention window). Thus, let us denote

B]’D the length of the preamble that is really transmitted.

The preamble is always sent at the nominal power. Taara(t) = BrvKm(t) (15)

+ Listening/notifying (B, bits). It is intended to notify ﬁignaling transmission: B}, bits out of everyC' timeslots per

nodes about an incoming transmission by other no , .
i ; | her).B] + B, f h k .
(for instance, with a RTS/CTS exchange). So, all node;%de be(t) altogether).5; + bits for each packet sent

keep listening during this period. Nodes sleep until next

timeslot if there is no tranmission or if they are not the _ By /

; ! o Toign(t) = ne(t) + (B + Ba)vKm(t) (16)

intended receiver. Similarly to the Preamble, let dergjte ! ¢

the actual length in bits of packets transmitted (see FiBeception: B, bits duringC — 1 out of everyC' timeslots (in

3). If a node has to transmit in this timeslot it notifies théhe remaining timeslot, the node transmits its own preamble

transmission during this phase using the nominal outpaid only listens to the channs}, — B,, bits). B, bits for each

power. timeslot in which the node itself does not transmit (if thelao
» Messages exchang® (data bits plusB, auxiliary bits). transmits it listens only3, — B, bits). B + B, bits for each

During this period, Data and MAC auxiliary packetpacket received.

are exchanged (e.g. Data/ACK). If TPC is employed

Data messages are transmitted using the minimum power BC_B
needed to achieve a target bit error probability (see se&r.(t) = V%Tw(t) + Bivne(t)+
tion IV-A), while auxiliary (contrpl, §ignal|ing) message — BluKm(t) + (B + Bo)vKm(t)
are sent at the nominal transmission output power. -1
« Sleeping period. After packet transmission, receiver and = nc(t)v(By——— + B)) + Km(t)v(B + B, — B})
transmitter go to sleep until next timeslot. In the sleeping ¢ (17)

phase the power consumption is negligible.

Let us notice that for each stage, in TDMA-like protocols USINg these equations and equation (14), we have that
only one node transmits at a time in a spatial region of tl{gotlce th_atu dissapears in the fractions since it was both
networlé (and, therefore, there are no collisions), whereas {fi dénominator and numerator):

CSMA-like proposals all nodes with information to transmit

contend to access the channel. Tyign(t) _ Bpge(t) + (B + Ba)Km(t)
T, ~ BK
_ data(t) , ’rrf(f’) (18)
V. &€ EVALUATION _ 2B, n B + B,
Let ¢(¢) be the number of timeslots until instantNotice, BCpu(n) b

that ¢(¢) is the same for all the nodes in the network. Let us and,
denoteK as the number of links that exists in the network.
Let m(t) be the stochastic process representing the number of B,C-B,,

™) _
packets sent in each one of thie network links until time _Lrz() ne(t)(—z— + Bi) + Km(t)(B + Ba — B))

t. Then,m(t) = c(t)p. In addition, letvi(n) be the random Tdata(?) BEm(t)

variable representing the number of neighbors of thienode, B Bp% +B n B+ B, - B

for i = 1,...,n. Obviously, it depends on the total number - Bp v(n) B

of nodesn. Let us definev(n) = Y7, v*(n), the sum of the (19)

neighbors that each node has. Note thiat) = 2K, as each . — .
neighbor node corresponds to a link in the network, which These equations are approximations, since packets can be

: o . ; Partially transmitted at instarit However, this approximation
E()::(jc;unted twice in the sum. Then, the following relat|opsh|wi” be fine for large values of. Thus, ast tends to infinity,

¢ is equal to
Kmf(t)
c(t) =2 v(n)p (14) ¢ 2B, n Bl + Ba+
. s . . ~ BCpo(n) B
Besides, it is now possible to compute the amount of time B.C_B' (20)
that nodes are in each state. Letbe the bit transmission P, =2 +DB n B+ B, - B
time of the radio transceiver. Until timg m(¢) packets have + P, 2 Bp v(n) B ]

been sent in each link, andt) timeslots have passed in each ) i
) P To sum up, notice that the coeffient depends on the power

30Obviously, timeslots may be reused spatially in the netwaikhout ratios (a hardware parameter) and on th_e traffic _Ioad and
causing collisions. message lengths (a protocol parameter). A{ss,a function of



2B, 1 Bj+B,

S ¢= BCpw B )
o1k ] N P, 0 chchp +D51 N B+ B, —Bl’]
Py, Bp ® B

n/v(n) (logscale)

to compute these plots am, = B, = 100 bits, B, = B] =
400 bits, B, = 400 bits,C' = 20 andP,, = 35.2 mW, P, =

76.2 mW. Packet lengths have been chosen as representative
0.001 100 wo  values of a WSN configuration, and the consumption powers
umber ofnodes (1) (Ggzcale correspond with actual Mica2 motes consumptions. The surve
show that the expected valuetiecreases gsincreases, and
that the value is greater for lower values Bf

ol - R | Figure 5 represent$ evaluated versus for different Data
' o, \ packet sizes) usingn = 100 nodes. The parameters used

Fig. 4. n/v(n) evaluated versus for different o

Qa

100 T

B=1500 =~ VI. S EVALUATION

As shown in the Section Ill, the energy saving obtained
depends on the value of the coefficient. This coefficient
] is a function of the mass probability function of the random
variable@ found in Section IIl and given by eq. (23).
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© 00l 002 003 004 005 006 007 008 009 01 Indeed,s is actually a function of the position of the nodes
Link load, . o . .
P and the number of nodes. Since position is randens, also
random.

Fig. 5. £ evaluated versup for different data packet sizes3]

n/v(n), which, for random topologies like the one considered’roposition 2 The mean of the random variabéeis
is a random variable.

y , , j=r—1 p (Zrty?/e (e
Proposition 1 The mean of the random variabte/v(n) is 5— 25=1 Puaylexp (———) —exwn (- "
- 2
o X Pis,[1 = exp (— £5)]
E{y—Z-= (21) NG SRAR NP
W "8 (s 1 e (- )] 4 SR T ) e ()
[1 —exp (—15)]
wherew denotes the average number of neighbors of a node (24)

in a network ofn nodes .

The expression fob is obtained in Appendix 3. We have The aim of this section is to prove Proposition 2.
no direct proof for the former expression. Instead, we have
analized its correctness using intensive computing. Eigur A data transmission between two nodes uses transmission
shows some of the results. Fevalues of 50, 100 and 150 weoutput powerQ; if the distance between them is within an
have dropped random networks efnodes and calculated theinterval D; = [dpin, , dmaz,)- If the link usage is equiproba-
mean and typical deviation of/v(n) using 10000 samples. ble, then Pr) = Q,] is just the probability that the distance
The lines in the figure 4 are the meanthe typical deviation between nodes is withil;. TPC MAC algorithms must select
obtained in the experiments, while the points represent thevalue of transmission power that guarantees a given error
analitycal computation of /. As can be clearly observed theprobability 5, at the receiver (or, equivalently that the SNR be
probability concentrates around the expected value@®ws. greater than a given threshold). Lefodes in rangedenote
Using the previous expression, the mean{aé given by the probability that the nodes are in range. For consistency
eq. (22). let Qo = 0. Then, from egs. (12) and (13) we obtain:
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g. 6. s evaluated versus for different o Fig. 7. ‘s evaluated versus

and calculated the mean and typical deviation aging 10000
samples for each point. The lines in the figure 6 are the mean

Pri@Q = @Q;]Pr[Nodes in ran
1Q = Q1P ge= + typical deviation obtained in the experiments, while the

=PlQj-1 £ P2, Q; = Pra] = points represent the analytical computatiorsqeq. 2). It can
=PrQ;_1 < 1/); <Q;]= also be observed that the probability concentrates ardumd t

[
[
[ 1 expected value as grows.
Qir o O 25 Figure 7 shows an evaluation of this expression, for differe
=Pi*5 <d" < FH] = (25)  values of parameter, and assuming? = -97.5 dB, andy =
[
|

= pr(le )2 < (d*)? < (%)2] = 3.95 (same values used in the previous numerical examples).
_ Pr(QH >% < (@)%] _ Naturally, lower values of parameter(which imply higher
Q Y values ofL) are obtained for lowee distributions, since the
_ exp(— (Y )2/"‘) —exp( (%)2/"‘> distance between nodes is also shorter. It should be naaed th
402 402 the resulting function has an interval of fast growing foe

for j = 1,...,p — 1. For thep-quantum there is an expandedloa 50). For the valuesr > 100 the function asymptotically
region betweeii)# andd? where reception is still possible, increases toward a limit value &f= 0.78.
but with a higher error rate. In this case, the probability

associated to the last quantum (nominal power) is: VII. L EVALUATION
Based on the previous results, we can enunciate the follow-
Pr{Q = Q;]PrNodes in range= Ing proposition:
_ Qp-1\2 2 _ "
=Pr(=5+)e <d” < dg] = (26) Proposition 3 For large values of:, the mean of the random
(Lot)2/e 2 variable L converges to
= exp (— 5>—) —exp(——)
4o 4o 1 +E
The probability that nodes are in range is just Lipsi~ ——= (28)
Pr{Nodes in range = Prd? < d%]. Therefore, from eq. $+¢

(23), the average coefficient §) for a normal distribution is: The reason behind this assimptotical behavior is the con-

centration of the pdf around the mean&and s asn grows

2 P, PHQ = Q] (as can be seen in Figs. 4 and 6, respectively). Thus, foe larg
5= P - values ofn the uncertainty on the value @f and s is very
- ! Qj112/a Q20 small and, therefore, so the uncertaintylofThat is the reason
STV Py lexp (*%) —exp (- (7&32 )] that allow us to substitute the random variables for its egub
Po [l — exp (_d_%)] T value in eq_qaﬂon (28). Nevertheless, we have no dlrectfproo
Q) 2/a r . 4o for Prop03|t_|on 3 Instead, we have perfprmed computa_tlona
exp (257 —exp (- %) tests to verify this statement. Fig. 8 depicts the evaluatib
- exp(—ﬁ)] L for growing val_ues ofn. The experlment_s are similar to
40 those shown in Figs. 4 and 6. For each point, 10000 random

(27) networks are thrown and is averaged. The meah typical
We additionally verified Proposition 2 using numericatieviation obtained are represented by the lines depictein
computation. Figure 6 shows the results. bovalues of 50, 8. This figure also shows the analytical results computed via
100 and 150 we have dropped random networks afodes eq. (28) (points). The configuration used is similar to thfat o
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1.6 T T

the previous numerical exampleB: = 800 bits, B, = B,

100 bits, B, = B! = 400 bits, B, = 400 bits,C = 20, P,, = ol
35.4 mW andP;,, = 76.2 mW. -
At this point, the previous results can be applied to a

141+ g

given MAC protocol just by adjusting properly the model
parameters. Thes parameter depends on the propagation Ll
model, the hardware used and the distribution of nodes (see b
section 1V). Thef parameter basically depends on the traffic
model and the protocol operation. That is, the parameters of !
ed. (22),B,, B,, Bi, B}, B, B,, C, take their value according
to the MAC protocol operation. Therefore, someone intexst
in evaluating a MAC protocol with this method should analize -
the desired MAC protocol to determine the value of these ‘¢ 2% 1 & 8 10 120 w0 160 180 200

parameters. The meaning of each one is provided in section ¢
IV-D Fig. 10. L vs. o for different Link loads p) for S-MAC protocol
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In the remainder of this section we show how to do
this evaluation. We apply the previous analysis to evaluate . . . i
the benefits of TPC for two representative WSN protocol _The TPC can be used with this protocol without chang

a TDMA protocol (L-MAC) and a contention protocol (S-I 9 t_he topology if nodes ?'Ways transm{t their preamble at
nominal power. The following Data section would be sent

MAC). Since we keep the propagation model (path Iossa)ltl a controlled power. Thus, we set directly in eq. (22) the
hardware used (Mica2) and the distribution of nodes (nor Hiowing parameters according to the L-MAC operation to
bivariate) as in section IV, we focus on the protocol operati evaluatel -

to determineg. . 1 = 100 nodes

A. TDMA example: L-MAC gi}ggﬁi’g =:8§9 B'tg’é bits
Lightweight Medium Access Protocol (L-MAC) [8] is a Signaling,BIl): B = 0 bits.

TDMA protocol proposed for sensor networks, based on a_ Auxilary, B, = 0 lbits.

modification of the Eyes MAC (E-MAC) [7]. In L-MAC each « Preamble period{ = 32.

node selects a unique timeslot by using the slot occupancy, P.. = 35.4 mW.

information from its one-hop neighbors. Once a node has_ P, = 76.2 MW,

selected a slot it always use it to transmit either a control Fig. 9 depicts the evaluation df versuso through eq. (28)

message (preamble) or a control plus data message. ; . . .
. . . for different link loads p). Results show considerable savings
r generic pr | model ion IV-D) can directl! . '
Our generic protocol model (see Sectio ) can direct the order of 10-20%, for mid-large values ®f Moreover,

be applied to this protocol operation. L-MAC uses a pure _. . . .
TDMA access scheme, and directly notifies neighbors of tral | Fig. 9. savings are more r_10t|cgable for lovand high values
missions in the preamble packet. Thus, the listening/iotf of p. Th's tre_nd Is sound, since if network noc_jes are close gnd
phase of our model (see Fig. 3) is not necessary (theref(grr%nsm'ta high number of packets, the TPC is more effective.
B; = 0). Additionally, the timeslot period i€ = 32 and .

there are not acknowledgemen®, = 0. Therefore, a L- B. Contention example: S-MAC

MAC timeslot includes only a preamble and data (when S-MAC [3] is a contention-based protocol proposed for
corresponding). WSN. It uses a timeslot structure, similar to Fig. 3. Nodes
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synchronize their active/sleep periods by means of thet sheimulations to test it. On the other hand, the results for &M
SYNChronization (SYNC) packet. SYNCs are periodicallglearly suggest not to use TPC: the upper bound is already low
broadcasted by stations in the preamble, which allows node®d the energy saving will be further decreased by collsion
to correct time drifts. Data transmission is performed b addition, in S-MAC more than one transmission schedule
means of CSMA/CA, i.e the RTS/CTS/Data/ACK sequencenay be adopted [3], increasing the overall listening time.
The RTS/CTS packets are transmitted in the listeningAviatif
stage indicated in Fig. 3. Finally, in the message exchange VIII. CONCLUSIONS
period the Data packet and the ACK are transmitted, cor-|n this paper we have developed an analytical method to
responding respectively to the lengttis and B,. Again, compute the energy savings provided by a general MAC TPC
the analysis can be done just by setting these parametgkschanism, which can be applied to most of the current
according to the S-MAC operation in equations 15), (16) anggSN MAC proposals. We have shown that the average energy
(17). We have chosen the values employed in the referenggings, measured through theatio, converges if the number
implementation of S-MAC for TinyOS [23], which are: of nodes is large (a very likely condition in WSN).
o n = 100 nodes An upper bound of the energy saving achievable by TPC can
« Data size,B = 800 bits. be quickly obtained by adjusting the formula parameters ac-
« PreambleB, = 727 bits, B, = 100 bits. cording to the operation of the protocol under evaluatibhak
« Signaling,B; = 1226 bits,3; = 100 bits. been show how to apply this method with two representative
« Auxilary, B, = 100 bits. protocols. The conclusion derived is that the TPC mechanism
« Preamble period’ = 20. analyzed is worth being included in some proposals of WSN
o P, =354 mW. MAC layer. Energy savings up to 10-20% can be expected in
o Py, =76.2 mW. TDMA access protocols like L-MAC, while contention ones,
Fig. 10 plotsL versuso for different link loads f). Results like S-MAC, achieve no significative improvements.
show a worse behavior than in the L-MAC case studied in theFuture work will include the computation of ratio by
previous section. The average saving is below 10% for mifneans of simulation to verify the results, and to extend our
large values ofr. The reason of this worsening is twofold. Orvork to a broader set of WSN MAC protocols, traffic patterns
one hand, S-MAC nodes transmit more control packets (RT@',]d random distribution deployments. Furthermore, we aim
CTS) than L-MAC ones. Since these packets are always séhttest also this type of TPC strategy in real test-beds using
at nominal power, more energy is wasted. On the other hafdica2 motes.
in L-MAC nodes go to sleep just after the preamble (if they
are not the data receivers). In S-MAC all nodes have to wait IX. ACKNOWLEDGEMENTS
alwaysat least until the end of the listening period to sleep. This work has been cofunded by the Economy, Indus-
We must remark that, altough S-MAC is a contentiotry and Innovation Council, with the SOLIDMOVIL project
protocol, we have assumed that no collisions are possible(2104SU044), supported by Fundacion Seneca, with the
our analysis. Therefore, the real values will be even wdrae t ARENA Project (00546/P1/04), both from the Region of
those predicted by Fig. 10. This yields to the conclusion th®urcia, and by the Spanish Research Council with the ARPaq
S-MAC is not a good candidate for TPC use. project (TEC2004-05622-C04-02/TCM).
Two anonymous referees made relevant comments that help

C. Discussion us improve this paper.

In the introduction we stated that we are interested in the
maximum energy saving that adeal TPC may provide. In
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APPENDIX
1. RADIO CHANNEL MODEL

Proc. ACM Conference on Mobile Communications

1 1 E,
be = = exp(—=—2
5 exp( 2No)

And, consequently, the packet probability errpg)(for a
packet of n bits is:

(31)

pe=1—(1—b)" (32)

Given a target error packet probability.§, the necessary
power transmissionH,,) can be obtained from the previous
equations. This objective error packet probability is the
quality (figure of merit) we would like to have in our com-
munications. First, notice that:

Eb

— om(2h) = -2l - (1-7)%])  (33)
0
And from eq. (30),
P ~ 1R
wrpr ~ 2WCI-0=p) g = (3
Prp = —2KTFRI(2[1 — (1 - 5.)%])
Then, from eq. (29)}/7; can be expressed as:
P, = d*Q (35)
where,
A 1 47Td0 a
Q2 —2KTRFIn(2[L ~ (1 - po) " ])(—— )? (d—) (36)
0
APPENDIX

2. PROBABILITY DENSITY FUNCTION OF THE QUADRATIC
DISTANCE WITH NORMAL DISTRIBUTION

Let P,, and P,, be the transmission and reception signalheorem 1 The pdf ofd? for a Normal distribution is:
power, respectively. Let be the distance between peers. WSN

media can be considered a time-invariant narrow-band chan- fe(z) = — exp(—%) (37)
nel, which can be modeled using a path-loss approximation do do
[22], where: Demonstration:First, notice that
Profd) = Pra( o220 (29) AX =X~ Xy = N(0.0) = N(0,0) =
4redy = N(0, \/_a

being o the path-loss coefficient (typicallyy € [2,4]) calcu- AY =Y; - Y; = N(0, N(0,0) = (38)
lated at a reference distandg. — N(0, \/—0>

There are two main contributions to the noise in the trans-
mission: (1) the channel noise is usually considered Adgliti Therefore,
White Gaussian Noise (AWGN) with spectral power density
Ny = KT, whereK is the Boltzmann constant arid is the AX AY , 9
absolute temperature. And (2) the internal noise of theivege (E) (\/—0> X2 (39)



Thus,

d? = AX? + AY? = 202y2 (40)
Sincex? = exp(3), the PDF ofd? is:

Prid? < x] = Pri202x3 < 2] = Pr{x3 < 5%] =
202 1 U
:A 5 exp (=5)du = (41)
X

402)
And, finally, the pdf ofd? is the derivate of the PDF:

d(l —ex =
i) = 22T Lo ) @)

Hence, proved.

APPENDIX
3. AVERAGE NUMBER OF NEIGHBORS WITHNORMAL
DISTRIBUTION

Let n be the total number of nodes in the network. kdbe

the random variable “Number of neighbors of a node”. Since
nodes position is selected independently, the mpéd d:

—1\ . .
Priv = 1] = (n ‘ )n’(l =gty
2
fori=1,...,n-1

where n is the probability that two nodes independently
selected are neighbors, that is the probability that digtan

between nodesdj is less thands. From the pdf of d?

obtained |n Append|x 2, we know that = Prid? < d%] =

l1—exp(—7 ) Additionally, the first order moment af can
be obtalned

(43)

n—1
v= ZZCL B 1) n(L=n)" T =g —1)  (44)
=1
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