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Abstract— This paper describes our current work which aims aims at designing a routing protocol which can be efficiently
at designing an energy-efficient, self-organizing and robust com- coupled with 1-hopMAC. This cross-layered communication
munication architecture for Wireless Sensor Networks (WSNSs). architecture exhibits characteristics such as energgiaffy.

We have recently proposed the 1-hopMAC protocol, which bust d If izati hich beli K
builds a list of neighbors on-demand. This removes the need to "'OPUSINESS and seli-organization, which we Dbelieve are key

periodically exchange Hello messages. We present experimentalfeatures of WSN protocols.

results on energy-efficiency and collision probability which match

previously published analytical and simulation-based results. _ .
We are currently working on using virtual coordinates as a II. 1-HOPMAC: FROM DESIGN TO EXPERIMENT

basis for geographic routing. These coordinates are chosen ran-||.1. Description of the 1-hopMAC protocol
domly when a node boots and are constantly updated throughout . . . .
the lifetime of the network. Nodes do not need costly GPS-like ~ While ensuring connectivity between neighbor nodes, the

solutions, and the structure easily adapts to network dynamics, MAC protocol should turn the node’s radio off as often as
which makes it an encouraging and innovative approach for possible to avoid unnecessary draining of the node’s energy
WSNs. We discuss our current work on designing a suitable \joreover, in WSNs, the MAC protocol has the difficult task
updating algorithm for these virtual coordinates. of providing the upper routing layer with the list of the n&de
neighbors. Traditionally, each node stores this inforomain
|. INTRODUCTION a neighbor list, which it maintains by periodically sending

out Hello messages. Sending periodic messages constantly

Wireless Sensor I\_Ietworks (WSNs) hav_e wﬂnessgd dpletes energy, even when no useful traffic is being semt ove
tremendous upsurge in recent years, both in academia WSN
industry; this is mainly attributed to their unprecedented In [2] We proposed the 1-hopMAC protocol. The idea of
opelr_atntw_g con1d|t|(|):ns and a varle;y Of ;:or?m_erma(ljly Y'aplﬁwis protocol is for a current node to elect its neighbor node
applications [ .]' rom a research point of view, designing;.p, i virtually closest to the sink, in an on-demand fashi
a communication architecture which allows for an entlrelﬁach node is attached virtual coordinates which it uses to
autonomous operation of the network is a major ChalIemge'compute its virtual distance to the sink. The concept otreilrt
\éVSNs”argz composed_slf arl]la(rjge numbhelr of k?attery"oower(?gordinates will be introduced in Ill. The advantage of this
nodes rolled out in possibly hard-to-reach locations. ANER o tive scheme is that it does not requires nodes to build

ing batteries every now and then is not feasible, the nod P maintain neighbor tables, which would require a regular
should operate in ultra-low power mode so as to extend t Qchange of signaling messages

network’s lifetime. On current hardware, the communiaatio Fig. 1 illustrates how this protocol functions. Each node

part accounts for most of the energy consumption, so tQﬁows its virtual distance to the sink. After receiving a
Medium Access Control (MAC) protocol — controlling, amongbreamble from nodes. nodesA. B and C wait for a time
others, the state of the radio chip — should be Carefmmmafdoroportional to their virtual distance to the sink beforadiag

This paper presents work in progress with respect to Gut an acknowledgment message. Néthen selects the node

Si_g”if‘g a complete energy-efficient self-organizing COMMY hich has answered first (her®) as next hop. By using the
nication architecture. We have recently proposed the 1-h de’s virtual distances to the sink, the node whitks most

MAC protocol [2] which is based on preamble sampling tecr?hterested in (i.e. the one virtually closest to the sinkgveers

hique and allows for ultra-low power operation. It bUiIdSEthfi st. After the first answer, nodg could thus turn off its radio
neighborhood table on-demand and thus removes the need.

iodicall dina Hell kets. In Section I di it ¥ chooses to save energy.
periomea y Senting e 0 packes. [ seeion B, we Geey Using this on-demand solution, the list of neighbors (here
the design of 1-hopMAC and present experimental resuH%

. ; . : desA, B and C) is implicitly learnt by the sending node
which match analytical and simulation results on the enerQPfere nodeS) whenever a message is sent. This avoids having
consumption and collision probability. In Section IlI, weeh

di th K i i ¢ d whi 0 pro-actively maintain a neighbor table. By having eactieno
IScUss the work we are currently carrying out, and wht lay the message by using the same principle, it eventually

This work was partially supported by the French Ministry oésRarch reaches the_ destlnat!on. A more detailed discussion omigput
under contract ARESA ANR-05-RNRT-01703. protocols will follow in Section llI.
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Fig. 1. (left) The topology used to explain the 1-hopMAC pugil. The
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horizontal axis represents time. A rectangle above (resgenrihe time axis
means that the node’s radio is transmitting (resp. receivii)en there is
no rectangle, the radio is off.
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1-hopMAC uses the principle of preamble sampling to keeg:, f
the duty cycle as low as 1% or even less. The duty cycle oo
accounts for the percentage of time a node has its radio _ _ ,

p ble sampling consists of each node eriodica]'fl:g' 2. Power consumption versus time when using 1-hopMAC. Mea
on. ream ) pliing ’ p o nts for a communication initiator and recipient are preseitteéhe upper
sampling the medium for a very short time. A node wishingnd lower parts, respectively. The experiment is repeated firtual distance
to Send a message to |tS ne|ghbors f|rst sends a preamble f&tae sink (abbreviated to "v. dist." in the figure) equal tBGand 5, hence

. . . - the three groups of figures. Note that the first part of therpbde is truncated
duration at least as long as the sampling period. This issu

: k& ease readability.
that all neighbor nodes hear the preamble. We have used a
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variant on this principle called Micro-Frame Preambling. [3 Pateep 8.02 MW
Although [2] describes the protocol, no experimental ressul Pidie listen | 65.83 MW
Pr, 66.16 mW
were presented. P gl
Ers 3.50 mJ
[1.2. Energy Consumption of the 1hopMAC Protocol FEcomp 155 mJ
Fre 1.80 mJ

The energy consumption of a node is reduced by turning

its radio off. We use Ember EM2420 nodes to experimentally

TABLE |

measure this consumption. This platform is equipped with CONSUMPTION OF THE INDIVIDUAL RADIO STATES AND1-HOPMAC

a CC2420 radio chip and an AtMegal28L micro-controller.
After implementation, we can follow the execution of 1-
hopMAC by plotting the power consumed by a node as
a function of time, using an oscilloscope (see Fig. 2). In
particular, we see that:

« the radio module has a major impact on the total ener
budget of a node;

« sending, receiving and idle listening consume appro
mately the same amount of energy;

« we verify our implementation by noting that théC K
messages are sent at different instants depending on ﬁé
value of the node’s virtual distance to the sink. relsults

Using Fig. 2, we extract the energy consumption of the '

different radio states, and the energy consumed by theeliffe

phases in the 1-hopMAC protocol (Table By, refers to the

energy needed by a node to send a message. The receiver

of this message will spend’z, while any other competing
neighbor (not the intended destination) sperids,,,. The
neighbor which is not the intended receiver does not need to O
receive the data. We see that sending a message costs about 2-
times more energy than receiving one. This has a major impact

PHASES(TRANSMISSION POWER SET T@dBm)

time. These messages can then collide, and never be received
nodeS. This problem was addressed analytically and by

mulation in [4]. In particular, it was shown that whenever

virtual distance values are uniformly distributed over age,

Xt'he collision probability P is a function of the contention
window sizeCW, the length of the acknowledgment message

cx and the number of neighbor node$ as per (1).

g. 4 confronts averaged-out simulation results with il

_ CW —Dack \"
P (W)

on upper-layer protocol design as having a dense network doe Q/Q
not jeopardize energy-efficiency. / \
[1.3. Collision Probability at MAC level O O

In Fig. 1, consider that noded and B have (almost) the
same virtual distance to the sink. In this case, both willdsen
out their acknowledgment message approximately at the salite 3.

o wireless fink

wired link

The setup used to measure the experimental collisiobapility.



"R ' ' ' Simulaion optimization is to retrieve the neighbor list only for a sebs

os ey of sent messages.

o8l ) Our current work aims at analyzing current MAC layer
5 ol | approaches (including preamble sampling and synchronized
“ v based MAC protocols), and deciding which approach should
g %0 L 1 be used under which circumstances. Parameters which need
£ osf 1 to be taken into account are the size of the network and
‘; oal \ ] its load in number of messages, together with the energy
g wl x | budget and the expected communication delays. Although sti
8 T under investigation, our intuition is that preamble samgpli

ozr m‘*-;_ 1 approaches (such as 1-hopMAC) make more sense under

o1t e 1 low loads; synchronized and schedule-based techniquaeg bei

o ‘ I i — more efficient under high loads.
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IIl. CURRENT WORK ON A ROBUST AND

Fig. 4. Comparing the experimental collision probability lwiheoretical ENERGY-EFFICIENT ROUTING LAYER
and simulation results. Presented simulation results areaged out over
10%; experimental results over 8000 runs. We are currently working on designing a routing protocol

which introduces the novel self-organization concept dirai
) ) . . coordinates, while interfacing efficiently with 1-hopMAC.

_We _venfy the ~previously pul_allshed_ theoretical and number of routing protocols have been proposed which
smglatmn-pased_valges by experlmentanon..w(-a adopt tgge the geographical location of the nodes to discover multi
setting dep|cted_|n F.'g' 3. A host computgr |s.I|nke_d to op paths. Yet, this approach suffers from (1) routing vands
nodes through w!red links. Through the;e wired links, Itd"r‘enthe topology which lower the delivery ratio and (2) the requi
random!y and.unlformly chosen virtual distance values tcheament to have location-aware nodes (e.g. by GPS). To address
of the f|ve_ neighbor nodes of, _and askss to _send out a yose issues, we are currently working on using entirety&ir
rgquest wirelessly. It then monitors which nelgh_bor ncﬁ&l_e coordinates for routing. Each node has virtual coordinates
p!cks as next hop. Remember.that the communicated ywtng%!'y] values) which it uses as a basis for geographic rautin
d|stance§ are used by the neighbor nodes to determine Stocols. The aim of this work is to find a distributed pratbc
backoff time before sending the acknowledgmentSitioes to initialize and update these virtual coordinates so that t

not choose the node with smalle_st virtual dl_stance, It mdams_ eographic routing protocol running on top of them finds shor
acknowledgment message coming from this node has coIthO tes

with another acknowledgment message. We see in Fig. 4 t
experimental results match theoretical and simulaticsetla is switched on, it picks its virtual coordinates randomly in

values. some range. Fig. 5 illustrates this idea. The left hand side

The 1-nopMAC protocol is energy-efficient in that it rey o o connectivity graph of the WSNs, i.e. nodes are

trle(;/es thz wrtuzl Slstanc_e(sjl t?_l tne smll(( tOf the neéggb(gfsitioned at their real location; nodes able to commuaicat
nodes on-demand. No Periodic Heflo packels are Needed. Y& jinkeq together. The right hand side shows the virtual

have presented new experimental results which match pre@ﬂéph where nodes are placed at their virtual location.as ¢
ously published simulation and analytical results on eperg ’

o - o be expected, a geographic routing protocol running on this
efficiency and collision probability. graph?oerforms c?osegtoprandom ngkr.) The key to mz?king this
approach efficient is how the virtual coordinates are upmbate
I1.4. Critique on the ThopMAC Protocol throughout the lifetime of the network.

Currently, 1-hopMAC is designed so that a node retrievesWe propose to iteratively update the nodes’ virtual coor-
the neighbor list each time a message is sent, and then dorghbates so as to structure the network. The updating process
this information. The rationale behind it is that this awidshould require only local information, i.e. the virtual coo
using the node’s already limited memory to store neighbdinates of a node’s neighbors. The resulting structure é th
tables. Moreover, in an ever-changing wireless envirortmenetwork has two characteristics: (1) the virtual coordisat
those neighbor table could turn out to be outdated most @uld end up at positions close to real coordinates or (3) the
the time. Although the nodes are not necessarily moving, theuld enable a greedy geographic routing protocol to discov
wireless environment changes by cars and people movirgnear-optimal path in terms of number of hops.
doors being opened, etc. Under these circumstances, itsmakeOur current work focuses on finding this updating algorithm.
little sense to keep neighboring information. A first idea is to use a simple centroid transformation, where

Clearly, the underlying assumption is that the number af node sets its virtual coordinate to the average value of its
messages traversing the network is low. This protocol haa beneighbors, virtually placing it at the center of gravity &f i
designed for applications such as automated meter readimgghbors’ virtual coordinates. Early simulation resudteow
where each node reports the (i.e. water) consumption everytBat this can result in near optimal routing paths, in number
hours or so. For applications with higher loads, an immediabf hops.

abur current proposal functions as follows. When a node



. To summarize, so far we have designed and validated an

| ol . e | energy-efficient MAC protocol for WSNs called 1-hopMAC.
= 5 This protocol is the basis for a communication architecture

JIAS ' » | which should include a routing protocol. We are currently

/ i designing this routing protocol by using entirely virtualbedi-

| ol 1 nates. By continuously and locally updating the nodesusirt

coordinates, we can obtain an energy-efficient, self-ariag

o2 1 and robust communication architecture. The cornerstome, a

the problem we are currently addressing, is the design ef thi

o G & & . updating algorithm.

Fig. 5. The real graph (on the left) transforms into the viryraph (on the R
right). Note that these graphs are identical, except tlanhtues are positioned EFERENCES
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