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Medium Access Control with Coordinated.,
Adaptive Sleeping for Wireless Sensor Networks

Wei Ye, John Heidemann Deborah Estrin

Abziracr—This paper proposes 5-MAC, a medinm-access control (MAC)
protocoe] desizned for wireles: semzor metworks. Wireless senzor networks
uze batterv-operated computing and senzing devices. A petwork of these
devices will collaborate for a common application such as esvironmental
monitoring. We expect sensor setworks to be deploved in an ad boc fash-
won, with individual sodes remaining larzely inactive for long periods of
time, bat then becoming suddenly active when something is detected. These
characteristics of sensor networks and application: motivate 8 MAC that iz
different from traditional wireless MAC: such az IEEE 50211 in seversl
WAYVE energy comtervation and self-confizuration are primary goals, while
per-onode fairnes: and latemcy are less maportant. 5-MAC nses three novel
techniques to reduce energy consumption and support selfconfiguration.
To reduce emerzy consumption in listening to an idle channel, nodes period-
ically sleep. Neizhboring nodes form wirfwal elusters to anto-svachronize
on sleep schedumles. Inspired by PAMAS, 5-MAC alzo sets the radio to
sleep during transmiszions of other nodes. Unlike PAMAS, it only wzes
in-channel signaling. Finally, 5-MAC applies meszoge passing fo reduce
confention latency for sensor-metwork applications that require store-amd-
forward procezsing &= data move through the metwork. We evaluate oar
implementation of 5-MAC over & sample sensor node, the UCE Mote. The
experimentil results show that, om & sonrce mode, an §02_11-kile MAC con-
sumies -6 time: more energy than 5-MAC for frafiic load with messages
sent every 1-10s.

Eawords— Medinm access control, Sensor network, Wireless metworl:,
Enerzy efficiency

I. INTRODUCTION

IRELESS zensor networking 1s an emerging technology
that haz a wide range of potential applications melud-
Ing enviromment monitering, smart spaces, medical systems and
robotic exploration. Such networks will consist of large num-
bers of distributed nodes that crpamize themsehves mto a noalii-
hop wireless network. Each node has one or more sensors, em-
bedded processors and low-power radios, and 13 nommally bat-
tery operated. Typically, these nodes coordinate to perform a
common tazk
Like m all zhared-medium networks, medium access control
(MMAC) 15 an important techmque that enables the successful op-
eration of the network. One fimdamental tazk of the MAC pro-
tocol 15 to avod collizions so that two mterfenng nodes do not
franzmit at the same time. There are many MAC protocols that
have been developed for wireless voice and data commumication
networks. Tvpical examples melude the time division multiple
access (TDMA), code divizien multiple access (CDMA), and
contention-based protocols hike IEEE 80211 [1].
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To dezign a good MAC protocel for the wireless sensor net-
works, we have considered the following attnbutes. The first iz
the enerpy efficiency. As stated above, sensor nodes are likely
to be battery pmxered, and it 1s often very difficult to change or
recharge batteries for these nodes. In fact, someday we expect
zome nodes to be cheap enough that they are discarded rather
than recharped. Prolongmg network hifetime for these nodes 13
a cnfical 1zsue.  Anocther important atimbute 15 scalability and
adaptivity to changes m network zize, node density and topol-
ogy. Some nodes may die over time; some new nodes may join
later; some nodes may move to different locabons. A good
MAC protocol should gracefully accommodate such network
changes. Other typically important atfnbutes meluding faimess,
latency, throughput and bandwidth uhhzation may be secondary
m sensor networks.

Thiz paper presents sensor-MAC (5-MAC), a MAC protocol
exphcitly dezigned for wireless sensor networks. While reduc-
mg energy consumption 1z the prmary geal n our design, our
protocel has alse achieved good scalability and colhizion avoid-
ance by utilizing a combined scheduling and contention scheme.
To achieve the primary goal of energy efficiency, we need to
1dentify what are the main sources that cause mefficient use of
energy as well as what trade-offs we can make to reduce energy
consumphicn.

We have identified the following major sources of energy
waste. The first one is collizion. When a transmitted p::lu:LEt
13 cormupted it has to be dizcarded, and the follow-on re-
transmiszions NcTease energy E{rﬂsump'til:lﬂ Colhzicn increazes
latency as well The second source 13 overhearing, meaning
that a node picks up packets that are destined to cther nodes.
The third source 1z controd packet overhead. Sending and re-
ceving comirol packets consumes energy too. The last major
source of mefficiency 1z idle [istening, ie. histemng to recemve
possible traffic that 1= not sent. This 1s especially true m many
zensor nefwork applications. If nothing 15 sensed, nodes are in
1dle mode for most of the ime. However, in many MAC proto-
cols such az [EEE 802 .11 ad hoc mode or CDMA nodes have to
listen fo the channel to recerve poszible traffic. Measurements
have shown that idle hstening consumes 30-100%5 of the energy
required for recerving. For example, Stemm and Katz measure
that the idle-recerve:zend ratios are 1:1.05:1 4 [2], wiule the Dip-
rtan wireless LAN module (TEEE 802 11/2Mbps) specification
shows 1dlecrecerve:zend ratios 15 1:2:2.5 [3]. Most senzor net-
works are desipned to operate for leng time, and nodes will be
m idle state for long time. Thus, 1dle listerung 1z a dominant
factor of enerpy waste n such cases.

5-MAC tries to reduce energy waste from all the above
sources. In exchange it accepts some reduction m both per-hop
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farmesz and latency. The first technique of 5-MAC i to estab-
lizh the low-duty-cycle operation on nodes in a multi-hop ad hoc
network. It reduces 1dle histening by penodically putting nodes
mnto sleep state. In the sleep mode, the radio 13 completely turned
off In protocols for traditional data networks like the IEEE
802.11, bandwidth utlization 15 a hig concern, and nodes nor-
mally operate n fully active mode. Switchimg to low-duty-cyele
mode (called power save mode mn the IEEE 80211 standard) 13
an option of each node, and it nommally happens when a node has
been idle for long time. In S-MAC, however, the low-duty-cycle
mode 15 the default operation of all nodes i the network Nodes
only become more active when there 13 fraffic m the network.
To reduce the control overhead and latency, S-MAC miroduces
coordmated sleeping among neighbonngs nodes.

An important feature of wireless sensor networks 13 the m-
network data processing. It can greatly reduce energy con-
sumption compared to transmithng all the raw data to the end
node [4], [5], [6]. In-network processing r&quu'es store-and-
forward processing of messages. A message 13 a meanmgful
unit of data that a node can process {arerae:e: or filter, eic. j It
may be long and consists of many small frapments. In this caze
MAC protocols that promote fragsment-level faimess actually in-
creaze message-level latency for the application. In confrast,
message passing reduce: message-level latency by trading off
the fragment-level faimess.

In traditional wireless volce or data networks, each user de-
zres equal opportumty and time to access the medium, ie.
sending or recerving packets for their own appheations. Per-
hop MAC level fairness is thus an important 13zue. However,
in zensor networks, all nodes cooperate for a single commeon
task. At any particular time, one node may have dramatically
more data to send than some other nodes. In this case faimess
13 not important as long as application-level performance 13 not
degraded. In our protocol, we re-infroduce the concept of mes-
sage passng to efficiently tranzmit very long meszages. The ba-
zic 1dea 13 to divide the long message mto small frapments and
franzmit them m a burst. The result 1= that a node who has more
data to send gets more time to access the medium. From a per-
hop, MAC level perspective, this 13 unfair for those nodes who
only have some short packets to send, smee thewr short packets
have to wait a long time for very long packets. However, as
we will show later, message passing can achieve energy savings
by reducing control overhead and avoiding overheanng. And 1t
15 well surted to applications where nodes support in-network
proceszing of data.

Latency can be impertant or unimportant depending on what
application 1z running and the node state. Dunng a penod that
there 1z no sensing event, there 1z nommally very httle data Aow-
ing in the network Most of the time nodes are in idle state.
Sub-second latency 15 not important, and we can trade 1t off for
energy savings. S-MAC therefore lets nodes penodically sleep
if otherwize they are mn the i1dle hstening mode. In the slesp
mode, 2 node will fumn off its radio. The design reduces the en-
ergy consumption due to idle histeing. However, the latency i
increased. since a sender must wait for the receiver to wake up
before it can send out data.

To demonsirate the effectiveness and measure the perfor-

mance of 5-MAC, we have implemented 1t on our testbed wire-
lesz zensor nodes, Mofes, developed by University of Califormia,
Berkeley [7] and manufactured and sold by Crossbow Technol-
OBy, Inc. [2] The latest version of mote, Mln::;a_ haz a &-bat Atmel
ATme:gal"'ﬂL microconiroller mnming at 4 MHz. It has a low
power radio transcerver module TR1000 [9] or TR3000 [10]
from RF Moneclithics, Inc., which operates at 916.3 MHz or
433 920MH=. The mote nns on a very small event-dmven op-
erating system called TimyO5 [11]. In order to compare the per-
formance of our protocol with some other protocols, we also
mplemented an IEEE 802 11-hke MAC protocol on this plat-
form

The contributions of this paper are listed as follows.

« The scheme of penodic listen and sleep reduces enersy con-
sumption by avolding idle histemmg. The use of synchromza-

tion to form virtual clusters of nodes on the same E-lEEp sched-

ule. These schedules coordinate nodes to mininmze additional
latency.

« The uze of in-channel zipnalmg to put each node to sleep
when itz neighbor 1z transmitting to ancther node. This method
avolds the overheanng problem and 15 inspired by PAMAS [12],
but does not require an additicnal channel.

« Applving message paszing to reduce application-percerced la-
tency and confrol overhead. Per-node fragment-level faimess 13
reduced since sensor network nodes are often collaborating to-
wards a single application.

+ Evaluating an implementation of our new MAC over sensor-
net specific hardware.

The early work of 5-MAC was published m [13]. This pa-
per includes significant extensions m the protocel design, mm-
plementation and experiments:

« Support for traffic-adaptive sleep schedules.
« Measurement and evaluafion of the frade-offz on energy, la-
tency and throughput

II. RELATED WORK

Medmm access control 15 a broad research area, mcluding
work in the new area of low power and wireless sensor net-
works [14], [13], [16], [17]. Current MAC design for wireless
sensor networks can be breadly diaded mto contention-baszed
and TDMA protocols.

Comitention-based MACs. The standardized IEEE 302.11 dis-
tnbuted coordmation function (DCF) [1] 13 an example of the
contention-based pretecol, and 13 mamly bwlt on the research
protocol MACAW [18]. It 1z wadely uzed mn ad hoc wireless net-
works becanze of its simplicity and robusiness to the hidden ter-
minal preblem. However, recent work [2] has shown that the en-
ergy consumpfion using this MAC i1z very lngh when nodes are
m idle mode. This 13 mainly due to the 1dle listening. 202.11 has
a power save mode, and we will discuss it shorthy. PAMAS [12]
made an mprovement on energy savings by frymmg to aveid the
overhearing among neighboring nodes. Our paper alzo exploits
the same 1dea. The main difference of our work with PAMAS
15 that we do not use any out-of-channel signaling. Whereas
m PAMAS, 1t requires fwo independent radio channels, which
m most cazes indicates two mdependent radio svstems on each
node. PAMAS does not attempt to reduce 1dle histening.



USCAS TECHNICAL REPORD IS1-TR-567. JAMUARY 20035

IDMA-based MACs The other clazs of MAC protocols are
baszed on reservation and scheduling, for example TDMA-based
protocols. TDMA protoceols have a natural advantage of en-
ergy conservation compared to comtention protocols, because
the duty cycle of the radio 13 reduced and there 1z no contention-
miroduced overhead and colhizions. However, uzmg TDMA
protocol usually requires the nodes to form reql communica-
fion clusters, like Bluetooth [19], [20] and LEACH [16]. Most
nodes n a real cluster are resincted to commumcate within the
cluster. Managing mter-cluster communication and mterference
15 not an easy tazk. Moreover, when the number of nodes wathin
a cluster changes, 1t 15 not easy for a TDMA pretocol to dynam-
1cally change 1tz frame Iength and time slot assignment Soits
scalability is normally not as good as that of a contention-based
protocol.  For Eaample_ Bluetooth may have at most § active
nodes In a cluster

Sohrabi and Pothie [15] proposed a self-orgamization protocol
for wareless sensor networks. Each node mamtains a TDWA-
like frame, called super frame, in which the node schedules dif-
ferent time slots to commumicate with itz known neighbors. At
each time slot, 1t only talks to one neighbor To avod mter-
ference between adjacent links, the profocol aszigns different
channels, ie , frequency (FDMA) or spreading code (CDMA),
to potentizlly mterfening links. Although the super frame strue-
fure 1z similar to a TDMA frame, it does not prevent two mter-
fering nodes from accessing the medium at the same fime. The
actual multiple access 13 accomplished by FDMA or CDMA A
drawback of the scheme 15 1z low bandwidth ublization Fer
example, if a node only has packets to be sent to one neighbor,
it cannot renze the time slots scheduled to other neighbors.

Woo and Culler [17] exammed different configurations of
camer sense multiple access (CSMA) and proposed an adap-
five rate confrol mechanizm_ whose mam goal 13 to achieve fair
bandwidth allocation fo all nodes n a mult-hop network. They
have used the motes and TimyO5 platform fo test and measure
different MAC schemes. In companson, cur approach does not
promote per-node faimess, and even trades it off for firther en-
BIZV 33VINEs.

Finally, we look at some work on low-duty-cvele operation of
nodes, which are clozely related to S-MAC. The first example 13
Piconet [14], which 15 an archrtecture dezigned for low-power
ad hoc wireless networks. Piconet alse puts nodes into peniodic
sleep for energy conservation. However, there 15 not any coor-
dination and synchromzation among neighboring nodes about
their sleep and listen time. The scheme that Piconet uses to en-
able the communications among neighboring nedes 13 o let a
node broadcast its address before it starts histening. If a sender
wants to talk to a neighborng node, 1t nmst wart untl it recerves
the neighbor’s broadeast. In contrast, 5-MAC tnes to coordinate
and synchronize neighbors’ zleep schedules to reduce latency
and control overhead.

Perhaps the power save (P3) mode m IEEE 202.11 DCF 1= the
most related work fo the low-dutyv-cyvcle operation m S-MAC.
Nodes i PS5 mode peniodically listen and sleep, just like that m
S5-MAC. The sleep schedules of all nodes mn the network are syn-
chromzed together The mam difference to S-MAC 15 that the PS
mode 1n 802.11 15 dexigned for a zinple-hop network, where all

nodes can hear each other, sampllﬁmg the synchromization. As
previcusly observed by [21], in mulh-hop operation, the 802.11
PS mode may have pml:ulems m clock svnchromization, neighbor
dizcovery and network partihoning. In fact, the 80211 MAC in
general 15 designed for a sinple-hop network, and there are ques-
tions about 1tz performance n multi-hop nefworks [22]. In com-
panizon, S-MAC 13 desipned to operate n a multi-hop network,
and does not assume that all nodes are synchromzed together,
Finally, although 802.11 defines PS5 mode, 1t provides very lim-
rted pohicy about when to sleep. Whereas m S-MAC, we define
and measure a complete system.

Tzeng ef al [21] proposed three sleep schemes to improve the
PS mode in the [EEE 802.11 for itz operation in mulh-hop net-
works. Among them the one named peniodically-fully-awake-
mterval 1z the most clozest fo the scheme of penodic histen and
sleep m 3-MAC. However, their scheme does not synchronize
the sleep schedules of any neighboring nodes. The control over-
head and latency can be large. For example, to send a broad-
cast packet, the sender has to explicitly wake up each indridual
neighbor before 1t sends out the actual packet Without svn-
chromzation, each node has to send beacons more frequently to
prevent long-time clock dnft.

III. 5-MAC DesIigN OVEEVIEW

5-MAC mclhodes approaches to reduce energy consumption
from all the sources that we have idenbified to cauze energy
waste, ie, 1dle listening, cellision, overhearing and confrol
overhead. Before descnbing the components in 3-MAC, we first
summarize our azsumptions about the wireless sensor network
and its applications.

Senszcr networks will be composzed of many small nodes to
take advantape of physical proximuty fo the target to simphfy
sipnal processing. The large number of nodes can also take ad-
vantage of short-range, mulh-hop communications to conserve
energy [4]. Most commumcations will be betoreen nodes as
peers, rather than to 2 single base-station. Because there are
many nodes, they will be deploved casually in an ad hoc fash-
1on, rather than carefully posrioned Nodes must therefore zelf-
configure.

In-network proceszing 1= crtical to sensor network hife-
time [3], [6]. Since senzor networks are commutted to one or
a few applications, application-zpecific code can be disinbuted
through the network and activated when necessary or disinbuted
on-demand. Techmques such as data agpresation can reduce
traffic, while collaborative signal processing can reduce traffic
amd improve sensmg quality. In-network processing mplies that
data will be processed az whole messages at a time In store-and-
forward fashion, so packet or fragment-level interleaving from
multiple sources only ncreases overall latency.

Fmally, we expect that applications wall have long 1dle pen-
ods and can tolerate some latency. In sensor networks, the ap-
plication such as surveillance or moniterimg wall be viglant for
long peniods of time, but largely mactive unhil something 13 de-
tected. For such applications, network lifetime 13 cntical. These
clazses of applicahons can often alzo folerate some additional
latency. For example, the speed of the sensed object places a
bound on how rapidly the network must detect an object.



