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Abstract. A MAC protocol speci es how nodes in a sensor network ac-
cess a shared communication channel. Desired properties ofsuch MAC
protocol are: it should be distributed and contention-free (avoid colli-
sions); it should self-stabilize to changes in the network (such as arrival
of new nodes), and these changes should be&ontained, i.e., a ect only
the nodes in the vicinity of the change; it should not assume t hat nodes
have a global time reference, i.e., nodes may not be time-syrcthronized.
We give the rst MAC protocols that satisfy all of these requi rements,
i.e., we give distributed, contention-free, self-stabili zing MAC protocols
which do not assume a global time reference. Our protocols séf-stabilize
from an arbitrary initial state, and if the network changes t he changes
are contained and the protocol adjusts to the local topology of the net-
work. The communication complexity, number and size of messages, for
the protocol to stabilize is small (logarithmic in network s ize).

1 Introduction

Sensor networks are the focus of signi cant research e orton account of their
diverse applications, that include disaster recovery, miitary surveillance, health
administration and environmental monitoring. A sensor network is comprised of
a large number of limited power sensor nodes which collect ahprocess data from
a target domain and transmit information back to speci c sit es (e.g., headquar-
ters, disaster control centers). We consider wireless seoasnetworks which share
the same wireless communication channel. A Medium Access @tol (MAC)
protocol speci es how nodes share the channel, and hence pka central role in
the performance of a sensor network.

Sensor networks contain many nodes, typically dispersed ahigh, possibly
non-uniform, densities; sensors may turn on and o in order b conserve energy;
and, the communication tra c is space and time correlated. Contention occurs
when two nearby sensor nodes both attempt to access the commication chan-
nel at the same time. Contention causes message collisionghich are very likely
to occur when tra c is frequent and correlated, and they decrease the lifetime of
a sensor network. A MAC protocol is contention-free if it does not allow any col-
lisions. All existing contention-free MAC protocols assune that the sensor nodes



are time-synchronized in some way. This is usually not posbie on account of
the large scale of sensor networks.

The preceding discussion emphasizes the following desirkgbproperties for a
MAC protocol in sensor networks: it should be distributed and contention-free;
it should self-stabilize to changes in the network (such as the arrival of new
nodes into the network), and these changes should beontaineq, i.e., a ect only
the nodes in the vicinity of the change; it should not assume hat nodes have
access to a global time reference, i.e., nodes may not be tingynchronized. These
properties are essential to the scalability of sensor netwis and for keeping the
sensor hardware simple. In this paper, we give the rst MAC protocols that
satisfy all of these requirements.

A contention-free MAC protocol should be able to bring the negwork from an
arbitrary state to a collision-free stable state. Since theprotocol is distributed,
during this stabilization phase collisions are unavoidabé. We measure the quality
of the stabilization phase in terms of the time it takes to reach the stable state,
and the amount of control messages exchanged. When the nodesach the stable
state, they use the contention-free MAC protocol to transmit messages without
collisions. In the stable state, we measure the e ciency by anode's throughput,
the inverse of the time interval between its transmissions.

Model. A sensor network with n nodes can be represented by a grapé = (V; E),
in which two sensor nodes are connected if they can communitadirectly, i.e.,
if they are within each other's transmission range. We assura that all sensor
nodes have the same transmission range, hence all links arédbrectional and
the graph G is undirected.

A message sent by a node is received by all of its adjacent noslelf two
nodes are adjacent and send messages simultaneously, theiessages collide. If
two nodesu and w are not adjacent and have the same common adjacent node
v, then when u and w transmit at the same time their messages collide inv
(hidden terminal problem). We assume that nodes can detect such collisions.

The k-neighborhoodof a nodev, (v), is the set of nodes whose shortest path
to v has length at mostk. We denote the number of nodes in thek-neighborhood
by «(v) (where «(v)=] «(v)j), and the maximum k-neighborhood size by
( k = max, k(v)). We refer to 1-neighbors as neighbors. We can also de ne
the k-neighborhood of a set of nodess: (S) is the set of nodes that are at
most a distancek away from some node in S. We assume that at the start of
the algorithm, every node has been provided an upper bound on; and , (for
example this information can be provided by the network admhistrator).

Contributions. We give a distributed, contention-free, self-stabilizingMAC pro-

tocol which does not assume a global time reference. The protol has two parts.
Starting from an arbitrary initial state, the protocol rst enters aloose phase
where nodes set up a preliminary MAC protocol. This phase isdllowed by a
tight phase in which nodes make the MAC protocol more e cient. Both parts of
the protocol are self-stabilizing. Since we make no assumiains about the initial

state, the protocol will also re-stabilize after any network change.



During the loose phase, every node transmits at mostO(log n) control mes-
sages, each of size at mosD(logn) bits. The time duration of this phase is
O(logn minf 3; 2g). The protocol has now reached a stable state in which
the throughput of a node is O(1=minf $; 2g). The network may either remain
in this protocol, or proceed to the next (tight) phase in which we improve the
steady state throughput of the nodes. The tightening phase Bo requires at
most O(log n) control messages per node of size at mo€d(log n) bits to reach
the steady state. The time duration of this phase isO(logn minf ?; 2 2g).
During steady state, the throughput of node v is closely related to & ,, where

v is the maximum 2-neighborhood size among all nodes in v's 2aighborhood.
An important property of the tight phase is that the throughp ut of a node is
related only to the local \density" of the graph in the vicini ty of the node, and
hence adapts to the varying topology of the network.

If the network changes, for example a setS of nodes suddenly power up
after being powered down for some time, as already mentionedhe protocol
will self-stabilize to the change. Further, the only nodes hat are a ected by the
stabilization are nodes in »(S) for the loose phase, and (S) for the tight
phase.

Approach. Our approach is based on the concept of rame (see Figure 1), which
is the basis of TDMA MAC protocols. We adapt the frame approadc so that it

does not depend on any global time reference. Each node divéd time into equal
sized frames. Each frame is further divided into equal sizedime slots, a time

slot corresponds to the time duration of sending one messagérames in the
same node have the same size (number of slots). However, drent nodes can
have di erent frame sizes. The frames do not need to be aligret at the various
nodes, and neither do the time slots.
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Fig.1. Frames of three nodes. Frames at di erent nodes may not be aligned. Solid
shaded time slots indicate the selected time slot of each nocde; longer vertical lines
identify the frame boundaries.
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The basic idea is that each node selects a slot in its own framehich it then
uses to transmit messages. The selected slots of any 2-nelghy nodes must not
overlap (they should be con ict-free ), since otherwise collisions can occur. In
order to guarantee that slots remain con ict-free in any frame repetitions, the
frame sizes in the same neighborhood are chosen to be multgd of each other.



In our algorithms the frame sizes are powers of 2. Thus, nodeseed to select
slots only once, and the slots remain con ict-free thereafer.

The MAC protocols (algorithms) we provide nd con ict-free time slots. For
the loose phase, we have developed algorithintooseMACHh which all nodes have
the same xed frame size, which is proportional to mirf $; 2g. For the tight
phase we have developed algorithnTightMAC in which each nodev has frame
size proportional to , which depends only on the local area density of node
v. Thus, in TightMAC di erent nodes in the network have di erent frame sizes
that re ects the variation of the node density in di erent ar eas of the network.

Related Work. MAC protocols are either contention-based or contention-free.
Contention-based MAC protocols are also known agandom access protocolsre-
quiring no coordination among the nodes accessing the chaeh Colliding nodes
back o for a random duration and try to access the channel agan. Such proto-
cols rstappeared as Pure ALOHA [1] and Slotted ALOHA [21]. T he throughput
of Aloha-like protocols was signi cantly improved by the Carrier Sense Multi-
ple Access (CSMA) protocol [14]. Recently, CSMA and its enhacements with
collision avoidance (CA) and request to send (RTS) and clearto send (CTS)
mechanisms have led to the IEEE 802.11 [29] standard for wiless ad-hoc net-
works. The performance of contention based MAC protocols isveak when tra ¢
is frequent or correlated and these protocols su er from staility problems [23].
As a result, contention-based protocols are not suitable fosensor networks.

Our work is most related to contention-free MAC protocols. In these proto-
cols, the nodes are following some particular schedule whicguarantees collision-
free transmission times. Typical examples of such protocslare: Frequency Di-
vision Multiple Access (FDMA); Time Division Multiple Acce ss (TDMA) [15];
Code Division Multiple Access (CDMA) [25]. In addition to TD MA, FDMA
and CDMA, various reservation based [13] or token based schaes [7,10] are
proposed for distributed channel access control. Among thee schemes, TDMA
and its variants are most relevant to our work. Allocation of TDMA slots is well
studied (e.g., in the context of packet radio networks) and tere are many cen-
tralized [19, 24], and distributed [2, 8,20] schemes for TDM slot assignments.
These existing protocols are either centralized or rely on @lobal time reference.

There is considerable work on multi-layered, integrated vews in wireless net-
working. Power controlled MAC protocols have been considezd in settings that
are based on collision avoidance [17, 16, 27], transmissiagsheduling [9], and lim-
ited interference CDMA systems [18]. Some recent work on emgy conservation
by powering 0 some nodes is studied in [22, 28, 6, 5]. While GA& [28] and SPAN
[6] are distributed approaches with coordination among najhbors, in ASCENT
a node decides itself to be on or o [5]. S-MAC [30] proposes #t nodes form
virtual clusters based on common sleep schedules. Sleep andke schedules are
used in [12], but based on energy and tra c rate at the nodes inorder to balance
energy consumption. A di erent approach is used in [26], wih an adaptive rate
control mechanism to provide a fair and energy-e cient MAC p rotocol.



Paper Outline. In Section 2 we give Algorithm LooseMACand an outline of its
analysis (the detailed analysis can be found in [4]). We proeed with Algorithm
TightMAC in Section 3, followed by some concluding discussion in Sdoh 4.

2 Algorithm LooseMAC

Here we present Algorithm LooseMACand an outline of its analysis. Each node
selects the same frame size, which is proportional to min $; 3g. The algorithm
is randomized and guarantees that all nodes will nd their slots quickly, with low
communication complexity. Further, the algorithm is self-stabilizing with good
containment properties.

For simplicity of the presentation, we will assume that slots are aligned
(frames do not need to be aligned). All results hold immediaely for when the
slots are not aligned (with small constant factors, since eeh slot may overlap
with at most two slots in a neighbor's frame). For notation convenience, given a

2.1 Description of LooseMAC

Algorithm 1 depicts the basic functionality of LooseMAC Consider some node
i. Node i divides time into frames of size . The task for nodei is to select a
con ict-free slot. When this occurs we say that the node is \ready", and we set
its local variable variable readyto TRUE.

Algorithm 1 LooseMAGnode i)

1: Divide time into frames of size ;

2: ready FALSE

3: while not readydo

Select a slot ; randomly in the frame;

Send a \beacon" message in slot ;;

Listen for a period of time slots;

if no collision is detected by i and no neighbor of i reports a conict then
ready TRUE;

O NGO A

Initially, when node i enters the network it is not ready. Nodei selects ran-
domly and uniformly a slot ; in its frame. In , nodei sends a \beacon"
messageam; to its neighborhood. Let Z denote the time period during the next

time slots. If ; doesn't create any slot conicts in its neighbors during Z,
then nodei keeps slot ; and becomes ready. After the node becomes ready it
remains ready and doesn't select a new slot (with the exceptin of when a new
neighbor joins the network, which is described in Section 2). Below we explain
how nodei can detect that ; creates a conict, and therefore, whether to keep
or abandon the selected time slot (see also Figure 2).



If m; creates slot con icts in some neighboij , then j responds by transmitting
a messagem; reporting the con ict (this message simply says thatj detected a
con ict, without specifying which nodes are con icting). N odej sendsm; during
its currently selected slot ;. Since the frame length ofj is also , the message
m; is sent before the end o . If m; is received byi without collisions, i decodes
m; to note that j detected a con ict. For safety, i assumes that the con ict was
with j, and i abandons slot ; continuing by selecting another slot in its next
frame. If m; collides at nodei, i does not know ifm; was reporting a con ict or
not asi cannot decode two or more colliding messages. Againassumes that the
collided message was reporting a con ict, abandons slot; and selects another
slot in its next frame. The process repeats untili does not detect any message
collisions or does not receive any con ict reports duringZ . Note that a node will
transmit at most twice during any arbitrary period of  slots, since the frame
size is and a node transmits at most once during every particular frane.
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Fig. 2. Execution of the LooseMACalgorithm, where the shaded slot corresponds to a
collision and the waived lines to a con ict report message.

To enable a node to detect slot con icts, the node marks the tme slots that
are being used by its neighbors. Consider nod¢. Suppose that a neighbori
sends a messagm; to j ataslot . If nodej receivesm; without collisions, and

is unmarked, thenj marks as being used byi. If later i selects another slot,
nodej will mark the new slot position and unmark the previous position. Using
the marking mechanism, nodg can detect slot con icts as follows. Suppose that
a neighbor nodek sends a message during slot, which is already marked with
i. Nodej then detects a con ict between the time slots chosen byi and k. A
con ict occurs also if nodesi and k transmit at the same time, which is observed
as a message collision by. Actually, in the LooseMACalgorithm (Algorithm 1,
when a node picks a new slot in its frame it picks it among the uneserved slots.
We obtain the following result.

Lemma 1. For some constantc, if cminf $; 3g, all non-ready nodes be-

come ready within  logn time slots, with probability at least 1 %

Sketch of proof: ~ We sketch the case c ? (the case c 2 is treated
similarly). Let i be a non-ready node and leR; denote the nodes that are ready
in  1(i). Supposei selects a new slot ;, and let Z denote the following slots,



and Z°the preceding slots. Let p; denote the probability that some neighbor
node conicts with ; (i.e. attempts to reserve the same slot), letp, be the
probability that i hears a collision duringZ, and let ps be the probability that i

receives a con ict report during Z. Then the probability that i fails to become
ready is at mostp; + p + ps.

Nodei selects a slot from among  R; slots. ; can only con ict with a non-
ready neighbor ofi. Let j be one such neighborj chooses from among  R;
slots, thereforej selects the same slot; with probability at most 1 =( Rj)
2= for 2 1 (sinceR; 1)- The union bound then givesp; 2( 1 Rj)=
2 1= . Nodei will hear a collision if two neighbors j;j ° both transmit on the
same slot . This occurs with probability at most4=(  Rj)( Rjo) 16= 2,
since a node may transmit at most twice duringZ. Since there are at most
such slots hear a collision and at most #=2 di erent pairs of neighbors, the union
bound givesp, 8 2= .

A neighbor j will report a conictin Z only if two of its neighbors collide in
Z[ z° A similar argument to the bound for p, bounds this probability by 16 2= .
Since there are at most ; such neighbors, the union bound givegs 16 3= .

Thus, for somec, p; + po+ ps € 3= . If 4c 3, then the probability
that i becomes ready is at Ieast}. Consequently, after logn independent tries, i
will not be ready with probability at most 4 09" = n—lz Since there are at most
n non-ready nodes, applying the union bound gives the result. ]

2.2 Fresh Nodes

Algorithm LooseMACadapts dynamically to nodes joining or leaving the net-
work. When a node leaves, it informs its neighbors who can the unmark the slot
they reserved for the departing node. If a node fails or crasbs, it cannot inform
its neighbors, and its slot will remain marked; the correctress of the algorithm
and the rest of the network remain una ected.

The situation is more complicated when a node joins the netwik, due to
the hidden terminal problem. Suppose nodd enters the network. Nodesj and
k that were previously not 2-neighbors may now be 2-neighbors because they
both become neighbors of. In this case,j and k may be using the same slot and
creating a conictin i. Thus, j and k may need to reselect slots. To accomplish
this, node i will force nodesj and k to become non-ready. In order to achieve
this, wheni joins the network, it is in a special status which is calledfresh. Nodei
informs its neighbors about its special status by sending catrol messages. When
a neighbor nodej receives a control message from indicating that i is fresh,
then j becomes non-ready.

While i is fresh, it selects a random slot in its frame and transmits amessage
reporting that it is fresh. It continues to do so in the subsequent frames until it
hears no collisions, nor any con ict reports. When this happens, it knows that
every one of its neighbors has received its \I'm fresh" messge, and so it switches
to the non-fresh, non-ready status. At this point, every neighbor of i has become
non-ready.i now continues with the original LooseMACalgorighm as a non-ready



node. The analysis of the time for fresh nodes to become noready is similar to
the proof of Lemma 1:

Lemma 2. For some constantc, if cminf 3; 3g, all fresh nodes become

non-fresh within logn slots with probability at least1 %

2.3 Complexity of LooseMAC

A network is in a stablestate when all nodes are ready. Once a network is stable,
it remains so until a node joins the network. We show that from an arbitrary
initial state |, the network will stabilize if no changes are made to the netwrk.
Suppose that cminf $; 2g, and let S be the set of non-ready nodes in state
I.Let S S be the set of fresh nodes in statd .

Lemma 2 implies that, with probability at most % after  logn slots, some
node fails to become non-fresh. Similarily, after an additbnal logn slots,
Lemma 1 implies that, with probability at most % after logn slots, somenode
fails to become ready. Applying the union bound, we have thatwith probability
at least 1 % every node is ready after 2 logn slots, i.e., w.h.p., the network
has reached a stable state.

Containment. Nodes that send control messages until stabilization areaf-
fected nodes. Only nodes in 1(S¢) 1(S) become non-ready on account of
the fresh nodes. Nodes that are neighbors of non-ready nodesay need to send
control messages to report con icts, thus the a ected nodesare all in  »(S).

Communication Complexity. Each a ected node sends at mostO(log n) con-
trol messages, since in every frame it sends at most 1 messa@@ach message has
sizeO(log n) bits, since the message consists of the sender's id (logbits), fresh
status (1 bit), and con ict report (1 bit). We thus have the fo llowing theorem.

Theorem 1 (Complexity of LooseMAQ. From an arbitrary initial state |
with non-ready nodesS, the network stabilizes within2 logn slots with prob-
ability at least 1 ﬁ The aected area is 2(S). Each a ected node sends

O(log n) messages, of siz©(logn) bits.

3 Algorithm TightMAC

We consider now the case where nodes have di erent frame sizeWe present
the self-stabilizing Algorithm TightMAC in which each nodei has a frame
size proportional to ;; recall that ; = maxj, ,¢y 2(j) is the maximum
2-neighborhood size amongi's 2-neighbors. This algorithm runs on top of
LooseMAC (We refer to the frames of TightMAC as \tight", and the frames
of LooseMACas \loose".)

A node entering the network rst runs LooseMAC Once its 2-neighborhood
is ready, it uses its selected slot in the loose frame (loosdo$) to communicate
with its neighbors. It can thus compute the size of the tight frame, and nd
a conict-free tight slot (in the tight frame). Then the node starts using the
tight frame's slots. The tight frames and the loose frames ae interleaved so that



a node can switch between them whenever necessary. This erlab algorithm
TightMAC to be self-stabilizing, due to the self-stabilizing natureof LooseMAC

Ready Levels. After a node runs LooseMAQC the TightMAC algorithm requires
that all nodes in its 2-neighborhood are ready (in order to canpute ;). In
order to make this possible, we modify theLooseMACalgorithm to incorporate
5 levels of \readiness": ready-0 (or ready), ready-1; ready2; ready-3; and, ready-
4. Further, we modify the loose frame size to be the smallest gwer of 2 that
is at least the required loose frame size, i.e., = 2dlgcmint 330 A node
becomes ready-0 as explained earlier ihooseMAC A node becomes ready
(for K > 0) if all nodes in its neighborhood are ready at level at leastk 1.
We assume that when nodes send messages, they also includeittready status
(fresh, not-ready, ready-0, ready-1, ready-2, ready-3 or @ady-4). Thus, when
a node becomes ready<, it sends a message (in its loose slot) informing its
neighbors. When a readyK node has received ready« messages from all of its
neighbors it becomes ready-(K+1) (if K < 4).

If a node is readyK and hears that one of its neighbors is fresh, then it
becomes not-ready. If a node hears that one of its neighborsrdps down in ready
level, it adjusts its ready level correspondingly. Any nodethat is not ready-4 is
operating on the loose frame. A node starts executing thélightMAC algorithm
when it is ready-4.

3.1 Description of TightMAC

Algorithm 2 gives an outline of TightMAC. A node rst executes LooseMACuntil
it becomes ready-4. In the main loop ofTightMAC, all the control messages are
sent using loose slots, until the node switches to using tighframes.

Algorithm 2 TightMAC(node i)

repeat

2 Execute LooseMAC()

3: until i becomes ready-4

4: Transmit neighborhood information and compute  i;
5: Choose a frameF; with jF;j = 291°96 ie;
6
7
8

: Inform neighbors for the relative position of F;, with respect to i's loose slot;
. Execute FindTightSlot() ;
: Start using the tight frame;

The highest throughput is obtained by choosing to be the maximum 2-
neighborhood size among a node's 2-neighbors,; = max;, ) 2(j). This
means that nodes need to obtain their 2-neighborhood size,ral each node
needs to communicate to its 1-neighbors the actual IDs of thenodes in its 1-
neighborhood, which is a message of sizZ®( ; logn) bits. An alternative is to
use an upper bound for ;, which is to take the maximum of an upper bound on



the 2-neigﬁb0rhood size oveii's 2-neighborhood: ; = maxjz ,(i “2(j), where
() = K2 () 1(k) is an upper bound on ,(j). Since the steady-state
throughput is 1=, this results in lower throughput. However, the advantage &
that only the 1-neighborhood size needs to be sent, which haa message length
of O(log n) bits. In either event, only 1-neighborhood information needs to be
exchanged (whether it is 1- neighborhood node IDs or 1l-neidiorhood size).
When a node becomes ready-1, it knows its 1-neighborhood (bgxamining the
number of marked slots in its loose frame), so it can send theelevant informa-
tion to its neighbors. When a node becomes ready-2, it will hae received the
1-neighborhood information from all its neighbors. It processes this information
to compute either , or », which it transmits. When a node becomes ready-3, it
will have received the , or , information from all its neighbors and hence can
take the maximum which it transmits. When a node becomes reayg-4, it will
have received maximums from all its neighbors, so it can takeéhe maximum of
these maximums to compute or . This entire process requires at most 3 con-
trol messages from each node. For simplicity we will presenmnost of the results
using ; and ,(i). The same results hold for ; and (i) with similar proofs.

Finally, node i chooses its tight frame sizeF; to be the smallest power of 2
that is at least 6 ;i noti es its neighbors about the position of F; relative to its
loose slot (this information will be needed for the neighbornodes to determine
whether the tight slots conict); and, node i executesFindTightSlot (described
in Section 3.2) to compute its con ict-free tight slot in F;. After the tight slot
is computed, nodei switches to using its tight frame F;.

To ensure proper interleaving of the loose and tight framesin F;, in addition
to the tight slot, node i also reserves slots for its loose slot and all other marked
slots in its loose frame. This way, the slots used bylLooseMACare preserved
and can be re-used even in the tight frame. This is useful whenodei becomes
non-ready, or some neighbor is non-ready, and needs to execute thd.ooseMAC
algorithm again.

3.2 Algorithm  FindTightSlot

The heart of TightMAC is algorithm FindTightSlot, which obtains con ict-free
slots in the tight frames. The tight frames have di erent sizes at various nodes
which depends locally on ;. Di erent frame sizes can cause additional con icts
between the selected slots of neighbors. For example, codsir nodesi andj with
respective framesF; and F;. Let s; be a slot of F;. Every time that the frames
repeat, s; overlaps with the same slots inF;. The coincidence setCj; (s;) is the
set of time slots in F; that overlap with s; in any repetitions of the two frames.
If jFij J Fjj, then s; overlaps with exactly one time slot of F;. If on the other
hand jFij < jF;j, then jC;; (si)j > 1. Nodesi andj conict if their selected slots
si and s; are chosen so thats; 2 Ci; (si) (or equivalently s; 2 Cj; (s;)); in other
words, s; and s; overlap at some repetition of the framesF; and F;.
The task of algorithm FindTightSlot for nodei is to nd a con ict-free slot in

Fi. In order to detect con icts, node i uses a slot reservation mechanism, similar



Algorithm 3 FindTightSlot()

1: SlotFound FALSE

2: while not SlotFound do

3: Select FALSE

4:  With probability 1 = ;: Select TRUE;

5. if Selectthen

6: Let si be an randomly chosen unreserved slot in the rst 6 »(i) slots of Fi;
7:

8

9

Send the position of s; (relative to its loose slot);
Listen for a period of time slots;
: if no con ict is reported by any neighbor then
10: SlotFound TRUE;

to the marking mechanism of LooseMAC When frame F; is created, nodei
reserves in each; as many slots as the marked slots in its loose frame. This
way, when FindTightSlot selects slots, it will avoid using the slots of the loose
frame, and thus, both frames can coexist.

Slot selection proceeds as follows. Node attempts to select an unreserved
conict-free slotin the rst 6 (i) slots of Fi. We will show that this is possible.
Nodei then noti es its neighbors of its choice using its loose slotEach neighbor
j then checks if ; creates any conicts in their own tight slots, by examining
whether s; con icts with reserved slots in j's tight and loose frame. If con icts
occur, thenj responds with a conict report message (again in its loose sk).
Node i listens for  time slots. During this period, if a neighbor detected a
conict, it reports it. Otherwise the neighbor marks this sl ot as belonging toi
(deleting any previously marked tight slot for i). If i receives a conict report,
the process repeats, withi selecting another tight slot. If i does not receive a
con ict report, then xes this tight slot. Note that this com munication between
i and its neighbors can occur because all its neighbors are a¢dst ready-2.

In the algorithm, a node chooses to select a new slot with prodbility 1=,
so not many nodes attempt to select a slot at the same time, with increases
the likelihood that the selection is succesful. This is whatallows us to show
stabilization with low message complexity, even with smallframe sizes.

The intuition behind the frame size choice of approximately6 ; is as follows.
Take some nodegj which is a 2-neighbor ofi. Node ] chooses a slot in the rst
Z =6 ,(j) of its tight frame F;. Node i has frame size larger thanZ. Thus,
nodei cannot have more than one slot repetition inZ. This implies that i and
j conict at most once during Z in their tight frames, and so, the possible
conicting slots for j during Z are bounded by the 2-neighborhood size of.
This observation is the basis for the probabilistic analyss of the algorithm.

Lemma 3. Letnodej 2 (i) select tight slots;; s; does not cause con icts in
any node of 1(i) with probability at least 1=2.

Proof. The neighbors ofj have reserved at most 2;(j) slots in j (one loose and
one tight slot). Therefore, nodej chooses its slos; fromamong 6 2(j) 2 1(j)
4 5(j) unreserved slots in its frameF;. This slot can cause conicts only in



neighbors ofi that are in S= 1(i)\ 1(j) 1(j)- The only nodes that can

reserve slots in members o§ are therefore 2-neighbors of . Each such node can
mark at most two slots (one loose and one tight slot), and so atmost 2 ,(j)

(absolute) time slots which can possibly conict with s; are reserved inall the

nodes in S. Therefore, there are at least 2,(j) slots available, of the 4 ,(j)

chosen from, hence the probability of causing no conict is & least %

Lemma 4. For node i, during a period of time slots, no conicts occur in
1(i) with probability at least 1=2.

Proof. Let Z be the period of time slots. A conictis caused during Z in  1(i)
by any slot selection of nodes in ,(i). A slot selection by nodej 2 (i) occurs
with probability 1 = ;. From Lemma 3, a slot selection ofj causes conicts in

1(i) with probability at most 1 =2. There are at most (i) nodes similar toj .
Let g be the probability that any of them causes a conict during Z in (i),
thenq  2(i)=(2min¢;> ,ayg j)- Since foranyj 2 (i), 2(i), we have

that g %, hence the probability of no conictsis1 q 3.

Lemma 4 implies that every time i selects a slot in its tight frame, this slot
is con ict-free with probability at least 1 =2. Sincei selects a time slot with
probability 1= ; in every loose frame, in the expected case will select a slot
within O( ;) repetitions of the loose frame. We obtain the following resilt.

Corollary 1. For some constantc, within ¢ logn time slots, a ready-4
node successfully chooses a con ict-free tight time slot irF;, with probability at

leastl L.

3.3 Complexity of TightMAC

The network is stableif all nodes in the network have selected con ict-free tight
slots. When a network stabilizes, it remains so until some nde joins/leaves the
network. We now show that starting from an arbitrary initial state I, if no
changes occur in the network afterl, the network reaches a stable state.

Let S be the non-ready nodes in statd . By Theorem 1, with high probability,
LooseMACrequires O( logn) time slots for all nodes to become ready. Then,
O(1) time is required for the nodes to become ready-4. Considea nodei. Sup-
pose that the algorithm uses ; and (i) for practical considerations (smaller
message sizes). Node sendsO(1) messages of siz€©(log n) bits so that itself
and its neighbors can compute . From Corollary 1, with high probability, node
i then requiresO( ; logn) time slots to select a con ict-free tight slot. Since,

2, the total time for stabilization is O( ? logn). When a fresh nodei
arrives the nodes in (i) drop in ready level, hence the aected area is at
most ¢(i). Following an analysis similar to Corollary 1, we obtain the following
theorem.

Theorem 2 (Complexity of TightMAC). From an arbitrary initial state 1,
with non-ready nodesS, the network stabilizes withinO( 2 logn) time slots,
with probability at least 1 ﬁ The aected area is  (S). Each a ected node

sendsO(log n) messages, of siz®(log n) bits.



4 Discussion

We have introduced and presented the theoretical analysis foa distributed,
contention-free MAC protocol. This protocol is frame basedand has the desir-
able properties of self-stabilization and containment, ie., changes to the network
only a ect the local area of the change, and the protocol autanatically adapts
to accommodate the change. Further, the e ciency of the protocol depends only
on the local topology of the network, and so bottlenecks do nba ect the en-
tire network. In general, such frame based protocols tend tde preferable when
tra c is constant (rather than bursty).

The time to stabilization and throughput are related to the m aximum 1 or
2-neighborhood size. For unit disc graphs, the maximurk-neighborhood size
grows at the same rate as the 1-neighborhood size, i.e.; = ( k) for xed k.
Since the average 1-neighborhood size required to ensurentctivity in random
graphs isO(log n), [11], it follows that throughput is inverse polylogarith mic and
time to stabilization is polylogarithmic in the network siz e.

Practical Considerations. Our model assumes that a node detects a collision if
and only if two or more nodes (including itself) within its tr ansmission radius
attempt to transmit. One way to distinguish a collision from random background
noise is to place a threshold on the power of the incoming sigil. Signals with
su ciently high power are collisions. Since wireless signé attenuate with dis-
tance rather than drop to zero at the transmission radius, it is then possible
many nodes that are outside the transmission radius will transmit at the same
time, resulting in a collision detected at the central node,even though none of
the nodes are actually colliding. The correctness of the algrithm is not a ected,
however the required frame size or convergence time may getexted, because
(for example) a spurious collision may prevent a node from tiing a time slot.
A natural next step is to investigate such issues using simualtion techniques for
real sensor networks.

We have assumed that the time slots of the nodes are alignedyen though
the frames may not be aligned. This simpli cation is not necessary, because
we can accommodate misaligned time slots by having a node beme ready in
its time slot only if there are no collisions detected in its time slot as well as
neighboring time slots. This means that a node's time slot ma block o at most
4 time slots at every one of its two neighbors, which means thiathe frame size
will have to be at most a constant factor larger.

All our discussion applies when there is no relative drift béween the local
clocks of the nodes. In practice there can be a very small dtifclock skew). One
approach to addressing this problem is to run a clock skew algrithm (for example
[3]) on top of our protocol. Another solution which illustra tes the value of the
self stabilizing nature of our protocol is to allow the algorithm to automatically
address the clock skew when it leads to a collision. In such agvent, the algorithm
will re-stabilize and the communication can continue from there. This second
approach will be acceptable providing the clock skew resu#t in collisions at a
rate that is much slower than the rate of stabilization.



Future Research. Two natural directions are to improve the convergence prop-
erties or to obtain lower bounds on the stabilization time and/or the required
frame size for any such distributed contention free algorihm which does not use
global time synchronization. Many aspects of our protocol ae hard to analyze
theoretically and would bene t from experimental analysis, for example, how
the performance varies with the rate at which the network topology is changing,
or what the lifetime of the network will be. Further, we have made certain sim-
plifying assumptions such as the graph is undirected, whenni fact link quality
may vary with time. Future directions would be to investigat e how the choice
of the power level would interact with such parameters as theperformance of
the protocaol, the lifetime of the network and the connectivity of the network. It
would also be useful to compare the performance of our algghims with existing
algorithms (such as IEEE 802.11 and TDMA) on real networks ugng simulation
packages (such as OPNET and NS2).
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