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Recent developments in sensor technology, as seen in Berkeley’s Mica2 Mote, Rockwell’s
WINS nodes and the IEEE 802.15.4 Zigbee, have enabled support for single-transceiver,
multi-channel communication. The task of channel assignment with minimum interfer-
ence, also named as the 2-hop coloring problem, allows repetition of colors occurs only
if the nodes are separated by more than 2 hops. Being NP complete, development of effi-
cient heuristics for this coloring problem is an open research area and this paper proposes
the Dynamic Channel Allocation (DCA) algorithm as a novel solution. Once channels are
assigned, a Medium Access Control protocol must be devised so that channel selection,
arbitration and scheduling occur with maximum energy savings and reduced message
overhead, both critical considerations for sensor networks. The contribution of this paper
is twofold: (1) development and analysis of the DCA algorithm that assigns optimally min-
imum channels in a distributed manner in order to make subsequent communication free
from both primary and secondary interference and (2) proposing CMAC, a fully desynchro-
nized multi-channel MAC protocol with minimum hardware requirements. CMAC takes
into account the fundamental energy constraint in sensor nodes by placing them in a
default sleep mode as far as possible, enables spatial channel re-use and ensures nearly col-
lision free communication. Simulation results reveal that the DCA consumes significantly
less energy while giving a legal distributed coloring. CMAC, our MAC protocol that lever-
ages this coloring, has been thoroughly evaluated with various modes in SMAC, a recent
protocol that achieves energy savings through coordinated sleeping. Results show that
CMAC obtains nearly 200% reduction in energy consumption, significantly improved
throughput, and end-to-end delay values that are 50-150% better than SMAC for our sim-
ulated topologies.

© 2008 Elsevier B.V. All rights reserved.
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Wireless sensor nodes are low power, battery operated
devices with limited computation and transmission ability
[1]. With improvement in sensor hardware, support for
multi-channel communication is already in an advanced
stage of implementation. Berkeley’s third generation Mica2
Mote has an 868/916 MHz multi-channel transceiver [2].
In Rockwell’s WINS nodes, the radio operates on one of
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40 channels in the ISM frequency band, selectable by the
controller [3]. The new IEEE 802.15.4 standard, popularly
called as Zigbee, defines 11 channels at 868/915 MHz and
16 channels at 2.4 GHz [4]. Typically, physical parameters
like temperature [5], pressure [6], humidity [7], location
[8], amongst others, are sensed and communicated over a
shared wireless channel. A medium access control (MAC)
protocol is required to coordinate the access to the chan-
nel, while ensuring good throughput, fairness, low latency
at a reasonable energy cost. With improvements in hard-
ware, communication need not be limited to a single com-
mon channel thus necessitating multi-channel MAC
protocols.

In the first part of our work, we propose a distributed
channel allocation scheme to exploit this multi-channel
capacity in sensor networks while taking into interference
avoidance. If allocated channels do not repeat within 2
hops of a node, both primary (sender and receiver using
same channel) and secondary (communication between
sender and receiver interfering with another pair-wise
data transfer) interference [9] can be avoided. In addition,
our channel assignment algorithm has to ensure minimum
energy consumption for its operation and use less number
of channels, separating them as much as possible in the
frequency band, thus achieving high frequency reuse.

Continuing this research further, we address the follow-
ing question in this paper: “How do nodes, having been as-
signed non-repeating and distinct channels in their 2-hop
range, establish communication with a single transceiver
and a basic wake-up scheme?” This is addressed in CMAC,
our proposed energy efficient MAC protocol that exploits
the multi-channel capability of the sensor nodes. The main
concern in wireless sensor networks is the energy loss due
to collisions and re-transmissions, overhearing, control
packet overhead, and idle listening. CMAC overcomes these
issues by (i) supporting a default sleep mode in which sen-
sors switch off their radio during idle times and (ii) en-
abling multi-channel communications with minimal
hardware requirements of a low power wakeup radio
(LR), in the lines of the Berkeley pico-radio [19,20], and a
main half duplex transceiver (MR). The LR radio used for
wakeup can only emit a short train of pulses and thus can-
not be used as a second interface to send data. In the ab-
sence of complex signal processing hardware [21], we
allow the LR to be capable of merely discerning the pres-
ence or absence of 6-8 pulses during the control message
exchange phase.

In our scheme, the LR is always used to monitor a node’s
default channel while the MR is placed in the sleep mode
thus conserving energy. The LR plays two roles: (1) when
a node wishes to transmit, the receiver is woken up
through a series of pulses and (2) channel negotiation is
undertaken before the MR is switched on. Data communi-
cation is carried out by the MR and the LR can only sense
the presence of a packet transmission if it is monitoring
the same channel. The adoption of a multi-channel sce-
nario enables communication to occur simultaneously
and in a collision free manner. Further, we leverage the dis-
tinct channel assignment to enable waking-up of a node
only when a packet is to be transmitted, thus providing
improvement over probabilistic and periodic wakeup

cycles. Through our suggested handshaking mechanism, a
node can issue a time duration for which it will be busy
even when a reception is in progress. The control pulses
are devoid of node addresses and senders are identified
by channels alone, thereby further reducing the control
overhead. Thus, the main contribution of this work is sug-
gesting an approach for the problem of energy efficient
MAC design in sensor networks in a multi-channel scenario
without allowing performance degradation.

The rest of this paper is organized as follows. Section 2
discusses related work in the area of channel allocation
and arbitration. Our DCA algorithm and an analysis of its
messaging overhead are presented in Section 3. In Section
4, we describe our multi-channel MAC protocol, CMAC,
with its assumptions and design considerations. In Section
5, we provide detailed simulation results that measure the
performance of the DCA and CMAC respectively. Conclud-
ing remarks and directions for future research can be found
in Section 5.1.

2. Related work

The problem of channel allocation is similar to the code
assignment problem in Code Division Multiple Access
(CDMA) networks that eliminates collisions through
spread spectrum techniques and orthogonal codes. Earlier
works on CDMA code allocation have approached this as
a graph coloring problem, where colors can be repeated
only at 3 hops or more, unlike traditional graph coloring
as surveyed in [10]. We shall henceforth refer to coloring
under this constraint as the NP complete 2-hop coloring
problem. Centralized code assignment schemes are unsuit-
able when directly applied to sensor networks as it may be
infeasible to establish direct communication between the
base station (BS) and the individual sensor nodes. Past
work has also involved presenting optimal 2-hop coloring
algorithms for special topologies, such as the ring, bus,
chain, tree and hexagonal grids. In the analysis of our pro-
posed Distributed Coloring Algorithm (DCA), we consider
the more general case of random deployment of the sensor
nodes. Recent work, including the algorithm proposed in
[11] reduces, under assumptions of ordering, to the Hidden
Primary Collision Avoidance (HP-CA) suggested in [12] and
modified in [13,14]. In [12], when a node chooses a color, it
is propagated to its 2-hop neighbors having an ID lower
than itself. The simple modification of making a node wait
till it hears from all nodes having a higher ID and within its
2-hop range before announcing its own non-conflicting
color provides an elegant solution. We call this HP-CAM
with ‘M’ for modified. In [15], a node chooses a unique ID
and broadcasts it amongst its 2-hop neighbors. In case of
a conflict, the information is conveyed back to the trans-
mitting node and new ID is chosen thus repeating the pro-
cess. Though simple, this process involves large message
passing as n-1re-tries may be required for each node in
the worst case. In HP-CAM, each node is aware of its 2-
hop information and generates an ordering based on node
weight. This results in reduced number of messages as
there is no color conflict once an assignment has been
done. We thus compare the DCA with the HP-CAM while
measuring the performance parameters in this paper.
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There has recently been much interest in developing
suitable MAC protocols for wireless sensor networks. Exist-
ing work in this area can be classified into the following
categories: time-division multiple access (TDMA) [25-
27], contention-based [28-30] and multiple-channel MAC
protocols [15,32]. TDMA based protocols, though not scal-
able, enable collision free communication and are simple
to set up and maintain. Local synchronization is required
and they alternate between listen and sleep cycles. TDMA-
W [25] requires non-repetition of the time slots over a 2-
hop range, similar to the task of channel allocation in our
case. The activity between a node and its neighbors is mon-
itored at the end of every frame and this helps to further
tune the wakeup period. In [26], the authors propose a
scheme in which centralized allocation of schedules in
undertaken by a clusterhead like node (gateway). This is
however, typical of standard TDMA schemes and requires
global synchronization. The authors in [27] concentrate
on assigning non-overlapping 2-hop slots but allow nodes
to join and leave the network. They do not address issues
of energy conservation, latency amongst others and need
synchronization of the start and end of slot times. Sift
[28] is a randomized contention-based CSMA protocol
which has a small, fixed size contention window (CW) with
a non-uniform probability of transmission in each slot of
the CW. This scheme, however, does not accommodate
sleep cycles and needs accurate time synchronization dur-
ing the CW as slot times are small. S-MAC [29] and proto-
cols inspired by it [30,31], follow the listen and sleep cycles
as described earlier, but contend for the channel during the
listen cycles. Pairwise synchronization is usually sufficient
and they trade fairness and latency for energy savings. By
choosing to send a burst of data during the listen cycle,
T-MAC [30] shows performance improvement over S-
MAUC, but at the cost of monopolizing a bottleneck node.
In [31], the authors present AC-MAC which has an adaptive
duty cycle based on the number of packets queued at the
MAC layer as an indication of the traffic load. While the
above work assume a single radio, the idea of using an
additional wakeup radio for sensor networks is not novel
and is discussed in [21-24]. According to the authors in
[21], this low power radio may only use 1 uW of energy
compared to the high dissipation of the MR (order of
mW), and hence is the ideal choice for channel monitoring
when the MR is switched off. In this work, however, the
authors focus more on the channel allocation problem
and the MAC protocol is left for future research. STEM
[23,24] and RATE-EST [22] are similar in principle in which
the authors assume the presence of two channels: primary
channel for sending data and a wakeup channel used for
the wakeup signals. Both these approaches use a busy tone
instead of encoded data for the wakeup signal. Energy sav-
ings are obtained by allowing the radio for data communi-
cation to enter the low power sleep mode until
communication is desired. The additional wakeup radio
periodically listens to the channel using a low duty cycle.
In [23], a node with data to send, begins transmitting con-
tinuously on the wakeup channel long enough to guaran-
tee that all neighbors receive the wakeup signal. In [22],
the authors evaluate analytically the duty cycle for the wa-
keup radio and suggest a scheme that prevents a large

number of nodes from being triggered into an active state
at the same time. While similar to STEM, RATE-EST
achieves greater energy savings by periodically listening
on the primary channel and buffering packets. Our work
differs from all these approaches in the respect that we as-
sume a multi-channel scenario and in-band signaling.
Here, each node is assigned a unique channel in 2-hop
range with a single transceiver present for data communi-
cation. In our work, we describe a scheme for the wakeup
process and channel information exchange without any
special control channel, thus saving bandwidth for the
purpose of communication only. Furthermore, our protocol
allows for listening and replying to control messages even
when a reception of a data packet is in progress at a sensor
node, thus taking the first step towards solving the deaf-
ness problem in wireless networks.

3. DCA algorithm

In this section we describe the DCA, which colors the
network graph within the constraints of 2-hop coloring.
We list our assumptions and provide a discussion on each
of them:

(i) A 1-hop clustering structure is in place: the non-lin-
ear relationship between energy and distance makes
a single bit transmission more energy efficient using
several short, intermediate hops instead of one
longer hop [16]. Clustering allows sensors to com-
municate data over smaller distances, which then
gets forwarded to the sink. We have adapted the
generalized weight based clustering scheme pre-
sented in [17] with the weight being decided by con-
nectivity and ties resolved with node ID. Each
clusterhead (CH) knows the weights of the CHs of
all nodes that are within 2-hop range of the nodes
in its own cluster.

(ii) The sensor network is assumed to be static during
the coloring process. No new nodes are added and
nodes do not die out while coloring is in progress.

(iii) A CSMA/CA mechanism is in place during algorithm
operation. At the point of termination of the algo-
rithm, the channel is partitioned into disjoint sets
and is essentially collision free, assuming no adjacent
channel interference.

We define the term neighbor set of a cluster i, NS;, as the
set of all those nodes, n, such that n is at most 2 hops away

Cluster 1

o
Cluster 2 ., CH, O Cluster 4
v

Fig. 1. Sample topology. Clusters 1 and 2 are hidden from each other.
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from any node in i and ¢i. As an example, in Fig. 1, consid-
ering cluster 2, NS, = {x,a,b,s,t,c,CHs,CH,}. The problem of
color allocation is essentially coloring of a node such that
there is no conflict with the already assigned colors of
the nodes in the neighbor set. In particular, consider two
nodes, x and y linked through a and each belonging to a dif-
ferent cluster. This configuration poses a difficult task in
assignment of non-conflicting color and we define it as
the hidden cluster problem. This necessitates the longest
chain of color information propagation across cluster
boundaries.

The DCA begins at a point where each CH is aware of its
own weight, w(CH), as well that of the other CHs that serve
its neighbor set, i.e., CH, knows w(CH1), w(CH3) and w(CHy).
A CH proceeds to color its own cluster only when color
assignment by the larger weight CHs of the neighbor nodes
is complete. If w(CH,)>w(CHs3)>w(CH4) > w(CH;), CH»
starts coloring first, followed by CHs. On their completion,
the color assignment is propagated and thus CH;, CH4 be-
gin coloring simultaneously (x,CH; ¢ NS4). It should be
noted that there is no possible color conflict in clusters 1
and 4, as the neighbor set of one has no common node from
the other cluster.

Each node in cluster i maintains a color table (CT) con-
taining a list of its neighbor nodes belonging to a CH having
an ID higher than its own CH, e.g., CT, = ¢ while CT, = {-
v, y, CH}. As a node receives color information about these
nodes, this list is updated and all these colors are forbidden
for the node itself. In addition, the CH has a table, which we
call as the cluster color table (CCT). The CCT has an entry for
each node in its cluster and the colors forbidden for it are
continuously updated, as in the case of CT. A CH starts col-
oring only when this CCT is full, i.e., all the forbidden colors
for each node in its cluster are available. Each CH performs
this check at the receipt of a message, in order to check
whether the information contained in the CCT is sufficient
to start the coloring process.

The DCA is entirely message driven, i.e. an action taken
by a node is a function of the type and information con-
tained in the incoming packet. We define three types of
messages: The channel assignment message that is sent by
the CH letting a node know of its assigned color, the update
message aimed at 1-hop neighbors to make them aware of
a forbidden color, and the information message which alle-
viates the hidden cluster problem while notifying the CH of
a forbidden color for a node in its cluster. We now describe,
through an example (Fig. 2), the actions taken by nodes for
different control messages.

Fig. 2. Types of messages and their flow between clusters.

3.1. Message types

3.1.1. Channel assignment (CA) message

The CA message consists of an ordered pair of the type
(node ID, assigned color) for each cluster member. A node
first identifies whether the message was sent by its CH. It
then extracts its own color and that of nodes 1 hop away
from it and member of the same cluster. Thus node y iden-
tifies the color assigned to it and that of CH,, v. y then
broadcasts an UP packet containing this information.

Similarly, if a node cis in 1-hop distance of a neighboring
CH, i.e. CHy, it will receive a CA message not intended for its
own cluster. It then extracts the colors of the 1-hop nodes
appearing in its CT, i.e. (CH4) and 2-hop nodes (s and t). In
such a case, an INF message is generated by c and the
change made in its CT is included in the message (Fig. 2).
The INF message has a 1-hop list and a 2-hop list as payload
containing ordered pairs of the type (node, color) which are
updated with (CH,4) and (s and t), respectively.

3.1.2. Update (UP) message

The UP message is targeted at nodes within transmis-
sion range of a recently colored node, notifying the former
of the colors assigned to their 1- and 2-hop neighbors.
When such a node, a, receives the UP message from y,
CT, is updated with the colors assigned to y, v and CH,.
An INF message is broadcast that contains the colors and
IDs of the 1-hop (y) and 2-hop (v and CH,) neighbors of
a, that were updated due to the received UP message
(Fig. 3). As 1-hop clusters are formed, the INF message
broadcast by any node lets its CH know that its CT is up-
dated. CH; is thus made aware through a’s INF broadcast
that the colors assigned to v, y, and CH, are now forbidden
for a. Nodes belonging to the same cluster as the originator
of the UP message, e.g. v, ignore it. As before, if a CH, say
CHs, receives an UP message from non-cluster node, say
y, it implies that the node y is in 2-hop range of every
member of its cluster. It adds the color of node y as a for-
bidden color for every node in the cluster, including a, if
this information is not already present. Also, CH3 adds
the colors of all 1-hop cluster members of node y, i.e. v
and CH,, as forbidden colors for itself.

3.1.3. Information (INF) message

It is generated on two separate occasions. (1) The INF
broadcast (IB) message is generated by a node as a result
of an UP message is useful for its own CH and all other
neighbor nodes. (2) An INF unicast message (IU), directed
at the CH, is generated when a node receives an IB from
a sender not belonging to the same cluster. For example,
The IB message sent by a is used by CH; to update its
CCT. An adjacent cluster node x, overhears the IB, extracts

0
0t

Fig. 3. Message dependencies: the receipt of one type of message gene-
rates another.
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the 1-hop list (merely the color of y in this example) and
updates its color table, CT,. An IU message is then sent by
x to CH; having a single node-color pair (y, color). We rea-
son this as follows: The IB message sent by a node a con-
tains, in the 1-hop color table, the color assigned to node
y, otherwise hidden from x. For node x, y is a 2-hop neigh-
bor and hence must appear in the 1-hop list of the incom-
ing IB message. Consequently, only this information is
included in the IU message sent by x. This two stage INF
propagation allows CH; to assign a color to x such that it
does not conflict with the color given to y, 2 hops away
from x. If a node, b, receives an INF message from its own
cluster member, q, it is ignored unless the receiving node
is also the CH for that cluster. We note that the INF is the
most commonly generated message (Fig. 1): (1) the result
of hearing a CA directly from another cluster, (2) on receiv-
ing an UP message and (3) another INF broadcast message.
Successive INF/UP messages received at the node from dif-
ferent source nodes may include color information that the
node has already propagated earlier. In our implementa-
tion, we adopt the following enhancement geared to re-
duce the number of messages in the network: the color
information forwarded by a node in an INF or UP message
is not sent again through another INF or UP, respectively.

3.2. Analysis of number of messages

In this section we derive expressions for the expected
number of channel assignment, update and inform broad-
cast messages for the DCA. While the analysis presented in
the following propositions is approximate owing to the
restricting assumptions of multi-hop modeling, all equa-
tions derived are verified in Section 5 and found to be in
good agreement.

Consider N nodes to be distributed independently and
uniformly in a large area R C R? where R? signifies the 2-
dimensional Euclidian space. If R is large, the placement of
the nodes essentially represents a Poisson process [16].
We assume:

1. All nodes have the same transmission radius r.
2. The average degree of a node is given by dayg.

Proposition 1. The total number of channel assignment

messages transmitted is approximately given by

N — CHy
(Savg

CHO = — N <~ 5avg >‘)avg
Oavg + 1 \Oavg + 1

Proof. For a single node A, the coverage area is nr?. The
probability that there are m nodes within its transmission
range is given by: p,, (A) = ((prr?)™/m!)exp(—pnr?).

n(CA) = +CHy where

The expected number of nodes within its 1-hop com-
munication range, also the average degree d,., can be
calculated as

N N 2\m
B = > mpa(a) = > (15 exp(-pm?) )
m=1 °

m=1

The weight based clustering algorithm forms 1-hop clus-
ters by associating nodes with their 1-hop neighbors that
have a higher weight, with ties being broken by node ID.
If all the neighbors of a node A link with other higher
weight CHs, A may be forced to announce itself CH of the
single node cluster. We now calculate the expected num-
ber of such single node clusters. We list the nodes in the
1-hop neighborhood of A, along with A itself, in the follow-
ing rank table. The rank of a node in this table is decided by
the highest weight of its 1-hop neighbor set. From Fig. 4,
each neighbor of A is connected to another node having a
weight higher than that of A, i.e. W1 >W(A), W2 >W(A)
and W3 >W(A) and hence A forms a 1-hop cluster. A is
at position 1 on the table with the increasing index indic-
ative of increasing rank.

Out of d,,¢ + 1 nodes, the probability of only A occurring
in slot 1 of the rank table is given by

P[position1 =A]=P[A=slot1]- P[1,2,...,0,g7#slot1]

1 (1_ 1 )“M: 1 ( Save )’
davg +1 Oavg +1 Oavg +1 \bayg +1

This is also the probability of a node forming a single node
cluster as all its neighbors have been drawn away by other
higher weight 2-hop neighbors. The expected number of
such single node clusters is

CH, = % < Oavg )(savg
avg T ()avg +1

P[position1 =A] =

The approximation to the average number of clusters
having d,,¢ nodes is improved by subtracting single node
clusters, i.e., (N — CHp)/davg and it follows that the total
clusters formed is approximately, E[Clusters]= (N — CHyp)/
davg + CHo. The CA message is broadcast by the CH only
and each cluster has a single CH. Hence n(CA) = E[Clusters]
giving the required result. O

Proposition 2. The total number of update messages trans-
mitted is approximately given by, n(UP) =N — n(CA).

Proof. Every node (other than the CH itself) is assigned a
color by the CH of its cluster. This color assignment occurs
through the CA message sent by the CH (or an announce-
ment done by the node itself if it is a single node cluster).
Each node of the cluster generates one UP message, on
reception of the CA message. As colors are assigned only
once, every non-CH node will transmit a single UP message
during the coloring process. We note that the number of
CH nodes = n(CA). It follows that the total number of UP
messages equals the total number of non-CH nodes and
hence, n(UP)=N — n(CA). O

A < 1 Hop Neighbors of A >

Fig. 4. Ranked table of adjacent nodes on the basis of 1 hop neighbor
weights.
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Nodes that receive INF broadcast.

Nodes that receive UP.

CA
Node that broadcasts UP.

Locus of nodes that broadcast INF.

Locus of nodes that unicast INF.

Fig. 5. Calculation of n(INF) = n(IB) + n(IU).

Proposition 3. The total number of inform messages are
given by: n(INF) = {(2p/3)nr? — 1In(UP) approximately.

Proof. We prove the proposition in two parts. First we
show that the average number of IB messages is given by
(Javg/3)n(UP). We begin with the simplifying assumption
that clusters formed are approximately of the same size
(each having a radius equal to the transmission range of
a node). From geometric considerations, such a cluster
can have at most six neighboring clusters. Consider one
such cluster, 4, as shown in Fig. 5. The CA broadcast by
the CH is received by node A, which then sends an UP mes-
sage. All nodes that receive the UP message and send an IB
in response, have their locus shown by sector o-a-b that
subtends an angle of 120° to the center o of cluster 1. Thus
the average number of nodes in this sector gives the aver-
age number of IB messages generated in response to a sin-
gle UP message. For n(UP) messages, n(IB) = p(120/360)x
?n(UP) = (p/3)rr?n(UP). The IB messages sent by the nodes
in sector o—-a-b are received by nodes lying in sectors 0”-d-
c and o’'-e—f in the adjacent clusters 2 and 3. These are the
nodes that are eligible to generate U for their CHs. The
number of such nodes is given by: 2xp (120/
360)nr?n(UP) = (2p/3)nr?n(UP). But the above set of nodes
generating IU also includes nodes that have already heard
an UP by the member nodes of cluster 4 that originated
the CA message. Similarly, a single node can hear more
than one IB, and we suppress the generation of IU for mul-
tiple IB messages containing the same information. Thus,
we subtract the number of nodes that have already
received UP and IB messages to get the actual number of
nodes that transmit the IU message, given by n(IU) = (2p/
3)r?n(UP) — [n(UP) + n(IB)]. Hence, the average number
of INF messages (both IU and IB) is: n(INF) = n(IU) + n(IB) =
(2p/3)nr?n(UP)-n(UP) = {(2p/3)r 2 — 1}n(UP). O

Propositions 1-3 are verified through simulations in
Section 5. Having established the channel allocation algo-
rithm, we now describe our proposed MAC protocol, CMAC,
which leverages this channel assignment.

4. CMAC - MAC design considerations

CMAC has been designed to ensure maximum possible
energy conservation without any compromise in fairness

or latency. Recognizing that idle listening consists of 90%
of power consumption [33], CMAC puts nodes in the sleep
mode whenever the MR is idle. We outline the assump-
tions of our protocol below.

4.1. Hardware assumptions

1. A single half-duplex transceiver (MR) capable of being
dynamically tuned to any of the pre-decided set of
channels is present. The MR transmits at a constant
power level in the selected band but can be switched
off. All data transmission/reception is handled by the
MR.

2. A low-power radio (LR) is present which can only emit
and receive a short train of wakeup pulses. We do not
assume time synchronization amongst the nodes of
the network.

3. Nodes have been allocated channels that overlap at 3
hops or more through the execution of a suitable chan-
nel assignment algorithm.

CMAC relies on three types of control messages for its
operation: Request (REQ), Confirm (CON) and Wait (WAIT).
All these three messages are essentially short pulse trains
and are sent and received through the LR. The MR is in
the default sleep state to conserve energy, delegating the
task of channel monitoring and negotiation to the LR. Once
this negotiation is completed, and the receiver is ready, the
MR is used to transmit the actual data packet. Our protocol
adopts a novel, dual mode communication architecture.
During the negotiation phase, the sender tunes its LR to
the channel of the receiver. Once the receiver is ready to
accept the packet, CMAC follows a transmitter-oriented
communication model in which the receiver tunes its MR
to the channel of the sender for data packet exchange.
The details of the protocol are given below and with refer-
ence made to Fig. 6 for clarity of representation.

4.2. Control message types and channel negotiation

The control messages are a sequence of k+1 pulses,
where 2* is the total number of assigned channels. The
LR is always tuned to a node’s default channel, unless the
MAC receives a data packet for transmission from the high-
er layer.
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4.2.1. REQ

When a packet has to be transmitted, the LR of the sen-
der is tuned to the receiver’s channel, (R). It monitors R for
DIFS time period to avoid collision with ongoing transmis-
sions. In case the channel of the intended receiver is sensed
busy, the sender waits till the channel is available in a
manner similar to the operation of 802.11. If R is found un-
used at DIFS timer expiry, the sender transmits an REQ in R,
after a random delay decided by the backoff interval. This
REQ comprises of a set of pulses that identifies the sender’s
default channel (S). The identification is achieved through
a unique mapping of pulse patterns and the associated
channel. As an example, the color S may be represented
by a pulse pattern 11001. As allocated channels are unique
within 2-hop range, the sender is identified through the
choice of S alone. The response by the receiver is depen-
dent on whether it is idle or busy receiving. Consider
Fig. 6, in which, nodes 4 and 5 are assigned channels red
and blue, respectively.®> Node 4 first tunes its LR to blue
and sends the REQ coded for identifying its default channel,
i.e., red.

4.2.2. CON

If the receiver is idle, it responds to the REQ with a CON.
This is sent by the receiver’s LR in R after SIFS and consists
of a sequence of pulses with the encoded representation of
S. We reason as follows: a receiver can get multiple REQs
from senders, each of which is tuned to R and awaiting a
reply. The encoding of S helps to distinguish the node that
has won the contention. From Fig. 6, node 5 accepts the re-
quest by node 4 and sends a CON, coded with red, node 4’s
default channel.

3 (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.)

4.2.3. WAIT

The presence of a single pulse in the k + 1st position dif-
ferentiates this message from a CON. In case a node cur-
rently receiving a data packet on its MR hears a REQ on
its LR, it informs the interested sender the time at which
it will complete its current transaction. We accomplish this
through WAIT. This message contains k pulses and when
multiplied with a constant i, gives the approximate time
for the next possible reception. In the case of multiple REQs
from different senders, each of which resulted in a WAIT, it
is necessary to identify the node which received the first
WAIT. This node has transmission priority when the cur-
rent data packet reception is completed. The provision of
an additional pulse indicates whether the node receiving
WAIT was the first and accordingly adopts its WAIT policy.
We discuss this message further in the following section
and introduce variations that enable quality of service
(QoS) considerations.

Thus, we see that the LR of the sender is tuned to the
channel of the receiver at the start of the DIFS interval
and remains so till it gets a CON/WAIT or in their absence,
suffers a timeout. After this, the LR is reset to the default
channel, free to monitor incoming requests. From Fig. 6,
when node 8 transmits a REQ to node 5 which is engaged
in data reception, it gets a WAIT in reply. This gives the
time for which node 5 will be busy.

4.3. Data transmission/reception

If the channel negotiation described earlier results in re-
ceipt of a CON by the sender, its MR is switched on and
data transmission can begin. After the transmission of
the CON, the receiver immediately switches its MR in the
active state and tunes it to the channel described in the
REQ (S). We make no assumption on the format of the data
frame, save, its size be placed in the first few positions of
the MAC header. Sensor data frames are assumed to be



314 K.R. Chowdhury et al./Ad Hoc Networks 7 (2009) 307-321

large [29] and an early knowledge of the size helps the re-
ceiver to calculate the anticipated time for complete recep-
tion. All outgoing WAIT messages are encoded with the
remaining time for reception. This scheme also allows
the use of variable size data packets and a node need not
pad a frame with additional bits. After reception of the data
packet, the receiver replies with an ACK in its own channel.
Thus, after the transmission of the data packet, the sender
switches its MR to the channel of the receiver. We do not
continue with the ACK in the same channel as that used
for sending the data packet owing to a possibility of colli-
sion outlined in the following section. The MR reverts back
to sleep mode after the ACK is sent (by the intended recei-
ver) and received (by the sender). In Fig. 6, after sending
the CON, 5 switches on its MR, and tunes it to red, 4’s de-
fault channel. It replies with an ACK in blue, 5’s default col-
or after the packet is received.

4.4. CMAC-performance parameters

In this section we analyze the working of CMAC from
the perspective of energy consumption. We identify vari-
ous sources of energy loss in sensor networks and explain
how CMAC is designed to minimize, if not solve them com-
pletely. Table 1 gives the power dissipation parameters for
the two radios which are in accordance with Berkeley
MICA2 mote specifications [2] and the pico-radio project
[20], respectively. In Figs. 7 and 8, numbers (1, 2, 3, 4) iden-
tify the nodes and the letters (a, b, ¢) stand for their allotted
channels.

4.4.1. Idle time reduction

CMAC attains energy conservation chiefly by placing
nodes in the sleep mode and waking them up only if com-
munication is necessary. Thus, energy spent in idle listen-

Table 1
Specifications of the MR and LR

MR (mW) LR (mW)
Ptransmission 36 1
Preception 144 0.450
Pigie 14.4 0.05
Psleep 0.015 X2

2 LR does not sleep.

(a) No REQ sent by 3

REQ

DATA

G 0=@
WAIT

(b) REQ replied with WAIT

Fig. 7. Overcoming the deafness problem in CMAC.

OO0 OO0

(a) The only case of
collision

(b) ACK is sent on receiver’s
channel

Fig. 8. Collision prevention.

ing is significantly reduced. This idle energy cannot be
neglected and is comparable to that used by the radio dur-
ing reception (about 30 mW). Recognizing that idle listen-
ing consists of 90% of power consumption [33], our
emphasis on the default sleep mode results in large savings
when the network is in operation for prolonged time inter-
vals. Most periodic self-wakeup based MAC schemes [28-
30] have a listening time in every cycle and all data ex-
change is undertaken only in this period. We allow an
on-demand wakeup making our protocol sensitive to
reporting sudden, unusual activity with lower latency. This
makes CMAC preferable in time-critical applications like
radiation monitoring in power plants, intruder tracking
and sniper location, amongst others.

4.4.2. Deafness and overhearing

Deafness is caused when node 3 (Fig. 7a) attempts to
contact node 2, which is currently engaged in communica-
tion with a third node (node 1). In our scheme, if node 2 is
transmitting data, it will do so in its default channel, b. Re-
call that node 3 monitors b through its LR before transmit-
ting the REQ and finding the channel occupied, it continues
monitoring till the channel becomes free. Similarly if node
2 is receiving, its MR is tuned to the sender’s default chan-
nel but its LR is still monitoring b. In this case, 3 finds b un-
used and transmits a REQ in channel b. This REQ will be
received by 2 and replied with a WAIT (Fig. 7b). We con-
clude that there are only two possible deaf periods: The
first is the time between sending the REQ and switching
back to the default channel after the reception of the
CON/WAIT (or timeout), which we define as Tgea(S). In this
case, a sender’s LR is tuned to the intended receiver’s de-
fault channel and it cannot hear the control messages sent
by another node for Tge ((s) interval (Fig. 6). We assume an
inter-node separation of 40 m, a train of 8 pulses for REQ
and CON. The values of DIFS and SIFS are assumed similar
to SMAC [29], where DIFS = 10 x slot time and SIFS=5 x -
slot time. Channel switching time Tswitcn iS assumed to be
100 ps. Here. Considering the channel capacity as 20 kbps
and neglecting propagation time, the deaf period is then gi-
ven by

Tgeat () = DIFS 4 Treq + SIFS + Tcon + Tswitch
=(10+0.04+5+0.04 +0.1) ms =15.18 ms

At the receiver end, the worst case deaf period, Tqea(7), be-
gins at the time of hearing the first REQ and extends till the
header information in the data frame is read (Fig. 6). Recall
that the header contains the size of the packet and WAIT
packets can be sent only after the duration of the data
reception is known thus causing this delay. We take into
account the time required (Tians on) for the MR to be
switched on after reception of the CON on the LR. For the
ATmegal128 microcontroller on the MICA2 mote [2],
Ttrans_on = 180 ps and 6 us for the TI MSP430 used in Telos
[34]. In the following calculation for Tge,fr) we assume
that 20 bytes of header suffice for conveying the wait time.

Tdeaf(r) = SIFS + TCON + MRTtrans,on + TH + Tswitch
=(54+0.04+0.180+20 x 0.04 +0.1) ms
=6.12 ms
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Similar to 802.11, after a successful transmission, there is a
post-backoff which prevents channel capture by a node and
allows this deaf period to be spaced in time, even if there
are packets queued for transmission. Through WAIT, we
eliminate re-transmissions of the REQ in a node’s effort
to contact a particular neighbor. Overhearing occurs when
a node receives a packet not destined for it. Through non-
repeating channel assignment and careful channel transi-
tions, CMAC ensures that neither control messages nor
data is heard by any node other than the intended
destination.

4.4.3. Collision prevention

CMAC is collision free once data transmission begins.
We identify only two cases of collisions during the phase
of REQ/CON/WAIT control message exchanges. The REQ
sent by a node to an intended receiver can collide with a
CON or WAIT sent by the latter. We assume that the pulses,
being of a very short duration are not identified by the LR
during the channel sensing phase. Again, the REQ is sent on
the default channel of the receiver. Hence, two or more
REQ pulse trains may collide when different nodes attempt
to wake up the same receiver (Fig. 8a). In this case, analo-
gous to 802.11, both nodes backoff and retry for the chan-
nel with an increase in their contention window. As all
control message exchanges occur in the receiver’s default
channel, CMAC splits the collision domain to include only
those nodes who are contending for the same destination
node in their neighborhood. Recall that the control pulses
are of a very short duration, ranging in the order of half a
millisecond for a 20 kbps channel and the resulting proba-
bility of collision is significantly reduced.

4.4.4. ACK policy

In the earlier section, we have described the operation
of the MR during transfer of data packets. Data transmis-
sion has been carried out in the channel of the sender
and the receiver tuned its own MR to this channel. How-
ever, on completion of the transmission, the sender
switches its MR to the channel of the receiver for the
ACK. We now provide a simple explanation for the ACK
being sent on the receiver’s default channel, and not the
one used for data reception. In Fig. 8b, there are two sets
of simultaneous data transmissions: from nodes 4 — 3
and 1 — 2. On the reception of the data packet by node 3,
an ACK in channel a would interfere with the ongoing com-
munication between 1 and 2, also in the same channel. In
our scheme, the ACK is sent in a node’s default channel,
here c, thus eliminating possibility of a collision.

4.4.5. WAIT policy

When a node currently engaged in data reception with a
transmitter receives a REQ from yet another node, it gener-
ates a WAIT packet. In this packet, it places the binary rep-
resentation of the index k which is a measure of the time
duration left to complete the ongoing data reception. The
actual time Ty (in millisecond units) is calculated as
Tiere = 2%+ ¢, where c is a constant.

In Fig. 7b, node 3 receives the WAIT from node 2 which,
in turn, is receiving a data packet from node 1. As the per-
iod T indicates the minimum duration before which a

subsequent RTS should be sent to node 2, 3 should try
and schedule packets to other nodes, if any, in that time.
Note that the non-overlapping channel assignment makes
it possible for node 3 to transmit to a node other than 2 in
its neighborhood without interfering with ongoing com-
munication at node 2. We now outline a simple scheduling
policy, Q-WAIT, in which we leverage the knowledge of a
node’s busy period. This policy allows reduction in number
of REQ/CON control message exchanges and accommo-
dates the fact that sensor network packets may be of vari-
able length. Here, the MAC maintains a dual queue that
prevents head of the line (HOL) blocking and hence we
aptly name our scheduling policy as Q-WAIT. To limit the
overhead of maintaining an additional queue at the MAC
layer of the sensor node, we describe the scheme for a
maximum queue length of 2 for the additional queue.

4.5. Q-WAIT

Considering the example in Fig. 7b, when node 3 re-
ceives the REQ from node 2, it inserts the T period in
the WAIT reply. On receiving this packet wy, node 2 first
checks whether it was the first node that sent the REQ to
node 3. As mentioned earlier, this information is included
in wy by the provision of an additional pulse. If node 2 is
indeed the first node, it then suspends all transmissions
up to time Tq. After this time, the data packet reception
by node 3 is completed and 2 now re-transmits without
any further channel sensing. Though DIFS period is no
longer utilized in this case, we still allow for the REQ/
CON handshaking procedure to alert the receiver (here
node 3) of node 2’s next incoming transmission. However,
we still allow for data reception by 2 in this Tes interval
and on the arrival of an incoming REQ, node 2 may suspend
its wait and begin reception with the new sender. Once a
new data packet reception is initiated, the earlier packet
that incurred the WAIT is now treated as any other in its
queue and must undergo the process of channel sensing
and the arbitration procedure all over again. Thus, we see
that a node receiving WAIT is guaranteed transmission if
the following conditions are satisfied:

1. The node is the first one that received the WAIT (or sent
the REQ).

2. The node does not receiving an incoming REQ in the Tjes
interval.

In case a node was not the first to receive the WAIT, it
places the data packet in a temporary queue which we
name Q. It then draws the next packet from the MAC
queue and begins the arbitration procedure for its trans-
mission. Now if this packet too incurs a WAIT, it is added
to Q.. Recall that we have set the maximum queue length
for Q; as 2 and the second WAIT packet fills Q; completely.
The node now cannot draw another packet for transmis-
sion from the higher layer till space is available in Q.. There
are now two conditions for the second wait packet w, re-
ceived by the node:

1. The node received the first WAIT for the packet w, in
which case it follows a procedure similar to the one
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described earlier. Even if the packet receiving w; is
present in Q; for longer time duration, the second
packet is guaranteed transmission and is sent out first
after the duration Tieg for wy.

2. If the node did not receive the first wait for both w; and
W», a node waits for the minimum of T for w, and the
time remaining for w; before sensing the channel. Both
packets are considered as ordinary packets and are
scheduled as such after appropriate channel sensing
and handshaking procedure.

As soon as one of the two packets queued Q; is transmit-
ted, the MAC can draw the next packet sent by the higher
layer and resume its usual operation. Apart from simplicity
and ease of implementation, the advantage of this scheme
is that the control overhead for probing a busy node is
avoided. Similarly, as is often seen in sensor aggregation
schemes, a single node may be multiple routes through
it, one of which may have a bottleneck node as the next
hop. By utilizing the time for which this bottleneck is busy,
channel utilization efficiency can be improved accompa-
nied by lowering of end-to-end delay values.

5. Simulation results

In this section, we perform a comparative study of the
DCA and the HP-CAM as well as validate the theoretical re-
sults in Section 3 through computer simulations. We cre-
ated a simulation environment using the JAVA based
discrete event simulation platform, SimJava [18], in which
we simulated the DCA and the HP-CAM with 500-1500
nodes in steps of 100, distributed randomly in a square
of side 700 units. Each experimental value noted repre-
sents an average taken over 10 samples, the topology gen-
erated being similar to both the DCA and the HP-CAM. We
assume a transmission radius of 40 ensuring 99% connec-
tivity for the above densities. As metrics for comparison
for the channel assignment algorithm, we have used: en-
ergy consumed, messages transmitted and colors required.
We neglect idle time power consumption, and associate a
unit energy cost in sending and receiving a byte of infor-
mation. For simulating CMAC, we use ns-2 simulator (ver-
sion 2.26) [35] have undertaken a thorough analysis of the
throughput, latency, and energy consumption. Two modes
of SMAC, with No-sleep (SMAC(N)) and SMAC with 10%
duty cycle without adaptive listen (SMAC(10%)), for a sim-
ilar chain topology as in [29] are considered for ease of
comparison (Fig. 15). Our choice of SMAC for the purpose
of comparison is motivated by the fact that, it is a conten-
tion based MAC protocol similar to CMAC, and incurs sig-
nificant energy savings by a judicious use of the sleep-
wakeup cycle. SMAC has a single radio for its data trans-
mission similar to CMAC. We, however, account for the en-
ergy consumption of the LR in CMAC as the control
overhead in the energy computations. This comparison
hence serves to distinguish between the advantages of
our scheme along with the overhead of operating the sec-
ond, simple radio. The additional scenarios shown in Figs.
16(a) and 16(b) are described as follows: In Fig. 16(a),
nodes 1, 2 and 3 are not within mutual transmission range

while they can hear each other in Fig. 16(b). Nodes are sep-
arated by 40 m such that only adjacent nodes are in com-
munication range. Distinct channels are assigned to
nodes, satisfying the constraints of 2-hop coloring de-
scribed earlier. For the chain topology, the source node
(Node 1) generates 20 data messages each 100 bytes long
and are sent to the destination node (Node 10). In Figs.
16(a) and 16(b), nodes 1 and 2 generate a similar traffic to-
wards node 0. Node 3 has two flows originating from it and
ending at nodes 0 and 4, respectively. Table 1 summarizes
the energy consumption of the two radios.

5.1. Results for DCA

Fig. 9 compares the total number of messages transmit-
ted for a given number of nodes. We find that the DCA per-
forms significantly better than the HP-CAM with the
difference increasing as density increases. For high densi-
ties, (1500 nodes), the DCA transmits about 40% lesser
messages.

Fig. 10 compares the average energy spent during the
coloring process. We observe that there is a constant
improvement in energy savings for all densities considered
with allowed variation decided by 95% confidence inter-
vals. We observe that despite the significant reduction in
number of messages with increasing nodes, the difference
between HP-CAM and DCA is approximately constant. This
is primarily because the data field in each message trans-
mitted in the HP-CAM is constant while in the DCA, the
amount of information contained is a function of node de-
gree. Increased density results in increased average degree
and hence though fewer messages are sent, size of the data
field is also larger. The IEEE 802.15.4 standard for sensor
networks [4] defines 6 bytes in its physical layer (PHY)
and 13 bytes in its MAC layer header. The energy saving in-
curred is significant in the DCA if the additional overhead
of 19 bytes is considered for each data packet sent as seen
in Fig. 11.

Fig. 12 compares the analytical and simulation results
for the number of CA, n(CA), and UP messages, n(UP) gener-
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Fig. 9. Total number of messages generated by HP-CAM and DCA for
R =30 and R = 40.
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Fig. 12. Comparison of analytical and simulation results for CA and UP
messages.

ated by the algorithm for a given node density. It is seen
that n(CA) increases at a much lower rate than n(UP). This
occurs primarily because with increase in node density, the
average degree of a node increases. This causes each clus-
ter to comprise of progressively larger number of nodes,
causing more number of update messages to be generated
for each channel assignment. At this point we note the
dependence of the DCA on the clustering algorithm as
n(CA) is dependent on the number of clusters formed and
hence does not significantly change, with additional nodes
preferring to join existing clusters than form separate ones
by themselves. Fig. 13 gives the plots for the INF broadcast,
n(IB) and INF unicast, n(IU) messages, which show the ex-
pected increase with node density.

Fig. 14 indicates the number of colors used by HP-CAM
and the DCA to legally 2-hop color the network graph. We
find the DCA uses approximately the same number or mar-
ginally fewer colors as the HP-CAM. This graph is impor-
tant while choosing the sensor for the application. In our
simulation, the IEEE 802.15.4 Zigbee (16 channels) is pre-

5000

—+8— IB-Analytical
4500 — © — IB-Simulation
* - |U-Analytical
4000} - —A~ - JU-Simulation

Number of Messages
- n [\] w w
(4] o [ o a
o o o o o
o o o o o

1000

50

0 . . . . . . . . .
500 600 700 800 900 1,000 1,100 1,200 1,300 1,400 1,500
Number of Nodes

Fig. 13. Comparison of analytical and simulation results for IB and IU
messages.
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Fig. 15. Chain topology used for simulation study.

ferred over the MICA2 mote while deploying 500 nodes.
Similarly, the average colors predicted at a deployment of
1000 nodes =27, necessitating the choice of the WINS
mote having 40 channels.

5.2. Results for CMAC (chain topology)

A. Energy consumption. Fig. 17 shows the comparative
aggregate energy consumption of nodes. Energy consump-
tion of a node is obtained by calculating the total transmit,
receive, idle and sleep time for both the radios in CMAC
and the single radio in S-MAC. Results show that our pro-
tocol out-performs both the modes of SMAC with nearly
200% reduction in the total energy consumed. As can be
observed from the figure, CMAC has very low and near-
constant energy consumption. Recall from Section 4, that,
in CMAC, the MR wakes up only when it has to transmit
or receive data and spends rest of the time in sleep mode.
To avoid synchronization/deafness problems, the LR is
switched on all the time. As the LR has negligible power
requirements, it barely contributes to the total energy con-
sumption and hence the energy consumed by the control

Fig. 16(a). Only the usage of WAIT is seen.
Fig. 16(b). WAIT usage as well as multi-channel advantage.
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Fig. 17. Aggregate energy consumption.

messages is negligible. Only the MR’s transmit/receive
periods contribute significantly to the total energy con-
sumed as the idle period is very minimal. Moreover, as
nodes in the neighborhood are assigned different channels,
overhearing is also avoided. As the total number of DATA
messages to be transmitted is constant, the energy con-
sumption is nearly constant. However, in S-MAC(N), the
radio has to be active all the times even though it has no
data to transmit, thus expending a lot of energy in idle lis-
tening and overhearing.

As the inter-arrival period increases, the nodes spend
more time in idle listening, adding to the energy cost. This
is reflected in the linear increase in the total energy con-
sumed. This idle listening is avoided by the SMAC(10%)
by keeping the radio active only during listen times and
sync periods. Although the SMAC(10%) has fair savings
when compared to the SMAC(N), it has an adverse effect
on throughput, as we observe next.

B. Aggregate throughput. We measure the end-to-end
throughput by varying the inter-arrival times of the mes-
sages as shown in Fig. 18. Both CMAC and SMAC(N), trans-
mit data whenever the next hop is ready to receive,
resulting in high and almost comparable throughput.
SMAC(10%) is allowed to transmit/receive for only one-
tenth of the frame time and must wait for the next cycle
to forward a received packet. This results in a severe reduc-
tion in throughput. However, as the inter-arrival period in-
creases, messages arrive with greater separation in time
and thus decreasing the throughput in both CMAC and
SMAC(N). SMAC(10%) exhibits a decline in performance
as the packet arrival delay adds to that induced by periodic
sleep.

C. Per hop latency. In this section we discuss and analyze
the per-hop latency at low and high traffic loads (Figs.
19(a) and 19(b), respectively). An inter-arrival time of
10 s represents low-load conditions while high load means
all messages are generated and ready for transmission at
the source node at the same time. All the schemes display
the expected increase in per-hop latency with SMAC(N)
and CMAC having comparable values. SMAC(10%) performs
poorly, ranging from 150% to 50% higher at the last hop for
low and high loads, respectively.

Due to periodic sleeping, a node can only transmit a re-
ceived packet to next-hop node in the listen period in the

« ' ~ CMAC’
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(2]
o

Message inter-arrival period (s)

Fig. 18. Throughput.
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successive frame, thus adding additional delay. However in
our protocol, nodes forward the packet immediately when
the next-hop node is ready for reception. At high load, the
latency increases for all the protocols due to higher queu-
ing delay. We can also observe slightly higher latency of
our protocol at high load when compared with no-sleep
node of SMAC. This delay is attributed to the channel nego-
tiation period and a small deafness period when a node
communicates with the next-hop node. While the chain
topology evaluated earlier gives us an insight to the energy
savings and improvement in latency, the advantage of
multi-channel communication is not immediately seen.
The WAIT policy incorporated in CMAC does not come into
play in a chain topology as a single receiver can receive a
data packet from no more than one sender.

5.3. Results for CMAC (topologies in Fig. 16)

We next consider the topologies presented in Figs.
16(a) and 16(b) to analyze the MAC layer delay for above
cases measured at the node originating the flow. We de-
fine the flows 1, 2, 3, as those originating from nodes 1,
2 and 3, respectively, towards 0. Flow 4 is directed from
3 to 4 in both the considered topologies. From Figs. 20(a)
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Fig. 20(a). Average MAC layer packet delay for topology shown in
Fig. 16(a).
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Fig. 20(b). Average MAC layer packet delay for topology shown in
Fig. 16(b).

and 20(b), we find that the average delay seen at the
MAC layer is much lower in CMAC than in SMAC with
10% listen cycle. In addition, this low value remains con-
stant irrespective of the considered topology. As the
channels allocated do not overlap in 2-hop range, CMAC
is oblivious to the effects of proximity of hop nodes to
each other, if they are separated by a distance of 2 hops
or less. In both the topologies, node 3 experiences a
WAIT whenever node 0 is busy receiving from nodes 1
or 2. It can then wait for the end of the specified dura-
tion or immediately schedule a packet to node 4. Note
that for CMAC, flow 3 experiences higher delay than
any of the remaining nodes. This is because there are
multiple cases of the packet from node 3 being assigned
a second WAIT by node 0. This results in node 3 sched-
uling the packet to node 4 and saving the bottleneck
node 0 from further contention. In SMAC, interestingly,
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the delay performance shows improvement when nodes
come closer to each other. In the topology shown in
Fig. 16(b), when nodes 1 and 2 are within range of node
3, the SYNC packet from node 3 are received by both and
thus the listening cycles of nodes 0, 1, 2, 3 are synchro-
nized. Thus after each reception, there is no longer a de-
lay of an entire frame, unlike the topology shown in
Fig. 16(a), and this effect is more pronounced when
compared with the chain topology. However, the average
values of delay are significantly higher than CMAC,
thus stressing on the benefits of a multi-channel
scheme.

6. Conclusion

In this paper, we presented a distributed channel
assignment algorithm, DCA, which efficiently allocates
channels to randomly deployed sensor nodes. Our pro-
posed solution can be used as a base algorithm for several
different schemes like allocating channels, assigning non-
overlapping TDMA slots and nodes addresses to sensor
networks. Our de-synchronized multi-channel MAC pro-
tocol for sensor networks, CMAC, addresses the critical is-
sue of energy conservation without trade-offs in latency
and throughput. Through a wakeup radio in addition to
the main transceiver, multi-channel communication is
accomplished resulting in a virtually collision-free proto-
col. CMAC enables maximum possible sleep-time, pre-
vents overhearing and has minimal control overhead. In
addition to the above, our protocol supports high data
rates making it application independent. CMAC however
needs an adequate number of available channels to satisfy
the 2-hop coloring constraint. Extensive simulations as
well as analysis reveals that DCA achieves a significant
reduction in latency, reduced message complexity and
considerable energy savings in the coloring process when
compared with the existing schemes. We did a compre-
hensive study of CMAC and simulation results reveal that
our protocol achieves a nearly 200% improvement in en-
ergy savings and 50-150% decrease in latency when com-
pared to SMAC. The current implementation of the DCA
uses single hop clusters and as part of future work, we
plan to extend it for larger, k-hop clusters with node
mobility and failure models. For CMAC, the addition of
new nodes and discovering their assigned channel in
the current MAC framework is another direction of re-
search. By choosing the WAIT periods as a function of
traffic class, service differentiation and a Quality of Ser-
vice metrics can be incorporated. An analytical model of
a multi-channel MAC scheme is another new research
direction and work is underway to define such a frame-
work for CMAC.
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