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MAC Protocol for Wireless Multimedia
Sensor Networks

Student: Yi-Huai Hsu  Advisor: Dr. Kuochen Wang
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Abstract

Using multimedia sensor nodes-in wireless sensor networks (WSNs) can largely improve
the capability of WSNSs for event description. Thus, the research on wireless multimedia
sensor networks (WMSNs) becomes much~ more popular recently. Since transmitting
multimedia contents, such as video or audio clips,involves a large amount of data, WMSNs
need large bandwidth to deliver multimedia contents effectively using energy-constrained
sensor nodes. In this:thesis, we propose an efficient -multi-channel medium access control
(EMC-MAC) protocol for cluster-based WMSNSs to achieve high throughput, low medium
access delay and high energy efficiency. Our proposed EMC-MAC integrates the benefits of
TDMA and CSMA/CA to effectively utilize channels and timeslots assigned to sensor nodes.
It also uses an energy efficient mechanism to reduce the number of nodes needed to send data
to the cluster head and uses a sliding contention window to effectively utilize control channels.
Simulation results show that the proposed EMC-MAC’s throughput is 23.72% higher than
COM-MAC, its average medium access delay is 44.59% lower than COM-MAC, and the
rounds till the first node death is 72.24% longer than COM-MAC. With the low medium
access delay feature, our protocol is feasible for applications of real time multimedia traffic

sensing and transmitting, such as remote monitoring of hospital patients and fire spots.



Keywords: Cluster-based, medium access control, multi-channel, wireless multimedia sensor
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Chapter 1

Introduction

1.1 Motivation

Traditionally, the wireless sensor network (WSN) is comprised of a large number of
energy-constrained sensor nodes, which communicate with each other and have low
processing ability. Nowadays, dueto renhancements of sensor nodes and wireless
communications, it is getting popular for WSNs to-transmit multimedia streaming data, such
as video or audio, because it _can largely improve the event description for WSNs [1].
Different from the ‘traditional wireless Sensor network, the wireless multimedia sensor
network (WMSN) usually needs large bandwidth-and high network throughput to transmit
large amount of multimedia data to the remote sink rapidly. Currently, sensor nodes such as
MICAZz [2] and WINS [1] already support multiple channels'communication, for example, 40
channels in WINS [1]. Thus, if we can develop an efficient- multi-channel MAC protocol,
which can effectively utilize available channels-and preserve more energy, we can achieve a

better support for multimedia applications which require high network throughput.

1.2 Classification of MAC protocols

Current MAC protocols for wireless sensor networks can be divided into two
categories:(1) time division multiple access (TDMA) based and (2) carrier sense multiple
access (CSMA) based with collision avoidance (CA) [3]. TDMA is a contention free protocol
which is suitable for networks with heavier traffic load. It creates a schedule for each node to
transmit its data on a specific timeslot in a radio channel. Though no channel contention will

occur, if there is a node which has no data to send, the timeslot is wasted. On the other hand,



CSMA/CA is a contention based protocol which is suitable for networks with light traffic load.
Nodes do not need to be scheduled and thus no timeslot will be wasted, but if there are too

many nodes which want to send their data, it may cause a severe channel contention.

1.3 Research objective

In this thesis, in order to support multimedia transmissions over WSNs effectively, we
combine the benefits of CSMA/CA and TDMA protocols and propose an efficient
multi-channel medium access control (EMC-MAC) protocol for cluster-based WMSNSs. The
WMSNs are organized as three-layer hierarchical clustering, a data sink at the top layer, a
large number of cluster members in the bottom layer, and a relatively small number of cluster
heads in the middle layer. Each cluster head has multiple transceivers and it can communicate
with multiple nodes simultaneously,-and it.can.use an out-of-bound channel to communicate
with the sink. Sufficient power supply is assumed for-each cluster head. Each cluster member
has only one transceiver, but it is able to switch among channels managed by the cluster head.
We assume all the cluster members can.communicate with the cluster head directly [4]. Based
on the above network architecture, we propose an enhanced. backoff algorithm based on
multiplicative increase linear decrease. sliding contention window [7]. Then, we propose an
energy efficient cluster-based multi-channel MAC protocol to increase network throughput,

decrease medium access delay and prolong network life time.

1.4 Thesis organization

The rest of this thesis is organized as follows. In Chapter 2, we review existing
multi-channel MAC protocols. We present the proposed EMC-MAC protocol in detail in
Chapter 3. In Chapter 4, we show simulation results that include comparison with
COM-MAC [4] in terms of network throughput, medium access delay and the rounds till the

first node death. In Chapter 5, we conclude this thesis and outline future work.



Chapter 2
Related Work

2.1 Existing multi-channel MAC protocols

Existing multi-channel MAC protocols can be classified into four categories based on
their principles of operation: Dedicated Control Channel (DCC), Common Hopping (CH),
Spilt Phase (SP), and Parallel Rendezvous (PR) protocols [8]. In DCC, each node has two
radios. One is tuned to a control channel and the other switches among all data channels. The
efficiency of this protocol is limited by the contention of the control channel and the number
of data channels. Examples of DCC protocols are Dynamic Channel Allocation (DCA) [9],
DCA with Power Control (DCA-PC) [10], and Dynamic Private Channel (DPC) [11]. In CH,
each node follows a.common hopping sequence through different.channels. Once two nodes
want to communicate'with each other, they make an agreement before sending data and pause
hopping then remain on the same channel during datatransmission. After they finish data
transmission, they rejoin the common hopping sequence. CH improves DCC in two aspects: it
uses all channels for data transmission and it uses only one transceiver per device. Examples
of CH protocols are Channel Hopping Multiple Access (CHMA) [12] and Channel Hopping
Access with packet Trains (CHAT) [13]. In SP, time is divided into control and data
exchange phases. During the control phase, all the nodes tune to the control channel and try to
make agreements for channels to be used in the data exchange phase with other nodes. Once
two nodes achieve agreement with each other, they can send data to each other during the data
exchange phase. Examples of SP are Multi-channel MAC MMAC [5] and Multi-channel
Access Protocol MAP [14]. In PR, all channels can be used as control channels and nodes can

make agreements with each other simultaneously on distinct channels. In this way, it can
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solve the bottleneck (only one control channel) of the above three protocols. Since it’s a
parallel rendezvous protocol, it needs special coordination between two nodes that increases
control overhead. An example of PR is Slotted Seeded Channel Hopping SSCH [15].

All these four kinds of protocols as mentioned above are based on the IEEE 802.11
model. Before sending data packets, a node needs to execute the DCF RTS/CTS hand shaking
to coordinate the channel. But the handshaking may cause a lot of control messages and
increase the overhead, so it is not suitable for WMSNs. COM-MAC [4] is the first cluster
based multi-channel MAC protocol for WMSNs. Although COM-MAC belongs to a SP
protocol, it still can support multimedia transmission over WSNs since it uses a cluster head

to coordinate its cluster members and-uses all channels as control channels and data channels.

2.2 Comparison of multi-channel MAC protocols

The approaches mentioned in the previous section are qualitatively compared in terms of
protocol type, number of rendezvous, number of radios, basic idea, backoff mechanism and
control overhead, asishown in Table |- The proposed EMC-MAC is also included in the table,
which will be described.in Section 3. In Table 1, the protocol type indicates the operation type
of these multi-channel MAC protocols as classified in. [8]. The number of rendezvous
indicates the number of control channels that can be used for all the devices. The number of
radios indicates how many transceivers equipped on each device. The basic idea indicates the
main idea of each protocol. The backoff mechanism indicates how to backoff when channel
contention occurred. The last metric, control overhead, indicates that the amount of

exchanged control messages.



Table 1. Comparison of existing multi-channel MAC protocols with proposed

EMC-MAC.
Protocol No. Control
Approach No. radios Basic idea Backoff mechanism
type rendezvous overhead
Each node uses one
Dedicated
radio to monitor the
DCA [9] control Single 2 802.11 DCF high
control channel
channel
constantly
Each node hops
Common together and stops upon
CHAT [13] Single 1 802.11 DCF high
hopping agreement for
transmission
Each node tunes to.a
MMAC [5] Split phase Single 1 common control 802.11 DCF high
channel periodically
Transmitter switches to
Parallel <, .
SSCH [15] Multiple 1 receiver’s hopping 802.11 DCF high
rendezvous
sequence
Cluster head randomly chosen
coordinates all the from the range of
N cluster members for [ 0,Treq-Treq_trans ]
(Cluster head) transmission Treq: Duration of the
COM-MAC
Split phase Multiple 1 request session low
[4]
(Cluster Treq trans: Duration to
members) deliver a
request
message
N Cluster head Enhanced
(Cluster head) | coordinates all the multiple-increase
EMC-MAC
Split phase Multiple 1 cluster members for linear-decrease based low
(proposed)
(Cluster transmission sliding contention
members) window

The first four approaches in Table | are contention-based multi-channel protocols. Most

contention-based multi-channel MAC protocols are not suitable for delay-sensitive WMSN



because each packet has to contend for medium access and the delay for data delivery could
be potentially unbounded. The amount of time required to resolve collisions depends on the
load condition of the network, which makes it very difficult to guarantee a bounded delay [4].
In contrast, COM-MAC [4] and the proposed EMC-MAC use the cluster head to coordinate
all its cluster members to reduce control messages and let multiple nodes transmit their
multimedia data at the same time through multiple channels. In the request phase, both
protocols use the contention-based protocol while in the transmission phase, they use the
contention free protocol to transmit multimedia data. Therefore, both protocols can guarantee
a bounded delay. In the next section, we.will further compare the main differences between

the proposed EMC-MAC and COM-MAC [4].

2.3 Comparison of proposed EMC-MAC and COM-MAC

COM-MAC [4] bases traffic load to determine to use a contention free or contention
based protocol at the-control channel. However, it did not propose:any mechanism to decide
whether a node needs to send'messages or not and it uses a static request session and the
duration to transmit a request.to define the backoff interval. It may cause some nodes unable
to transmit its request at the current round;. thus; the medium access delay increases and the

network throughput decreases.

The above problems motivate us to design a more efficient multichannel MAC protocol
for cluster based WMSNs. We propose an energy efficient mechanism to choose a node to
send its multimedia data. In addition, an enhanced sliding contention window [7] is proposed
to effectively use the control channel. Table Il summarizes the main differences between

COM-MAC and the proposed EMC-MAC.



Table 11. Comparison of proposed EMC-MAC and COM-MAC.

Approach Backoff mechanism Energy efficiency
Cause | The backoff mechanism All the nodes need to transmit
sometime gets a too large backoff | multimedia to the associated
interval which makes a node can’t | cluster head
transmit its request in the current
COM-MAC [4]
round
Effect | It may increase the MAC delay Consume more energy and
and decrease the network reduce the network life time
throughput
Cause | The backoff mechanism lets When multiple nodes sense a
nodes with different request same event, only the node has
priorities to get different backoff. | the highest energy level needs
EMC-MAC intervals to send sensed data to the
(proposed) cluster head
Effect | Decrease thesMAC delay and Save more energy and prolong

increase the network throughput

network life time




Chapter 3
Design of Proposed Efficient

Multi-channel MAC Protocol

3.1 Network architecture

As shown in Figure 1, a WMSN consists of several powerful nodes (cluster heads)
located at the center of different monitoring areas, a.number of stationary multimedia sensor
nodes surrounding around a related cluster heads, and a remote sink which stores multimedia
contents for later retrieval. Each cluster head can communicate with the sink directly using an
out-of-band channel. However, if one hop communication to the sink is unavailable,

multi-hop routing can-also be employed [4].

Multiple
channels

5 Sink

@ Cluster head

@ Cluster member /

Figure 1: Network architecture.



We apply this architecture in Figure 1 to an example environment, such as a hospital, to
illustrate its possible application scenarios. In Figure 2, each floor forms a cluster and the
cluster head is placed at the nursing station which is in the center of the floor. Each ward of
the hospital is deployed with two multimedia sensor nodes for fault tolerance. A node within a
cluster is either active or inactive. As shown in Figure 3, nodes which need to send

multimedia data to the cluster head are active, while the others are inactive.

203
O
@
202
O\ €A
201 Nursing
Q Station
78

© SNel o

217

@ Cluster head O

Q Cluster member

Figure 2: Deployment of sensor nodes in a hospital.



@ Cluster head

@ Active nodes

@ Inactive nodes

Figure 3: States of cluster members.

3.2 Hardware-assumptions

1)

2)

3)

4)

5)

We make the following assumptions regarding the configuration of a WMSN [4].

There are N different channels available and all channels have the same bandwidth.

Each multimedia sensor node is equipped with a single half-duplex transceiver, which
means a sensor node is unable to transmit and receive data at the same time.

A multimedia sensor node can only transmit or receive on one channel at a time. It is able
to switch among channels dynamically. The channel switching time is less than 224 us
according to [6].

Each cluster head is equipped with N half-duplex transceivers, which means a cluster
head can transmit or receive on N channels simultaneously. In addition, each cluster head
has sufficient power supply and better processing ability.

All the cluster members are synchronized by its related cluster head and each cluster

member can communicate with its cluster head directly.
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3.3 Proposed EMC-MAC protocol

In this section, the proposed efficient multi-channel medium access control (EMC-MAC)
protocol for WMSNSs is described. We assume the clustering process has been completed by
some existing clustering protocol and all the multimedia nodes have joined the nearest cluster
head [4]. Within a cluster, the control channel assignment phase will be executed at first, then
the following three phases, request phase, scheduling phase, and transmission phase, will be
executed sequentially in a round, as shown in Figure 4. The length of a round would vary

according to network traffic load. All these phases will be described in the next subsection.

Round 3

Round 1

Controlichannel assignment phase

Request phase

Scheduling phase

Transmission phase

Figure 4: Round structure.

At first, each node receives a pre-allocated control channel assignment from its cluster
head. Figure 5 shows the flowchart of node behavior in each round. Once a node sensed an
event, the node starts to send its request message through a pre-allocated control channel. If
control channel contention occurred, the contention nodes start to execute a backoff algorithm
based on an enhanced sliding contention window [7], which will be discussed in Section 3.3.2.

After the request message transmitted successfully, the node waits for a scheduling message

11



from the cluster head and checks whether it is an active node or not. If yes, the node starts to

transmit its sensed data to the cluster head in a given timeslot on an assigned radio channel.

Start
4 N Waiting for a
o :
Sensed event scheduling message
\
Yes Backoff algorithm N J
. Y based on an 0 ]
enhanced sliding
contention window
No Yes
Send a request Send its sensed data
message through the to an assigned radio
pre-allocated channel channel and
timeslot
y
End

Figure 5: Flowchart of node behavior ineach.round.

3.3.1 Control channel assignment phase

In this phase, all the N channels can be assigned to different nodes as their control
channels. To avoid possible channel contention, different channels will be assigned to
adjacent nodes because these nodes are close to one another that tend to sense the same event

and transmit sensed data at the same time.

3.3.2 Request phase

After the control channel assignment phase, any node that sensed an event can send a
REQ message to the cluster head. This message contains the node 1D, size of multimedia data
to be transmitted, energy level, and priority of the data, which is decided by the emergency
degree of data, for example, high priority for data from an intensive care unit. Each node

12



sends an REQ message through the pre-allocated control channel in a contention-based
manner. In order to avoid possible collisions, an enhanced MILD based sliding contention
window mechanism is employed in each sensor node [7]. This mechanism lets a request
message with a higher priority get a contention window that results in a smaller backoff
interval, whereas a request message with a lower priority receive a contention window that
results in a longer back off interval. In this way, the channel contention probability may
decrease and the throughput may increase. The backoff interval for node i is initialized as
follows. cw'B[i]=Ccw,,, is the lower bound of the backoff interval. Cw"B[i]=CW,,;, +2xSF
is the upper bound of the backoff interval, where SF is a sliding factor. The parameter settings
of MILD sliding contention window are shown in-Table 11l. We can let a request node with
high priority has a small backoff interval which is (0 ~ 4), a request node with medium
priority has a medium. backoff interval (3-~ 11), and a request node with low priority has a
large backoff interval (7 ~ 23). That Is, we set parameters in‘a way to reduce channel
contention and the waiting time ‘required-to transmit a request. In order to determine an
appropriate interval for the request phase, we executed the EMC-MAC 100 rounds for each
cluster size. Then choose an average of these 100 rounds’ request intervals as the final request

interval.

Table 111. Parameter settings of the enhanced MILD based sliding contention window.

. .. Sk CWmin CWmax
Traffic priority ) ) )
(time slots) (time slots) (time slots)
High 2 0 15
Medium 4 3 31
Low 8 7 63

13




3.3.3 Scheduling phase

After the request phase, the cluster head start to select which nodes need to send sensed
multimedia data and becomes active nodes according to the received REQ messages. We use
the energy level of each node to select active nodes, as illustrated in Figure 6. In Figure 6,
nodes 1 and 2 monitor the same ward, and nodes 3 and 4 monitor the same ward. If some
emergent event happened, all nodes in the corresponding ward will send REQ messages to the
cluster head. Assume node 1’s energy level is higher than node 2’s energy level and node 3’s
energy level is higher than node 4’s energy level. The cluster head will choose nodes 1 and 3
to send the sensed multimedia data back. In this way, the number of nodes in a ward that need
to send multimedia data.back can be reduced and-thelifetime of sensed nodes can be

extended.

0 & W
Node 1 Node 3
T Node 2 - ' B’ Node 4
< | D
I ol e g

Figure 6: When multiple nodes sense the same event, only the node has the highest energy
level needs to transmit multimedia data back.

IIII.I

After a cluster head chooses active nodes for data transmission, the cluster head starts to
schedule the data transmission of the active nodes. In order to achieve the QoS requirement,
the active nodes with the same priority are grouped together. The group has the highest
priority will send multimedia data first. In the same group, the order to transmit multimedia

data is based on data transmission time. A node with the smallest data size will be assigned to

14



a channel first. After the cluster head creates a schedule, it will broadcast this schedule to all

the cluster members.

3.3.4 Transmission phase

After receiving a scheduling message from the cluster head, a cluster member will check
if it is allowed to send back the sensed data. If yes, it becomes an active node and starts to
send the sensed multimedia data on a specific radio channel and timeslot assigned by the

cluster head; otherwise, it will ignore the scheduling message.

15



Chapter 4

Performance Evaluation

In this section, we first describe simulation setup and evaluation metrics. Then, we
compare the proposed EMC-MAC with COM-MAC [4] in terms of the rounds till the first

node death, network throughput, and MAC delay.

4.1 Simulation setup and evaluation metrics

We have developed an object oriented simulatorusing C++ for WMSN MAC protocols.

Related simulation parameters are shown in Table IV

Table IV. Simulation parameters [4, 16].

Parameter Value

Number of channels 3

Channel bandwidth 250 Kbps

Packet size 525 bytes

Transmission range 10m

Packet arrival rate Randomly choose from [0,10]
Initial node energy level 6J

E.\ec transmitter circuitry dissipation per bit 50 nJ/bit

Eamp transmit amplifier dissipation per bit per square meter 100 pJ/bit/m2

The energy consumption model [16] has adopted and is described as follows. E;,(k,d)

denotes the energy consumption of a node to transmit a k-bit message over a distance d due to

the energy consumption of the transmitter circuitry Eq .. (k) and the transmitter amplifier

Eqyx_amp(k.d) [20]. Thus, Eq,(k,d) is given by:

16



Erc(k,d) = Eqy_eiec (k) + ET><—amp (k,d)

= Egpe X K + &4, x kx d? 1)

Similarly, Eg, (k) represents the energy consumption of a node to receive a k-bit message due

to the energy consumption of the receiver circuitry Eg, .. (k). Ery (k) IS given by:

Erx (kK)=E (k)= Eelec X k 2

Rx—elec

4.1.1 The rounds till the first node death

We execute both the protocols, COM-MAC and EMC-MAC, until the first node death
and record total rounds passed when this.node.is out of energy. This metric, the round till the

first node death (FND), indicates the energy balaneing capability of a protocol.

4.1.2 Throughput

We use successfully received-data packets-in the cluster head divided by the total elapsed

time of the network;as throughput (Mbps), which-is defined as follows:

Throtghput = Successfully received data packets

Total elapsed.time

4.1.3 Average MACdelay

Average MAC delay is defined as the elapsed time between the first attemp time to send

a REQ message to the time actually to send a REQ message, which is defined as follows:

17



Where D,, = average MAC delay

T; = the time first attempt to send a request for node i

T,; = the time actually sending a request for node i
n = the number of nodes attempting to transmit REQ messages
j =thej, round

m = total rounds of execution

4.2 Comparison between EMC-MAC and COM-MAC

Figure 7 shows:the rounds till the first node death under different cluster sizes, where the
cluster size is the “total number of sensor nodes in a cluster. Therefore, the proposed
EMC-MAC protocol achieves better consumed energy balancing than COM-MAC, since we
base on the energy level of each node to select active nodes for multimedia data transmission.
The round till the first node death of EMC-MAC is 72.24% larger than that of COM-MAC. It

also implies that EMC-MAC is more energy efficient than COM-MAC.
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Figure 7:  The rounds till the first node death (FND) under different cluster sizes.

For comparison:of the throughput -of EMC-MAC with-that of COM-MAC under
different cluster sizes was executed each protocols for 50-rounds. As shown in Figure 8,
EMC-MAC is 23.72% better than COM-MAC in terms.of throughput. This is because
EMC-MAC has anenhanced' sliding-contention-window that can effectively reduce the
probability of channel contention: As a result, the time interval in the request phase can be

reduced and a high throughput can be-obtained.
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Figure 8: Throughput performance under different cluster sizes.

Figure 9 showsthe comparison of the average MAC delay between EMC-MAC and
COM-MAC. The average MAC delay increases as the cluster size increase for both protocols.
When the cluster size increases, channel contention increases. EMC-MAC is 44.59% better
than COM-MAC in-terms of average MAC delay. This is because EMC-MAC uses an
enhanced sliding contention window in the backoff mechanism. The backoff mechanism let
different priority nodes get different-backoff intervals, so the channel contention probability

can be reduced and nodes can send packets as soon as possible.
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Chapter 5

Conclusion

5.1 Concluding remarks

In this thesis, we have presented an efficient cluster-based multi-channel MAC protocol
for wireless multimedia sensor networks. We use the energy level of each node to select
active nodes for multimedia data transmission and adjust the sliding contention window to
effectively utilize control channels. Simulation -results have shown that the proposed
EMC-MAC’s throughput is 23.72% higher than COM-MAC’s, its average medium access
delay is 44.59% lower than COM-MAC’s, and-its rounds till the first node death is 72.24%
longer than COM-MAC’s. With the low MAC delay feature, our EMC-MAC protocol is
feasible for applications of real time multimedia traffic sensing and transmitting, such as

remote monitoring of hospital patients and fire spots.

5.2 Future work

A cluster head may be enabled with mare functionalities, such as classifying received
data according to their priorities to allow high priority data to be transmitted to the sink first,
so that the proposed EMC-MAC can be more suitable for real-time multimedia applications,
such as streaming video. In addition, we can integrate the proposed EMC-MAC protocol to an
efficient cluster-based routing protocol to transmit multimedia data from source to sink

efficiently.
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