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SUMMARY

The development of new MAC protocols to deal with emerging applications for infrastructure-free
networks, such as wireless sensor networks, is currently impeded by the lack of a common benchmarking
standard to determine the suitability of certain protocols to certain scenarios. There is a need to rectify
this situation to facilitate the development of new MAC protocols by improving the quality of their
evaluation. To achieve this goal, the current methods, scenarios and metrics used for evaluating MAC
protocols for wireless sensor networks are surveyed, and a common application independent benchmark
is formulated to assess the suitability of new and emerging protocols.

KEY WORDS: MAC; Simulation; Wireless Sensor Networks

1. INTRODUCTION

Wireless sensor networks (WSNs) are networks composed of many small, independent, sensor
nodes. These nodes are designed to collaborate together in order to sense the environment in
which they are deployed. The key difference between sensor networks and other infrastructure-
free networks in which inter-node collaboration is necessary, such as MANETs and Ad Hoc
Networks, is a more pertinent need for energy efficiency in sensor networks. When a multitude
of sensor nodes are placed in their target environment, battery replacement becomes difficult
and in some cases impossible. As sensor networks perform their function through inter-node
collaboration, the lifetime of the network is highly dependent on the lifetimes of the sensor
nodes, which are in turn dependent on the energy efficiency of the protocols deployed on these
nodes.
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A sensor node is essentially required to carry out two tasks: interacting with the environment
(sensing or actuating) and communicating (reporting sensed data or forwarding other nodes’
data). Of these two tasks it is the communication that consumes the largest fraction of the
power during the lifetime of the node. The disparity between the cost of communication and
computation is revealed in [1]: it is estimated that 3000 instructions can be executed for the
same cost as the transmission of one bit of data over 100m. Thus the development of efficient
communication protocols is key to the development of successful and deployable WSNs.

The desire for efficient communications protocols has lead to much interest in developing new
energy efficient protocols for use at the MAC layer. No fewer than 12 MAC protocols have been
proposed for use in WSNs. The amount of activity in this area is encouraging as it provides
an enormous amount of choice for sensor network designers. However the lack of uniformity in
the evaluation of these protocols means that the choices made by sensor network designers are
ill-informed at best. In order to disambiguate the choice of MAC, we propose a benchmarking
process than can be applied consistently to all currently proposed MAC protocols for WSNs
as well as all future ones. The aim of this paper is not to compare MAC protocols, on the
contrary it is to shed light on the best approaches to evaluating them. In the background
section 2 we investigate the methods, metrics and scenarios that have been used to evaluate
different MAC protocols for WSNs. In the development section 3 we propose a benchmark. The
conclusion section 5 offers some thoughts about the use of this benchmark to other researchers
and network designers.

2. BACKGROUND

There have been nearly as many approaches to evaluating MAC protocols for WSNs as there
have been protocols proposed. This makes comparison between different papers’ evaluations of
MAC protocols difficult at best. However the key elements of each of these approaches remain
the same. The results presented are generally garnered from simulation. Different physical and
routing layer protocols are set for these simulations. The simulations are then conducted with
different node placements and configurations, which are referred to as scenarios. The execution
of these simulations results in data which can then be examined in terms of metrics. In this
section we survey the simulation environments, the physical and routing layers employed, the
scenarios and performance metrics used to evaluate and compare MAC protocols for WSNs.

2.1. Simulation Environments

The two preeminent simulation environments for academic network research are ns-2 [2] and
OMNeT++ [3]. Their preeminence is not necessarily based on their ease of use, moreover
as freely available open source projects they have become the most widely used simulation
platforms as they can both be used and extended without concern for licencing expense. An
added bonus is that open source protocols developed by researchers can be added back into
the simulation projects and evaluated by other researchers. This is particularly useful for
researchers who wish to test the cross layer interaction of different protocols. Table I shows
the simulation environments used to evaluate the MAC protocols reviewed in this paper.
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Table I. Simulation Environments

MAC Protocol | Simulation Environment
BMAC [4] Mote Testbed [5]

DMAC 6] ns-2 [2]

EMACs [7] OMNeT++ [3]

IEEE 802.15.4 [§] | ns-2 [2]

LMAC [9] OMNeT++ [3)

MERLIN [10] OMNeT++ [3]

uw-MAC [11] NS-2 [2]

P-MAC [12] NS-2 [2]

Sift [13] ns-2 [2]

SMAC [14] Mote TestBed [5]

Stem [15] Parsec [16]

TEEM [17] Mote Testbed [18]

T-MAC [19] OMNeT++ [3]

TRAMA [20] QualNet [21]

WiseMAC [22] GloMoSim [23]

Z-MAC [24] NS-2 [2] and Mote Testbed [5]

2.2. Physical Layer

The physical layer plays an extremely important role in determining the performance of
a particular MAC protocol. Under simulation there are three broad sets of physical layer
parameters that can be controlled: bandwidth, broadcast radius and power model, all of
which affect the performance of the upper layers and especially the MAC layer. tables 11
and IIT present an overview of the various MAC protocol papers surveyed and the physical
layer parameters used in their evaluation. It is obvious that there is quite a large disparity
between the models used. Even studies which use the same radio module sometimes use
different parameters for that model, as seen in TRAMA [20] and Stem [15]. This can make
inter-paper comparison difficult if not impossible. Tables IV and V show the actual physical
layer parameters for the different varieties of Mote that are commercially available today .
Again there is a discrepancy between the parameters that the manufacturers quote and the
parameters that are used in evaluation studies. There are several reasons for this. However the
most important is that the rate of development of Mote hardware is quite fast, meaning that
the parameters listed in the documentation are quickly outdated.

2.2.1. Bandwidth Varying the bandwidth at the physical layer can have drastic effects for
the observed performance of upper layer protocols. For example it is possible to mask the
latency a MAC protocol introduces to a network by increasing the physical layer bandwidth.
Increasing the total available physical layer bandwidth in a shared bandwidth system such as
a wireless network has the overall effect of increasing the number of transmissions (successful

TThis information was taken from the technical data sheets available for the different hardware
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Table II. Physical Parameters Used

MAC Protocol Specific Radio Model | Bandwidth | Radius
BMAC [4] C1000 [25] N/A N/A
DMAC 6] N/A 100Kbps 250m/550m
EMACs [7] RFM TR1001 N/A N/A
IEEE 802.15.4 [26] || IEEE 802.15.4 250Kbps 16m
LMAC [27] RFM TR1001 N/A N/A
MERLIN [10] RFM TR1001 115kbps N/A
u-MAC [11] nRF2401 [28] up to 20Kbps | N/A
P-MAC [12] N/A 20Kbps N/A
Sift [13] N/A N/A N/A
S-MAC [29] TR3000 [30] 20Kbps N/A
Stem [15] TR1000 [30] 2.4Kbps 20m
TEEM [17] TR3000 [30] 20Kbps N/A
T-MAC [19] EYES Mote [31] 115Kbps N/A
TRAMA [20] TR1000 [30] 115.2Kbps 100m
WiseMAC [22] WiseNET [32] 25 Kbps 62m
Z-MAC [24] C1000 [25] N/A N/A
Table III. Physical Power Profiles Used
MAC Protocol Transmit | Receive | Idle Sleep
BMAC [4] 60mW 45 mW | N/A 90puW
DMAC 6] 0.66W 0.395W | 0.35W oW
EMAC: [7] 21mW 14.4mW | 14.4mW | 15p4W
IEEE 802.15.4 [26] || 31mW 35mW 31mW N/A
LMAC [27] 21mW 14.4mW | 14.4mW | 15uW
MERLIN ([33] 21mW 14.4mW | 14.4mW | 154W
u-MAC [11] 10.5mA 18mA N/A 16pA
P-MAC [12] 0.5W 0.3W N/A 0.06W
Sift [13] N/A N/A N/A N/A
S-MAC [29] 24.75mW | 13.5mW | 13.56mW | 15uW
Stem [15] 14.88mW | 12.5mW | 12.36mW | 0.016mW
TEEM [17] 24.75mW | 13.5mW | 13.56mW | 15uW
T-MAC [19] 10mA 4mA N/A 20uA
TRAMA [20] 24.75mW | 13.5mW | N/A 154W
WiseMAC [22] 27 mW 1.8 mW | N/A 5uW
Z-MAC [24] 60mW 45 mW N/A 90uW

or otherwise) that can be carried out in a period of time. It is particularly interesting to note
the vast discrepancies in the bandwidths used in the evaluation of MAC protocols for WSNs
shown in table II.
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Table IV. Mote Physical Parameters

Motes Model Max Bandwidth Radius
EYES Mote || CC1010 [31] | 76.8Kbps Manchester Encoded | N/A

MICA Mote TR1000 [30] | OOK 30Kbps / ASK 115.2Kbps | 20-100m
MICAz Mote || CC2420 [34] | 250Kbps 75-100m
MICA2 Motes [35]
MPR400CB || CC1000 [25] | 38.4Kbps Manchester Encoded | 152.4m
MPR410CB CC1000 [25] | 38.4Kbps Manchester Encoded | 304.8m
MPR420CB || CC1000 [25] | 38.4Kbps Manchester Encoded | 304.8m

Table V. Mote Power Profiles

Motes Transmit | Receive | Idle | Sleep
EYES Mote 26.6mA 9.1mA N/A | 1pA
MICA Mote || 12mA 3.8mA N/A | 0.7uA

MICAz Mote || 17.4mA 19.7mA | 20pA | 1pA
MICA2 Motes

MPR400CB 27TmA 10mA N/A | >1uA
MPRA410CB || 25mA SmA N/A | >1uA
MPR420CB 25mA 8mA N/A | >1uA

2.2.2. Broadcast Radius The broadcast radius of a modeled transceiver can be changed by
varying its transmission power and reception sensitivity. Varying the broadcast radius of the
physical layer can have a large effect on the apparent performance of the MAC layer. Increasing
the broadcast radius while maintaining the same spatial node density serves to increase the
number of one hop neighbours an average node has. It has been shown [36] that increasing the
number of one hop neighbours in a system that uses a shared medium increases the latency.
Consider a contention based system; the probability of accessing the channel decreases with the
number of nodes in the one hop area. The more nodes attempting to access the same channel,
the greater the latency to obtain the channel and the greater the likelihood of collisions,
resulting in greater latency. Decreasing the broadcast radius can also create problems from
a routing perspective. With fewer one hop neighbours, nodes are constrained in the way in
which they can route packets.

2.2.83. Power Model Another area that can have a large effect on the results presented is
the power profile of the physical layer. Generally the power profile is quoted (if at all) as
the transmit, receive, sleep and idle powers in Watts. Tuning the simulated power profile can
dramatically change the results. Changing the ratio between the sleep, receive transmit and
idle powers can artificially affect the observed energy efficiency. For example, by increasing
the power cost of the idle state and reducing the cost of transmission, a MAC protocol that
sends many control packets to coordinate the network may appear to be more efficient. It is
interesting to note the discrepancies between the power profiles used shown in table III and
the actual parameters as quoted in the radio transceiver data sheets shown in table V.
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2.3. Routing

Routing is still an open issue in WSNs. It has been suggested that traditional naming schemes
for nodes will be ineffective when a multitude of WSNs are in the network [37]. However central
to all routing proposals is the concept that a node must decide to which neighbour (or subset
of neighbours) it will forward a packet. The many different approaches taken in the surveyed
protocols are displayed in table VI. There is a general split between optimal approaches as
used in DMAC [6], S-MAC [29] and WiseMAC [22], and the more randomized approaches used
in T-MAC [19] and TRAMA [20]. These approaches typify two of the three approaches that
can be taken when dealing with the routing layer. Using an optimal approach seeks to negate
the effect that the routing layer has on the presented performance of a MAC protocol. Using
a randomized approach seeks to do the same whilst adding some of the randomness a real
routing protocol may generate. The third approach is to use an existing routing protocol.

Table VI. Routing Protocols

MAC Protocol | Routing Protocol

DMAC [6] Optimal Geographic

MERLIN [10] EYES Source Routing (ESR)[38]

S-MAC [29] Fixed Links

Sift [13] Point to Point

Stem [15] Optimal Geographic

T-MAC [19] Randomized shortest path, no routing control packets.
TRAMA [20] Random neighbour as next hop

WiseMAC [22] Djikstra’s Algorithm

2.4. Scenarios

An experimental scenario for evaluation of a WSN is described by the placement of nodes in
the network (topology) and the different connections between nodes in the network (traffic
parameters).

The topology of the network is an important factor to consider in simulation. The most
basic topology pattern to investigate is local communication, both unicast and broadcast. The
use of single-hop scenarios allows a developer to determine the performance of a protocol in
isolation. This allows the investigation of its performance without concern for the multi-hop
nature of sensor networks. One of the key mechanisms for data reduction in sensor networks,
aggregation, relies on local broadcast and unicast of data. This makes investigation of the
single-hop performance of MAC protocols for WSNs all the more pertinent. However, nearly
all the reviewed papers fail to investigate the single-hop performance of their protocols.

Among the multi-hop scenarios that are investigated, the most popular is a random topology.
The results achieved by investigating a network of randomly placed nodes in a particular area
tend to be rather meaningless unless some important parameters of the model are provided. In
general the performance of a MAC protocol degrades with the number of nodes in the network,
but more specifically the performance at an individual node degrades with the number of local
neighbours [36]. It should be essential for the evaluation of a random topology to disclose the
average number of neighbours each node has in the simulation.
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The placement of the sink in a WSN also has quite an effect on the results. In the surveyed
papers, two suggested placements of sinks in random topology scenarios are the centre of the
network or a corner of the network. Both of these placements produce different effects. If the
nodes are randomly placed in the network one would expect that the node in the centre of the
network would on average have 4 times as many neighbours as a node in the corner. Traffic
flowing to a central sink is therefore prone to more contention, which would be expected to
degrade the performance of the network. The typical traffic parameters used show an increase
in traffic from some random source selected in the network to the sink.

Other non-random multi-hop scenarios are investigated in some papers. The two most
popular are the multi-hop chain and multi-hop lattice topologies. The multi-hop lattice
topology is essentially several over lapping multi-hop chain topologies. The key benefits of
these scenarios are that they do not require any routing and due to their regularity they can
be used to support simple mathematical estimates of the MAC layer behaviour.

2.5. Performance Metrics

MAC protocol performance can be gauged on the following metrics: power consumption, packet
latency, scalability, throughput, fairness and support for mobility. The appropriateness of such
metrics depends on the scenario being analysed. Ultimately, the performance metrics used to
evaluate a MAC protocol allow the protocol developers to show the suitability of the protocol
they have developed to the scenarios they have chosen to simulate.

Power Consumption In WSNs, where the lifetime of the network is based on the lifetime
of the sensors, reducing power consumption is important. As a consequence power
consumption is a key performance metric investigated in the evaluation of MAC
protocols.

Latency Single-hop latency is defined as the average time spent by a packet in a MAC queue,
from the time it is enqueued for scheduling until its transmission is complete. End-to-
end latency is defined as the average time a packet takes to traverse a certain number
of hops. Each is a function of both the protocol and the traffic characteristics and both
are heavily affected by the sleeping time of nodes. In order to compare MAC protocols
the traffic parameters must be kept consistent. Latency as a metric gives the network
designer an idea of the immediacy of the applications they can expect the MAC layer to
support.

Scalability A good MAC protocol for WSNs should be able to manage an extremely variable
and possibly large number of devices. Due to the dynamic nature of such networks,
scalability is an important metric to analyse. In fact, the number of sensors in a network
may be in a constant state of flux due to node depletion and failure. Scalability can be
evaluated by looking at the behaviour of the network when the one-hop node density is
varied.

Packet overhead Packet overhead can be divided into data packet overhead and control
packet overhead. Data packet overhead is caused by the generation of multiple copies
of the same data due to broadcast and packet forwarding activity. Control packet
overhead is due to control packets such as RTS, CTS, ACK, SYNC that the protocol
employs for network management. Both data and control packet overhead enhance the
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communication reliability but also increase in latency and energy consumption. Packet
overhead, which has been evaluated in the reviewed papers, can provide an insight into
the specific protocol efficiency especially when evaluated in combination with energy
consumption.

Support for Mobility Some WSN-specific applications require node mobility. At present,
most MAC protocols for sensor networks assume a unique provider operating in each
network area. This implies that issues like network handover can be ignored. Therefore,
the problem of mobility support at the MAC layer can be combined with the problem of
handling the unexpected presence/absence of neighbouring nodes. Furthermore, mobility
support is tightly connected with the sleeping time of nodes. As a result, this metric can
be evaluated by simply looking at the protocol scalability together with the single-hop
packet latency.

Throughput Throughput is the fraction of the channel capacity used for data transmission. If
the average message size is P bits, the average transfer time is T secs, and is the capacity
of the channel is C' b/s, then the throughput h is given by h = P/TC. Throughput can
be measured on a single-hop basis, or it can be measured over a number of hops in the
network. Throughput is an extremely important metric as it gives the network designer
an idea of the applications that the network can support.

Fairness A MAC protocol which exhibits per-node fairness is one which has no preference
for any single node when multiple nodes are trying to access the channel. In this way
bandwidth is shared evenly amongst all nodes. However when traffic of different classes
is being carried, e.g. multimedia traffic, fairness is the ability to distribute bandwidth in
proportion to the requirements of the requesting nodes. None of the reviewed protocols
use fairness as a metric when evaluating their protocols. Fairness is important in WSNs
to ensure that all sensed phenomena are expediently reported.

3. BENCHMARK DEVELOPMENT

Using the survey conducted in the previous chapter, we are now in the position to make
some suggestions regarding the design of an appropriate benchmark for WSNs. It is generally
recommended that the parameters used during simulation should be comprehensive so that
they not only show the choices a developer made for evaluation but also allow replication of
the experiments using these parameters.

In order to obtain a comprehensive evaluation of a protocol, it is important to fully
investigate the relationship between different network and protocol parameters. It is the duty
of a benchmark to make an in-depth exploration of these often complex interdependencies.

The development of the benchmark is set out as follows. First the parameters to be set for
simulation are presented, then the benchmark scenarios, and then specific metrics appropriate
to each scenario. The purpose of each benchmark scenario is then clarified with respect to its
metrics.
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3.1. Simulation Environments

As mentioned in the background section 2 there are two preeminent simulation environments
used in WSNs today ns-2 [2] and OMNeT++ [3]. It is not essential for protocol developers
to use either of these two environments, but their open source status and strong community
mean that developers can choose to release their protocol code to a wide audience of developers
who will be able to experiment with it. This allows developers to independently test other
developers’ code, and determine cross layer performance.

The use of simulation brings the traditional problems of steady state simulation.
Initialisation bias can be ameliorated by making the simulation runs long enough. The
influence of initialisation bias is also further reduced with the number of times the simulation
experiment is replicated [39]. The “method of independent replications” [40] should be used in
all simulation experiments to ensure a rigorous confidence interval on the collected statistics
of 95%. It is impossible to quantify in advance the number of independent runs necessary to
achieve a specific confidence interval, as protocols may inject their own randomness into the
experiments. Essentially, experiments are run, with different random seeds, until the confidence
interval of the collected statistics is reduced to the acceptable level. OMNeT++ [3] provides
methods to check for this in its “cStatistics” module.

3.2. Physical Layer

The most important recommendation to make for physical layer parameters is that the use
of accurate parameters, for the chosen physical layer model, is paramount [41]. Currently the
most popular radio transceivers used in Motes are the Chipcon CC1000 and CC1010. However
as the physical layer technology continues to progress and evolve at a fast rate it is probable
that these will soon be superseded. Therefore so as not to bias our benchmark towards one
specific chip or chip manufacturer, we suggest using accurate data for the targeted physical
layer platform. The accurate technical data for various mote platforms was presented in table
IV at the time of publication. The references for the technical data sheets are included amongst
the references.

It may seem that a benchmark in which the physical layer parameters are not set may make
comparisons between different protocols using different physical layers difficult. However this
problem can be addressed in the way the results are collected. To be able to make an accurate
assessment of the power profile of a protocol, that is independent of the physical layer over
which it operates, the following scheme can be utilized. Instead of only monitoring the amount
of power that is used during a simulation, which is highly dependent on the physical layer, a
better approach is to monitor the percentage of time the transceiver is in each of the following
states: SLEEP, TRANSMIT, RECEIVE and IDLE. The number of transitions between states
should also be tracked, as a transition between states requires a certain amount of power or
switching energy [42]. This data can then be used to show how a specific node in the network
behaves, or the network behaves as a whole, allowing a developer to determine the power
profile for any specific proprietary physical layer model. If one knows the amount of power
a physical layer uses when transmitting, receiving, idling and sleeping, then it is possible to
estimate the power drain of a MAC protocol for a given period of time under a certain traffic
load. This procedure was used in [29] to track the performance of their test bed radios.

Table VII summarises the most important fixed power model parameters of the physical
layer.
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Table VII. Physical Parameters
Physical Layer Parameters
Radio switching energy (Es.)
Tx energy (Ety)

Rx energy (Fy.)
Idle energy (E;q)
Sleeping energy (Eg;)

8.8. Awverage Node Degree

An important factor to consider when evaluating the performance of a multi-hop topology is
the size of the average node neighbourhood (average node degree). This factor is often not
explicitly considered in the evaluation of MAC protocols; more often only the average node
density is considered. In the evaluation of a random scenario generally a paper will mention
that n nodes were placed in an area Xm by Y'm, giving a node density of % m?. This density
metric can in fact be misleading. While it is certainly true that increasing the node density
will increase the average amount of interference experienced by the nodes, the degree to which
this interference increases is also determined by the interference/broadcast radius of nodes in
the network and boundary effects, at the edges of the network. Boundary effects are a feature
of both simulation and real networks and are illustrated in firgure 1. In this example the nodes
labeled b and ¢ experience the boundary effect. As nodes are only found within the area A the
ability of these nodes to cover the areas marked in grey is superfluous. This causes a problem
when attempting to determine the average node degree. To deal with this problem we present
the formulation of a function that can be used to determine the network parameters required
to achieve, on average, a specific broadcast/interference neighbourhood, or simply average
node degree.

Initially one might expect that local phenomena would generalise to global phenomena when
nodes are placed in an area in a uniform and random manner, implying the following ratio 1.
In this equation d average node degree, n is the total number of nodes in the network, A is
the total network area and r is the broadcast/interference ratio of the nodes.

== (1)
mr A

Unfortunately this ratio is inaccurate as it fails to take into account the boundary effects
inherent in any rectangular area A. The inaccuracy occurs because of the assumption that
every node covers an area of 7r? with its broadcast/interference radius. While some nodes
may cover an area of 712, due to boundary effects, nodes within distance r of the boundary
will not. This effect means that the area covered by an average node must be less 7 2.

To determine the average area covered by a node one must first divide the area A up into 3
separate regions as shown in figure 2. If nodes are placed in a uniformly random manner the
probability that a node will be placed in a sub area of A is the size of the sub area divided by
the total area A. However let us first define A to be the area of a square of side lengths [ such

that equation 2 holds.

A=1% and 1>2r (2)
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The first sub area to consider is the central sub area, F. E is chosen such that all points in
FE are at least a distance of r away from the border. The probability of a point being chosen
in F is shown in equation 3 and nodes placed in this region cover an area shown in equation
4.

P(X,YeE C R?) = (l_jrf (3)

A(E) =712 (4)

Sub area F' is comprised of the 4 marginal rectangles. The combined probability of a point
being chosen in this area is shown in equation 5. Through integration of the integral in equation
6 the area that lies outside the network area can be summed. This sum can then be normalised
over 7 to give the average area found outside the network area when a point is chosen in area F.
It is possible to accurately determine the average area a node will cover within A by subtracting
the result of this normalised integral from the total area of a circle, giving equation 7.

P(X,YeF C RZ):ZLW (5)

/OT r? arccos(d/r) — dv/r? — d? dd (6)

A(F) = (7 —2/3)r* (7)

Sub area G comprises of the 4 corner squares. Points will be chosen in this area with a
probability shown in equation 8 and the average area covered by nodes chosen in this area can
be estimated through simulation to be equation 9.

7“2

P(X,YeG C RQ):4Z (8)

AG) = % V3 )

Using these probabilities and average areas it is now possible to determine the average area
of a point chosen in the entire network area A, described in equation 11. From this it is possible
to create the ratio in equation 12.

C=P(E)A(E)+ P(F)A(F)+ P(G) A(G) (10)
_(l—2r)2E (l=2r)rF r?G
C= = a4 (11)
n d
AC 12)

We can now use these results to design random topology simulation scenarios in which we
can precisely vary the average density of the network nodes. Ideally the goal is to change the
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average interference/broadcast neighbourhood (average node degree) without changing the
total number of nodes in the topology. In order to achieve this effect there are two options:
varying the interference/broadcast radius r, or varying the network area A by changing the
side length [. Either would have the desired effect. It is inadvisable to change the physical layer
parameters as they should be kept consistent through all simulation scenarios. To determine
how to change the area A the quartic function in [ was formulated to equation 13. For a specific
radius r, a total number of nodes n and a required density d, this equation can be used to find
the side length [ of the square network area A into which the network nodes will be uniformly
randomly placed. The required side length [ is the largest root of equation 13, as equation 2
must also hold. This root can be solved using the Ferrari method described in [43].

0 = 3dI* —3nr?w1® + 8nr®l + 12nr*r — 16 nr* — dnrin V3 (13)

8.4. Scenarios

As discussed in the background chapter there are two categories of scenarios that have been
investigated in the evaluation of WSN MAC protocols, single-hop and multi-hop. These are
the two elementary scenarios in which a MAC protocol must function in a WSN. Here these
scenarios are further formulated as part of a benchmark. The individual purpose of each
scenario is also presented.

8.4.1. Single-hop Local communication is the building block of any multi-hop wireless
network. Simulation of the single-hop scenario provides a baseline for more complex situations.
As a measure of a MAC protocol, it shows how the protocol performs in isolation from the
effects of routing. Local communication is particularly pertinent in WSNs as local broadcast
and unicast are used for data aggregation. Several overlay protocols for WSNs have been
suggested that use local clusters with a cluster head to mediate routing [44] or the MAC
layer [45]. The communications between the cluster members and a cluster head are typically
conducted in a local unicast manner, while the communications from a cluster head to cluster
members typically utilise local broadcast. As such both local methods of communications are
important and should be included in a benchmark. The suggested scenarios for benchmarking
are outlined below. The parameters and metrics apply for both the unicast and broadcast
scenarios.

Scenarios

1. Local Unicast for Measurement of Channel Utilization: Nodes are placed equidis-
tant from a central node at a distance of § so that all nodes interfere with each other
(i.e. they are placed within the same transmitting range r). The central node is the sink
to which all packets are sent.

2. Local Broadcast for Measurements of Channel Utilization: Nodes are placed equidis-
tant from a central point at a distance of § so that all nodes interfere with each other
(i.e. they are placed within the same transmitting range 7). No sink is used as all nodes
broadcast.
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Common Parameters

Duration: 1000 packets sent, each 100 bytes.
Variable: Number of neighbouring nodes. From 1 to 32.

Traffic: Nodes transmit as quickly as possible.

FExperiments

Metric 1: Total Throughput (bps) vs. Number of Nodes.

Metric 2: Average per Node Throughput, Highest Throughput Node, Lowest Throughput
Node, Standard deviation (bps) vs. Number of Nodes.

Purpose of Metric 1 for Scenario 1: To show how the MAC protocol behaves when
saturated with unicast traffic. In the case where there are only 2 nodes (one source
and one sink) it is possible to gauge the maximum performance of the MAC protocol
in the absence of routing and interference from other nodes. This data point shows the
best case point-to-point throughput that can be expected in the network. As the number
of nodes increases it is possible to see how the MAC protocol being evaluated is able to
handle the increasing interference on the channel. An ideal protocol would be able to
sustain the throughput obtained in the 2 node case as the number of interfering nodes
increases. However it is expected that for contention protocols the throughput will decay
with an increase in the number of nodes.

Purpose of Metric 1 for Scenario 2: To show how the MAC protocol behaves when
saturated with broadcast traffic. In the case when there is only one node transmitting it
is possible to gauge the maximum performance of the MAC protocol in the absence of
interference. As the number of the number of nodes increases it is possible to see how
the MAC protocol handles increasing interference when broadcasting. An ideal protocol
would be able to sustain the throughput of the one node case. However it is possible the
throughput will decrease due to interference and collisions.

Purpose of Metric 2 for Both Scenarios: This experiment is intended to measure the
fairness of the MAC protocol. The average per node throughput should be approximately
% of the total throughput as seen in the above experiment, where n is the number of
nodes. This shows an estimation of the fairness of single-hop channel allocation. In fact,
a good MAC should allow nodes to access the channel with equal probability so that it
results in a low standard deviation of node throughput. Moreover, a good MAC protocol
should produce a minimal number of collisions. By contrast, a bad MAC protocol tends
to favour some nodes and starve others.

8.4.2. Multi-hop Multi-hop scenarios allow the simulation of the complex interactions that
more closely approximate the nature of real world WSNs. The topology of the network is a
key factor of the evaluation process. Often in the definition of a scenario the parameters of
the topology reported are the total number of nodes in the network, the area of the network
and the position of the sink. Unfortunately these parameters are not enough to allow cross-
paper comparisons. A parameter often omitted, but key to understanding the performance
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of a network, is the node degree. The node degree is the number of neighbours a node is
expected to have. As such it is a function of the node placement, the number of nodes in the
network, the area the network is contained in and the nominal broadcast radius of the network.
Experiments conducted with different random topologies but the same average node degree
should show similar performance. The three scenarios that are proposed are two constrained
scenarios (chain and lattice) and a less restricted scenario (random topology).

8.4.8. Chain In an ad hoc network, packets essentially travel along multi-hop chains between
the source and the destination. These chains are determined by the routing protocol. Measuring
the performance of one of these chains in isolation shows the upper level of performance that
can be expected for a particular path in an ad hoc network. The only interference experienced in
this network scenario is from the nodes of the chain themselves. It is possible for the utilization
of the chain to be as high as % of the two node point to point unicast throughput as seen in the
single-hop scenario, if it is assumed that nodes that are not neighbours do not interfere with
each other [36]. An ideal protocol would allow every third node to transmit simultaneously.
Using a multi-hop chain scenario it is also possible to assess the latency incurred in an isolated
scenario. It is possible to determine a function to assess the performance of an ideal MAC
protocol under a multi-hop chain scenario. The formulation of such a function is presented
below.

We define t;, as the transmission time and t., as the reception time, with the assumption
that ttr = trz~

The time a packet takes to travel from the source to the sink is:

te2e = (n - 1)tta: (14)

Where n is the total number of nodes in the network including source and sink, .o, is also
the ideal end to end latency. Let d be the distance between neighbouring nodes, let 1, be the
broadcast radius and let r; be the interference radius. A node is only able to communicate with
neighbours who are within a distance of r,. If a node is receiving and is within the interference
radius of another transmitting node, its attempt at reception will fail due to this interference.
Here we assume that 7, > d and r; < 2d. If this is the case the minimum time the sink
must wait before it can send its next packet is 3tz (since every third node may transmit
simultaneously without interfering) as a result the minimum time between packets is tpyinp.

tminp = 3tt;v (15)

Let ¢, be the inter-arrival time, where only t;, > tp,inp is considered. It is now possible to

determine how long the simulation will run. This value is called tg;,.
T — te2e + (p - 1)tia tia < teze (16)
s p (t826 + (tia - teZe)) tia >= le2e

The behaviour of different types of nodes in the chain can now be determined. Ty;, Ty,
T, are the total amounts of time spent sleeping, transmitting and receiving for a particular
network node, Sw is the number of times the radio switches state, and p is the total number
of packets sent.

Source Behaviour
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Tsl = tsim — Ttx

Ttw =pti

o (17)
Sw=2p

Sink Behaviour

Tsl = tsim — Trw
Ttx = O

T = Dirg
Sw=2p

(18)

Non-Terminal Node Behaviour

Tsl = tsim — (th + Trm)
Tiw = Dtz

Ty = Plrg

Sw=14p

(19)

Total Network Behaviour

Tg=ntsm —2ptix (1 7")
ﬂm = (nf 1)pttm

T’I“ZL’ = (’I”L - ]-)ptta:
Sw=(n-1)4p

(20)

Average Node Behaviour
Avgy = tgim — @ 2ptiy
Avgy = (";1) Ditix
Avpy = @ Ditix

Avg,,y = (ngl) 4p

Average Node Power Consumption
Pn - Avsl Esl + Avtm Etw + Avrw Erw + Avsw Esw (22)

For the multi-hop chain topology the suggested experiments are:

Scenario

Multi-hop Chain: 11 nodes [36] in a chain placed in such a way that the nodes are just
within the broadcast radius of their neighbouring nodes. The node at the start of the
chain generates the traffic, and the node at the end of the chain receives it.

Common Parameters

Duration: 1000 packets sent, each 100 bytes.
Variable: Traffic.

Sink: Node at the chain’s end.
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FExperiment 1

Traffic: Inter-arrival time, varied from 0Os to 10s.

Metric 1: Average per node Energy Consumption (J) and Standard Deviation % Sleep,
Receive, Transmit, Idle vs. Inter-arrival Time (s).

Metric 2: Average End-to-End Latency (s) vs. Inter-arrival Time (s).

Purpose of Metric 1: Shows how much power is saved by sacrificing both latency and
throughput. The data points at the beginning and end correspond to the latency end
points of the latency metrics below. The standard deviation shows how fairly energy
usage is distributed amongst nodes. The above ideal protocol parameters can be used as
a performance comparison to the protocol under investigation.

Purpose of Metric 2: As latency is defined as the period of time between when the packet is
initially queued and when the packet is finally delivered, this metric is used to determine
how the MAC protocol affects latency under different queuing rates.

Experiment 2

Traffic: Lowest load (a new packet gets triggered when the packet reaches the destination)
and heaviest load (all packets initially queued at the source).

Metric 1: Latency (s) vs. Number of Hops (shows the observed latency at each hop).

Metric 2: Throughput (bps) vs. Number of Hops (shows the observed throughput at each
hop).

Purpose of Metric 1: This shows how the packets progress along the network. In a fair
contention protocol packets should spend roughly the same amount of time at each hop
and hence the graph should increase in a linear manner. This experiment is carried out
on the lowest traffic load and the highest traffic load. The ideal latency should also be
graphed for comparison.

Purpose of Metric 2: This metric is used to show any potential bottlenecks in the network.
It is also possible to show how the MAC protocol handles bottlenecks using this graph.
Ideally each link should have approximately the same throughput.

8.4.4. Multi-hop Lattice Lattice topology experiments provide a controlled yet more complex
scenario than the simple multi-hop chain experiment presented above. The use of lattice
topologies in investigating the performance of ad hoc wireless networks has been extensively
studied [36] and used [22] for MAC protocol performance analysis. By maintaining a regular
network topology and traffic pattern it is possible to estimate a nearly optimal global scheduling
scheme, in the form of an ideal protocol, to compare with the actual performance of the MAC
protocol that is being studied. Essentially the purpose of the lattice experiment is to see if the
MAC protocol, in the absence of upper layer protocols, is able to allow different, interfering
traffic flows to share the medium, and provide fair channel allocation to each flow. In a lattice
topology, nodes are equidistant in the vertical and horizontal plane. That is to say, the distance
between a node and its horizontal and vertical neighbours is s. Varying the distance s between
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nodes gives discrete neighbourhood sizes. We define two different types of neighbourhood.
The broadcast neighbourhood of a node is defined as the set of nodes that are within its
broadcast radius r,. The interference neighbourhood is defined as the set of nodes that are
within a distance of r; of a particular node. Reciprocal communications are assumed, thus if
a node n; is in the broadcast neighbourhood of a node n;, then n; must be in the broadcast
neighbourhood of n;. The same argument can be used for the interference neighbourhood.
The relationship between r (either r; or r,) and s can give the different discrete broadcast or
interference neighbourhood sizes for non-terminal nodes in a regular lattice as shown in table
VIIL

Table VIII. Relationship Between Radius, Internodal Distance and Neighbourhood Size in a Multihop
Lattice
Relationship Between Radius (r) | Neighbourhood Size

and the Internodal Distance (s)

r<s<ry2 4
r\/§<s<2r 8
2r < s <rvVb 12
V5 <s<2ry2 20
2rv2<s<3r 24
3r<s<r\/ﬁ 28

rv/10 < s < r+v/13 36
rV13 < s <3rv2 44
3rv2<s<dr 48

In a multi-hop lattice there are multiple horizontal (or vertical) multi-hop chains. For
communications purposes it is only necessary that non-terminal nodes are able to exchange
data with their left and right neighbours. Therefore to determine the performance of a MAC
protocol under such a scenario, the interference neighbourhood of the non-terminal nodes
should be varied by changing the internodal distance s. This neighbourhood can be varied to
the discrete levels shown in table VIIIL. It is recommended that a full analysis of the MAC
protocol should vary the interference radius from the lowest possible level with 4 interfering
neighbours through to 48 interfering neighbours. Each scenario should be evaluated under the
same traffic load in order to give a basis for comparison. The average performance of equivalent
non-terminal nodes (i.e. nodes with the same interference neighbourhood) should be analysed.

Scenario

Multi-hop Lattice: A 14 by 14 (to allow for the 48 neighbourhood size) regular lattice with
nodes separated by distance s. Traffic is queued at the nodes on the far left side of the

lattice, and travels to the right in parallel chains across the lattice to sinks on the right
hand side.

Parameters

Duration: 100 packets sent from each source, each 100 bytes.
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Variable: The size of the interference neighbourhood (node degree) which is varied from 4
— 48 by changing the internodal distance s to the incremental discrete levels shown in
table VIII.

Sink: 14 sinks on the right hand side of the lattice.

Traffic: Poisson traffic generated with \ set at 1s.

Metrics

Metric 1: Average End to End Latency of Equivalent Multi-hop Chains (s) and Standard
Deviation vs. Interference Neighbourhood.

Metric 2: Average Power Consumption of Equivalent Non-Terminal Nodes (J), % Sleep,
Receive, Transmit, Idle vs. Interference Neighbourhood.

Metric 3: Average Throughput of Equivalent Multi-hop Chains (bps), Standard Deviation
vs. Interference Neighbourhood.

Purpose of Metric 1: To show how multi-hop paths behave with respect to the latency as
the amount of interference on these chains is increased.

Purpose of Metric 2: This experiment is used to show how the amount of power consumed
by a non-terminal node is affected by the increase in the number of nodes that potentially
interfere with it. Essentially all nodes should experience the same amount of interference
and consequently the standard deviation should be low.

Purpose of Metric 3: To show how the traffic is shared amongst interfering multi-hop
chains. In a fair protocol, the standard deviation should remain low.

8.4.5. Multi-hop Random Topology A multi-hop random topology can be used to show how
a network is expected to perform in a more realistic scenario. To evaluate the protocol in
a hypothetical application environment, a set of random topologies should be studied. The
details of the simulation parameters, the node density, position of the gateway, transmitting
range and the traffic models explored should be clearly stated. Below, some insights are given
into how a random topology simulation should be conducted.

Traffic Models

Idle It may seem like a contradiction to include an idle traffic pattern. However it is possible
that in certain WSN deployments, especially event reporting deployments, there may be
sustained periods during which there is an “information drought” in the network. This
may occur in both networks used to detect phenomena (when the phenomena are spaced
far apart) or in networks used for periodical reporting (when the period is sufficiently
high). Ideally a MAC protocol should keep energy expenditure at the physical layer to
an absolute minimum during periods of information drought. As a result determining
the performance of a MAC protocol idle is paramount to determining its suitability.

Periodic Reporting Traffic Periodic reporting is another mechanism which is expected
to be supported by WSNs. This particular mechanism is pertinent especially to
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environmental monitoring applications which will periodically report the state of the
environment to the sink. This traffic pattern can easily be modeled. Each node is given
a periodicity using a Poisson process centred at the average reporting rate. The nodes
then report back at the reporting rate they have been assigned.

Event Generated Traffic Phenomenon detection is a central mechanism which is expected
to be supported by WSNs. When a phenomenon is detected, the sensing nodes report
it to the sink node. It is possible that nodes’ sensing areas overlap with each other and
one or more nodes may detect and report the same phenomenon. While it is possible
that this data may be aggregated at a higher level, a well designed MAC protocol for
WSNs should be able to handle geographically co-located instantaneous bursts of traffic.
To simulate this effect, a phenomenon is defined as a point p with a radius ». When a
phenomenon is triggered any node within the area described by the circle with centre p
and radius r will report the phenomenon to the sink. These phenomena will arrive with
a Poisson inter-arrival time and be uniformly and randomly distributed throughout the
network area. Equation 23 can be used to determine the radius r of such a phenomenon in
order to simulate a scenario where on average e nodes are triggered by each phenomenon.
Equation 23 is solved where n is the number nodes in the network, ! the network area
side length and e is the average number of nodes to be triggered by each phenomenon.
Equation 23 is a rearrangement of equation 13 where e replaces d. A phenomenon is
essentially an invisible node that triggers nodes within its radius, and works in the same
way as the broadcast/interference radius mechanism.

0=(12n7—16n —4naV3)r* +8nlr® —3nml2r? + 3el* (23)

Routing

The three broad routing options discussed for multi-hop WSN scenarios were optimal routing,
randomized routing and the use of an actual routing protocol. Any of these options is a viable
choice as long as they are used in a consistent manner. In general a MAC protocol analysed
using a randomized routing protocol will be difficult to compare to a protocol analysed an
optimal routing protocol. The recommendation of this benchmark is to either use a specific
actual routing protocol, especially if you are developing for your protocol to interact with one
or to use an optimal protocol. Optimal protocols are preferable to randomized protocols as
real protocols aim to be optimal, but never aim to be random.

Network Lifetime Estimation

In order to estimate the total network lifetime, we must first determine what constitutes the
end of a network lifetime. Each sensor node has a certain power supply. In most cases this
is a pair of AA (R6) batteries which can be expected to each have a voltage of 1.5V and a
rating of 2000mAh. This means that the total power supply has a ration of 3V (vneqge) for
2000mAh (ppart). The lifetime of the network will end when some fraction of the nodes in the
network have exhausted their power supply. Ideally one would like to select this fraction such
that when this fraction of nodes has expired the network becomes disconnected. However this
is rather difficult as this fraction will be unique for every unique random topology simulated,
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and in some cases as low as one node in the network. With this in mind the criteria we shall
use is that the network lifetime #;;7. is bounded by that of the most active node: for the
sake of measurement, the network lifetime is considered expired when the first node exhausts
its power supply. This represents the lower bound on the potential network lifetime. We can
estimate the network lifetime from the equation 24. In this equation e; is the energy a node
consumes in state i in mW, t; is the energy a node consumes in state 4, ts;n, is the duration of
the simulation, and a4 is the current drain of the node in mA.

Prode(mW) = D icStates €iti

tsim

Gnode(MA) = 1;:%;4:’1 (24)
tiife(h) = 7%&:5:; :

Each of the suggested scenarios to be tested in this random topology section will have 100
sensor nodes and 1 sink node. The 100 sensor nodes will be uniformly and randomly distributed
throughout the network area A. The parameters for the network area are shown in table IX.

Table IX. Simulation Parameters

Density Sparse Medium Dense
Nodal Degree (d) 4 12 24
Total Number of Nodes || 100 100 100
(n)
Broadcast Radius (rm) | 304.8 304.8 304.8
[25]
Network Side Length (im) || 2561 1409 939
Network Area (Am?) 6558721 1985281 881721
Phenomenon Radius for || 212 117 7
e=2 (rm)

Scenario

Multi-hop Random Topology Network: 100 nodes scattered in an area so as to make a

sparse, medium and dense network.

Common Parameters

Duration: 1000s (so on average each node will have sent 100 packets, each 100 bytes).

Sink: One sink located in the bottom right hand corner of the network.

Variable: The average node degree, by varying the network area.

FExperiment 1

Traffic: Idle.

Metric: Average Power Consumption (J), Standard Deviation of Power Consumption, %
Sleep, Idle, Receive and Transmit vs. Average Node Degree.
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Purpose of Metric: This experiment allows the comparison of the performance of various
MAC protocols under the condition of an information drought in the network. Ideally a
protocol should use as little power as possible. When power is used, it is also desirable
to know how it is used. This can be determined by the percentage of time the protocol
is in Sleep, Receive, Transmit or Idle states and the distribution of power expenditure
can be seen in the Standard Deviation.

Ezxperiment 2

Traffic: Periodic reporting traffic with Poisson periodicity of 10s. (so on average each node
will send 100 packets.)

Ezxperiment 3

Traffic: Event-generated traffic, phenomena occur with a Poisson inter-arrival time of 0.2s
and an e of 2. (so on average each node will send 100 packets.)

Metrics
Metric 1: Average Per Hop Latency (s), Standard Deviation vs. Average Node Degree
Metric 2: Estimated Network Lifetime (hours) vs. Average Node Degree

Purpose of Metric 1: The average per hop latency allows the network designer to determine
if this MAC protocol will be on average able to meet the required performance criteria.
The standard deviation shows how variable the performance is likely to be. By evaluating
this metric with the following lifetime we can determine how the performance is traded
off against the energy savings.

Purpose of Metric 2: The network lifetime gives the final estimation of how long the
network can operate with full connectivity.

4. DISCUSSION

The benchmark scenarios presented in section 3 can be used to conduct a thorough evaluation
of a MAC protocol. The single-hop scenarios in section 3.4.1 probe the limits of the local
throughput performance. They are used to show the upper limit of point-to-point performance,
and how the throughput performance decays as the MAC protocol handles an increasing
amount of interference from neighbouring nodes. The multi-hop chain scenario in section 3.4.3
investigates the trade off between energy efficiency and both latency and throughput. It is also
used to determine how the protocol performs as the amount of traffic through a multi-hop
link is increased. The multi-hop lattice scenario in section 3.4.4 extends upon the multi-hop
chain scenario by determining the performance of multi-hop chains as they forward traffic
in parallel. These controlled scenarios provide a valuable insight into the performance of the
MAC protocol when it is isolated from the effects of upper layer protocols. The multi-hop
random topology scenarios in section 3.4.5 provide an investigation of how a MAC protocol
can be expected to behave when deployed in a real WSN. Combined, these scenarios expose
the relationship between the energy-efficiency and performance of MAC protocols for WSNs.
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5. CONCLUSION

There are many and varied potential applications for WSNs, each of which have their own
requirements. Thus the comprehensive assessment of MAC protocols for WSNs complicated.
The lack of any common benchmarking standard makes the cross-comparison of MAC protocols
difficult. The goal of this paper has been to introduce a benchmark to simplify the comparison
of MAC protocols and hopefully pave the way for development of new protocols. To achieve
our goal, the current methods of evaluating the performance of MAC protocols for WSNs were
surveyed. From the survey the key scenarios and performance metrics were distilled. These
performance metrics were explored in relation to the scenarios to which they are appropriate.
The benchmark describes how both single-hop and multi-hop scenarios can be investigated, to
thoroughly evaluate a MAC protocol. A novel approach to calculating the average node degree
is presented for multi-hop random scenarios. The method is shown to also be useful for the
generation of event based traffic. This allows for a more consistent investigation of multi-hop
random scenarios for WSNs. The proposed procedure of benchmarking aims to greatly improve
the quality of MAC protocol assessment and rectify the present lack of common agreement
between researchers and developers of the area. Ultimately the success of a benchmark is
measured by the number of its adherents.
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