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ABSTRACT
Delivering data in Wireless Sensor Networks (WSNs) is very
challenging in that an ideal solution has to not only provide a
reasonable data throughput, but also take into consideration
a variety of constraints, such as battery life, computation ca-
pabilities, wireless interference, node mobility, and etc. As
numerous solutions have been proposed in the past years,
most designs have focused on the functionalities within a
particular layer, i.e., routing protocol design in the network
layer or MAC enhancements in the data link layer. However,
the overall performance depends also on the interaction of
mechanisms across layers. A comprehensive cross-layer per-
formance evaluation is essential to a better understanding of
the oversal system performance when deploying a new proto-
col. In this case study, we simulate the interaction between
a more recently proposed routing protocol and a number of
MAC protocols. The results show that the performance of
the routing protocol varies as different MAC schemes are
employed. In particular, the state-of-the-art MAC protocol
might not perform the best with the routing protocl in study.
No single combination dominates the other combinations in
terms of all metrics in all cases.

Categories and Subject Descriptors
C.4 [Computer Systems Organization]: PERFORMANCE
OF SYSTEMS—Design studies, Performance attributes

General Terms
Design, Performance
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1. INTRODUCTION
The energy efficiency and reliability requirements impose

great challenges on the design of communication protocols
for WSNs. Although there have been many proposals for
routing and MAC layers, as well as a significant number of
innovations in each of these areas, very few works have ad-
dressed the interaction of protocols across different layers.
Many works propose changes in a specific layer and assume
a certain implementation for the other layers. For example,
it has been confirmed that IEEE 802.11 is an inadequate
MAC for WSNs due to inefficient use of energy. The major-
ity of energy consumed by a IEEE 802.11 radio is for idle
listening. Previous works that do not take this factor into
consideration when evaluating their routing protocols might
be biased.

Application developers are in an awkward situation, eval-
uations of individual protocols might not be comparable.
The interaction between different protocols at various layers
of the network stack remains largely unknown. Because of
these limitations, it is hard to select an appropriate combi-
nation of protocols for the applications at hand.

There has been a number of related works on cross-layer
interaction in ad hoc networks. As noted in [1], MAC proto-
cols selected for simulation studies are critical to the perfor-
mance of routing protocols, and this aspect must be consid-
ered when comparing the performance of routing protocols.
In [2], the authors also suggest that routing layers affect
MAC layers and vice versa. It is not meaningful to consider
a routing or a MAC protocol in isolation. Thus, the rela-
tive performance of routing protocols needs to be examined
when using MAC protocols designed specifically for WSNs.

In this work, we simulate and analyze the performance
of magnetic diffusion [3], a multi-path routing protocols,
in combination with IEEE 802.11 [4], S-MAC [5], B-MAC
[6], and Z-MAC [7]. We discover that the relative perfor-
mance of the routing protocol’s two different forwarding
modes changes when interacting with different MAC pro-
tocols. No single combination dominates the other combi-
nations in terms of all metrics in all cases. Looking into the
details of the mechanisms, we find the interaction between
the routing and MAC layers might result in surprising per-
formance degradation. Lastly, the traffic workload affect
also significantly the cross-layer network performance.



2. STUDIED ROUTING PROTOCOL: MAG-
NETIC DIFFUSION

Magnetic diffusion [3], referred to as MD, is based on a
simple, and yet effective idea. Consider the data sink as
a magnet and the data as metallic nails. The data is at-
tracted to the sink because of the magnetic field, just as
the nails are attracted to the magnet. The magnetic field
is established by setting up approriate magnetic charges on
the sensor nodes within the magnetic influence of the data
sink. The strength of the charge is determined by the hop
distance or delay to the sink. The data is propagated based
on the magnetic field from low-charge to high-charge nodes.
Forwarding data in this fashion results in multiple shortest
paths, which provide a higher delivery rate without compro-
mising delay.

MD operates in two phases: the interest broadcast and
data propagation. The magnetic field is established in the
interest broadcast phase, such that the data can be dissem-
inated towards the sink in the data propagation phase. In
the subsections below, we describe in more detail the MD
operation and the implementation options.

2.1 Interest Broadcast
We first introduce two data entities involved in the interest

broadcast phase: the interest and the entry. The interest
is a message used to establish the magnetic field to facilitate
the proper flow of data toward the sink. The entry contains
information about where a node records the data type and
the magnetic charge in each node.

When a sink wants to collect data, it sends an interest
message to its neighbor nodes. After receiving an interest
message for the first time, a node creates an entry for the
interest. Then, the node decrements the magnetic charge
of the interest by one. The node records the data type and
the magnetic charge in its entry and then forwards the in-
terest message to its neighbors. The decremented magnetic
charges from the sink to the source guide the flow of data
in the reverse direction, mimicing the movement of metallic
nails from low-charge to high-charge points in a magnetic
field.

The sink node will broadcast interest messages periodi-
cally to re-establish proper magnetic charges in the network.
This provides an environment for robust data dissemination,
especially in a dynamic network.

In Fig. 1(a), the sink node broadcasts the interest to its
neighbor nodes. In Fig. 1(b), nodes A and B receive the
interest, create corresponding entries, set the data type and
proper magnetic charges in the entries, and then propagate
the interests to their neighbors. In Fig. 1(c), nodes C, D,
and E receive the interests from nodes A and B and repeat
the actions taken by A and B in Fig. 1(b). Each node
may receive and discard duplicate interests or interests with
weaker magnetic charges.

2.2 Data Propagation
Next, we describe how the data is disseminated through-

out a network. We have two implementation strategies for
data propagation. One is gradient-based and the other is
broadcast-based .

2.2.1 Gradient-based Stratery
In the interest broadcast phase, when a node receives an

interest from its neighboring nodes with a stronger magnetic

Figure 1: An example of interest propagation.

Figure 2: An example of data propagation with the
gradient-based mechanism.

charge, the node establishes a gradient toward the interest-
sending node. This gradient directs the data through the
network from the source to the sink.

When a node senses data, it checks if it has an entry
matching the data type. If it does, it sends the data to the
nodes indicated by the existing gradients. The forwarding
process continues until the data reaches the sink.

Fig. 2(a) shows the gradients established by the interest
broadcast in 1. In Fig. 2(b), the source sends data to the two
neighbor nodes indicated by the gradients from the source.
In Fig. 2(c), the receiving nodes continue to send data to
their neighbor nodes based on their gradients until the sink
receives the data.

2.2.2 Broadcast-based Stratery
In the broadcast-based mode, the nodes do not establish

gradients in the interest broadcast phase. Instead, the mag-
netic charge is included in the data being disseminated. The
receiving node can tell from the charge carried in the data
where the data is from and whether to forward further down-
stream.

More specifically, when a node receives data, it checks
if it has any matching entry. If it does, it compares the
magnetic charge in the entry with the magnetic charge of
the data. If the former is greater than the data, it sets the
magnetic charge of the data to that in the entry and then
broadcasts the data. This means the data is sent from the
node whose magnetic charge is lower than the intermediate
node, and the intermediate node repeats this process. If a

Figure 3: An example of data propagation with the
broadcast-based mechanism.



node receives duplicate data, or data whose magnetic charge
is greater than that in the entry, the data will be discarded.

In Fig. 3(a), the magnetic charge of every node is estab-
lished; the sink’s charge is 7. In Fig. 3(b), when the source
wants to send data to the sink, it will broadcast the data
to its neighbor nodes. In Fig. 3(c), the nodes with charge
strength 6 broadcast the data because the magnetic charge
of the nodes is greater than that of the data. Thus, the sink
receives the data.

3. STUDIED MAC PROTOCOLS

3.1 IEEE 802.11
The 802.11 [4] uses CSMA/CA to handle multiple access

and prevent collisions in a shared medium. A node senses
the medium before a transmission; if the medium is busy,
then it defers. If the medium is free for a specified time
(called DIFS, Distributed Inter Frame Space) then the node
is allowed to transmit.

802.11 uses a simple handshake mechanism between senders
and receivers to address the hidden terminal problem. The
sender first sends an RTS packet to the intended receiver
who then replies with a CTS packet. There is a duration
field in the RTS and CTS packets to indicate the amount of
time for the following transaction, so that neighboring nodes
know how long they should back-off in order not to interfere
with the transmission. The sender starts transmitting data
after it receives the CTS packet, and receiver replies with an
ACK packet after each data packet arrives. Transmissions
in 802.11 follow the sequence: RTS-CTS-DATA-ACK.

In 802.11, exponentioal back-off is used to resolve con-
tention problems. Before transmitting a packet, a node waits
for a random period of time chosen between zero and its
contention window size. If the medium is free after waiting
that amount of time, the node transmits immediately. If the
medium is busy, the transmission is deferred, and the pro-
cess will be repeated when the channel is free. If a collision
happens during the transmission, the node will increase the
contention window size exponentially and repeat the trans-
mission process when the channel is free.

3.2 S-MAC
The goal of the S-MAC [5] protocol is to reduce energy

consumption. In wireless sensor networks, nodes might spend
a significant amount of time on idle listening and thus waste
energy. To reduce energy consumption, S-MAC lets nodes
go into the sleep mode periodically. Each node goes to sleep
for a period, and wakes up to listen for a period. This con-
stitutes a periodic listen and sleep schedule for nodes.

In S-MAC, a node needs to choose a schedule and inform
its neighboring nodes. The schedule of a node is determined
as follows. First, the node listens for a certain amount of
time. If it does not hear a schedule from any other node, it
randomly chooses a schedule and immediately broadcasts it
to the neighbors. If a node receives a schedule from a neigh-
bor before choosing its own schedule, it follows that schedule
by setting its schedule to be the same and rebroadcasts this
schedule. If a node receives a different schedule after it se-
lects and broadcasts its own schedule, it adopts both sched-
ules. Due to clock drift, synchronization is needed among
neighboring nodes. Each node broadcasts a synchronization
packet periodically, and receivers adjust their timers accord-
ingly.

S-MAC is a contention-based protocol like 802.11. A node
performs randomized carrier sensing before initiating a trans-
mission. Unicast packets follow the sequence: RTS-CTS-
DATA-ACK. Broadcast packets are sent without RTS/CTS.
In the transmitted packet, there is a duration field that in-
dicates how much longer the transmission will last. The
neighboring nodes then know how long they should sleep to
avoid overhearing and thereby save energy.

3.3 B-MAC
B-MAC [6], which is also a contention-based protocol, pro-

vides power management via low power listening (LPL). A
node maintains a listening duty cycle separated by a spe-
cific period of time called the check interval. The node
wakes up to check activity every check interval. If activity
is detected, the node stays awake and receives the incoming
packet. However, if the medium is clear, the node goes back
to sleep. To support LPL, each transmission is preceded by
a preamble as long as the check interval so the intended re-
ceiver is definitely aware of the transmission and receives the
incoming packet. This scheme shifts the load from receivers
to senders, and saves a substantial amount of energy when
the traffic load is light.

B-MAC provides a flexible interface that allows reconfig-
uration of the system parameters on the fly according to
the state of the network. It also gives control to the upper
layers. For example, link-level retransmission is disabled in
default settings of B-MAC. The higher layers are allowed to
enable these schemes if necessary. The idea is to facilitate
cross-layer optimization while simultaneously preserving the
layered architecture.

3.4 Z-MAC
Z-MAC [7] is built on top of B-MAC, and also uses LPL to

save energy. It attempts to combine the strengths of TDMA
and CSMA to achieve high channel utilization under both
low contention and high contention. In Z-MAC, a higher
overhead is incurred initially because of the slot assignment
algorithm. The design philosophy is that the high initial
overhead is amortized over a long period of network oper-
ation, and compensated for by improved throughput and
energy efficiency.

First, each node gathers its two-hop neighbor information,
which is used as input to the slot assignment algorithm. Af-
ter the slot assignment, each node decides its own local frame
and broadcasts its frame size and slot number to its two-hop
neighborhood. Thus, each node knows about the slot and
frame information of its one-hop and two-hop neighbors.

Unlike TDMA, a node may transmit during any slot in
Z-MAC, though each node has its own time slot. Before a
transmission, a node performs randomized carrier sensing. If
the medium is free, it transmits the packet. Otherwise, the
process will be repeated when the medium is not busy. How-
ever, the owner of a slot always has priority over non-owners
in accessing the medium. The priority is implemented by
adjusting the contention window size such that the owner
always has the chance to transmit earlier than non-owners.
In this way, non-owners can still compete for transmission
when the slot is not being used by its owner; thus, channel
utilization is enhanced.

Let us consider the details of transmission control. To
address the hidden terminal problem, Z-MAC defines two
modes: low contention level (LCL) and high contention level



Table 1: Simulation Settings

Nodes 50

Size 160 x 160

Radio range 40 m

Bandwidth 20kbps

Tran power 60 mW

Recv power 45 mW

Idle power 45 mW

Sleep power 0.33 mW

Data rate 10 sec

Periodic Interest 120 sec

Duty cycle of S-MAC 10%

Check interval of LPL 50 ms

Simulation time 1200 sec

(HCL). A node is in HCL only when it receives an ex-
plicit contention notification (ECN) message from a two-
hop neighbor within a certain period. In LCL, a node can
compete for transmission in any slot, but in HCL, only the
owner of a slot and its one-hop neighbors are allowed to com-
pete for the medium. The ECN messages are used to notify
two-hop neighbors not to compete with the owner of a slot
when contention is high. Each node makes a local decision
to send an ECN message based on its local estimation of the
contention level.

Z-MAC must be synchronized to maintain the TDMA-
like frame. Therefore, a synchronization packet is sent at
specific times. In the worst case, where nodes are completely
unsynchronizaed, it falls back to CSMA.

4. PERFORMANCE EVALUATION
TABLE 1 summarizes the parameters used in the experi-

ments. To study the performance of different combinations
of routing and MAC protocols, we run the experiments in
ns-2 simulator. In order to get the average behavior, there
are 10 distinct runs for each setup. In each run, there are
50 nodes placed at random in a 160m by 160m square. We
use one source and one sink randomly selected from the 50
nodes. Unless otherwise specified, we use the default settings
of S-MAC, B-MAC, and Z-MAC. Most of the parameters of
the simulation environment are based on the capability of
Mica2, which is the development platform of the above MAC
protocols.

We choose several metrics to measure the performance of
different combinations of routing and MAC protocols: En-
ergy measures the amount of power consumed by the net-
work. The metric is very important in a resource-constrained
wireless sensor network. Reachability measures the prob-
ability that the sink will receive a data packet successfully.
This metric is important for medical applications in that the
sensor data is mission criticali, and its loss could be a matter
of life-or-death. Latency measures the data transmission
time from the source to the sink. For medical applications,
the metric represents the timeliness and temporal reliability
of the data.

We examine the performance of combinations of MD and
four MAC protocols: Thus, we have eight protocol combi-
nations: MDB with 802.11 (MDB-802), MDG with 802.11
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Figure 4: Energy consumption of all combinations
of routing and MAC protocols
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Figure 5: Energy consumption of all combinations
of routing and MAC protocols with increasing num-
bers of sources

(MDG-802), MDB with S-MAC (MDB-SMAC), MDG with
SMAC (MDG-SMAC), MDB with B-MAC (MDB-BMAC),
MDG with B-MAC (MDG-BMAC), MDB with Z-MAC (MDB-
ZMAC), and MDG with Z-MAC (MDG-ZMAC).

4.1 Energy Consumption
Fig. 4 shows the energy consumption of all combinations

of routing and MAC protocols. The energy consumption
of MDG-802 is a bit higher than that of MDB-802 because
MDG sends more data packets over the network. A similar
result can be observed in S-MAC, B-MAC, and Z-MAC.

Recall that to avoid overhearing unicast packets, idle nodes
in S-MAC are turned off. This mechanism helps conserve en-
ergy for nodes that are not involved in the communication.
Therefore, the energy consumption of MD using S-MAC is
significantly lower. Furthermore, the amount of packets re-
quired to transmit in MDG is higher than that in MDB. This
explains the slightly higher energy consumption in MDG-
SMAC.

Relative to B-MAC, Z-MAC is more sophisticated. How-
ever, our simulation results show that MD-ZMAC consumes
more energy than MD-BMAC. This is due to a substantial
amount of energy consumed by Z-MAC in the setup phase.
Although the start-up cost will gradually take a lower pro-
portion as the system runs longer, the combinations with
B-MAC quantitatively outperforms the other combinations
in this set of experimental setups.

Let us further analyze the energy consumption of combi-
nations of routing and MAC protocol combinations for dif-
ferent numbers of sources. For the ease of understanding,
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we plot only the results of S-MAC, B-MAC, and Z-MAC
in Fig. 5. The energy consumption of MDG-BMAC and
MDG-ZMAC steadily increases as the number of sources
grows. This is because B-MAC and Z-MAC use LPL to
save energy so that the sender must send a long preamble
before a transmission. This scheme shifts the load from the
receiver to the sender. Hence, the energy consumption in-
creases quickly when the traffic load is high. In contrast,
the energy consumption of MDB-BMAC and MDB-ZMAC
is unchanged because the overhead of MDB does not in-
crease as much as that of MDG. This result indicates that
the choice of routing protocols is also critical to power con-
sumption when combined with the MAC protocols that use
LPL to save energy. The energy consumption of S-MAC is
relatively stable compared to the other two MAC protocols.
The difference is due to the fixed schedule of S-MAC, which
causes nodes to spend most of their energy on idle listening.

4.2 Reachability
Fig. 6 shows the reachability of all combinations of routing

and MAC protocols. In S-MAC, nodes might have accumu-
lated a number of packets during a long sleep interval, but
these packets can only be sent at the beginning of a listening
interval. Hence, the contention is quite high and collisions
often occur. This results in the lower reachability observed
in MDB-SMAC and MDG-SMAC.

Intuitively, the gradient-based mechanism (MDG), which
is capable of collision detection and retransmission, should
perform better than the broadcast-based mechanism (MDB).
MDG indeed performs better than MDB when combined
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with 802.11, B-MAC, and Z-MAC. However, MDB outper-
form MDG when using S-MAC. S-MAC assumes that, after
a scheduling phase, each node knows about the existence
of all of its neighbors; thus, all neighboring nodes have the
same schedule. Therefore, a node cannot send packets to
an unknown node because it thinks the schedule of that
node is unclear. Unfortunately, in a dense network with a
lot of collisions, a node might have the schedule of an un-
known neighbor because it can receive that schedule from
other neighboring nodes. This causes a strange situation, in
that nodes cannot send a unicast packet to unknown neigh-
bors, even if they have the same schedule. However, S-MAC
sends multiple copies of a broadcast packet, one for each
schedule. Therefore, the neighbors can receive the packet,
even if the sender is not aware of their existence. This ex-
plains the difference in the reachability of MDB-SMAC and
MDG-SMAC. This example shows the complex interaction
between the routing and MAC layers. The relative perfor-
mance of routing protocols varies when combined with dif-
ferent MAC protocols.

To verify our observation about the strange situation, we
change the size of the simulated area, but keep the number
of nodes the same. In other words, the density of the nodes
changes from low to high. The reachability of different pro-
tocol combinations is shown in Fig. 7. The plot shows that
the reachability of MDG-SMAC gradually decreases as the
density of the nodes increases, while that of MDB-SMAC
remains the same.

Fig. 8 shows the reachability of all combinations of rout-
ing and MAC protocols for different numbers of sources.
MDG-802 and MDG-ZMAC outperform other combinations
under low and high traffic loads respectively. The reacha-
bility of MDB declines as the number of sources increases
which indicates that MDG performs better than MDB when
the level of contention is substantially higher. Recall that
Z-MAC utilizes the topology information to avoid two-hop
collisions. Because of retransmission and the control of two-
hop contention, MDG-ZMAC achieves the highest reacha-
bility. This plot clearly shows the strength of Z-MAC under
a high traffic load. The substantial energy cost involved
in the setup phase is compensated for by increased energy
efficiency later.

4.3 Latency
Fig. 9 shows the cumulative probability of data delivery

latency for all combinations of routing and MAC protocols.
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Clearly MDB-802 has the least latency, while protocols that
use S-MAC have the most. To save energy, S-MAC delays
packets until the beginning of a listening interval; hence,
the delay is much longer than in the other MAC protocols.
MDB-802 has the least delay because it broadcasts data and
bypasses the RTS/CTS handshake. MDB-SMAC, however,
performs worse than MDG-SMAC. As noted above, S-MAC
sends multiple copies of a broadcast packet, one for each
schedule. Thus, in a dense network, nodes might have accu-
mulated a number of packets, so newly received data cannot
be sent immediately. This observation also shows that the
relative performance of the routing protocols might change
when run on different MAC protocols.

B-MAC performs slightly better than Z-MAC because Z-
MAC ensures that a transmission does not cross over the
boundary of a slot. In contrast, B-MAC allows nodes to
transmit at any time, as long as there is no contention. An-
other reason is because, in HCL of Z-MAC, nodes can only
transmit at slots that are not owned by two-hop neighbors;
thus, they tend to wait for a long time. The advantage
of MDB is not obvious when working with B-MAC and Z-
MAC, because a node has to send a long preamble before a
transmission. Therefore, the difference in delay is small.

Note that MDB-BMAC is comparable to MDG-802. In
MDB-BMAC, the delay of all data packets is shorter than 1
second. Additionally, about 80% of the data is delayed for
less than 500 ms. This result implies a surprising fact: it is
possible that we can achieve a short delay even when using
an energy-efficient MAC in wireless sensor networks.

4.4 Selection Guidelines
Table 2 summarizes our comparison of all combinations

of routing and MAC protocols. Based on the experiment
results, we derive the following selection guidelines.

• For wireless sensor networks with restrict energy con-
straints, the combination of MDB and B-MAC is the
most plausible solution. It achieves a balanced per-
formance in terms of energy efficiency, reliability, and
data latency.

• For a system that requires absolute reliability, MDG
with Z-MAC outperforms all other combinations in
an environment where the sensor nodes are battery-
powered. If a mains supply is available, MDG with
802.11 is the best choice.

Table 2: Best protocol combinations for different
application requirements and deployment environ-
ments

Battery Wired

Energy MDB

B-MAC

Reachability MDG MDG

Z-MAC 802.11

Latency MDB MDB

B-MAC 802.11

• For applications that requires timely data delivery, the
combination of MDB and B-MAC is a better option in
an environment where is difficult to get a continuous
power supply. If a mains supply is available, MDB
with 802.11 achieves the best performance in terms of
latency.

We find that the choice of routing and MAC protocols is
highly application dependent and deployment environment
dependent. Take the elevator application in [8] as an exam-
ple. The sensor nodes are battery-powered and the applica-
tion requirements are high reachability and timely delivery
of data. MDG with Z-MAC provides the highest reliabil-
ity, but the delay is too long. MDB with B-MAC has the
best performance in data delivery latency but it is unreli-
able when the traffic load is high. However, we observed
that there are only two sources in the network, and it is rare
that two sources send data at the same time. The traffic
is light and the contention is not competitive in this appli-
cation. Fortunately, we know that contention-based mecha-
nisms work well under a low traffic load. Thus, we choose
the combination of MDB and B-MAC to serve the elevator
application. The system works quite well. This example
illustrates how to select from alternative combinations of
sensor networking protocols. Application designers have to
evaluate the trade-off between different configurations and
choose the most appropriate one according to the application
requirements, the traffic load, and the type of traffic. The
performance results and the system guidelines we present
here will help application developers select the best combi-
nation of routing and MAC protocols for the application at
hand.

4.5 Discussion
Based on the results of our experiments and our observa-

tions, we note the following points.

• An MAC protocol that uses a fixed duty cycle on ra-
dio, such as S-MAC, is not flexible enough to han-
dle traffic changes in a network, and expends a lot of
energy on idle listening. Nodes are only allowed to
send packets acumulated during a long sleep period at
the beginning of a listening period. This makes the
contention quite competitive and causes a lot of colli-
sions. B-MAC and Z-MAC use LPL provided by the
hardware to enable power management. This scheme
works much better than the fixed duty cycle. How-
ever, we observe that the energy consumption of this
scheme increases rapidly when the traffic load is high.



• The relative performance of routing protocols might
change when run over different MAC protocols. Thus,
the evaluation of protocols should be done in totality.
Additionally, we found that both the MAC protocol
and the routing protocol are critical to the energy con-
sumption and network performance.

• No single combination dominates the other combina-
tions in terms of all metrics in all cases. The traffic load
and the type of traffic dramatically affect network per-
formance. Thus, the choice of protocol combination is
both application and deployment environment depen-
dent.

• Retransmission enhances network reliability. The con-
trol of two-hop contention effectively reduces the num-
ber of collisions. In wireless sensor networks, packets
are usually delayed when an energy efficient MAC pro-
tocol is applied. This makes the contention competi-
tive, and increases the probability of collisions. These
issues need to be addressed when designing the next
generation of MAC protocols for wireless sensor net-
works.

5. CONCLUSION
We have presented performance comparisons of the MD

routing protocols when combined with 802.11, S-MAC, B-
MAC, and Z-MAC. We found that the relative performance
of the routing protocols changes when they are run on dif-
ferent MAC protocols, and vice versa. Thus, it is not mean-
ingful to discuss routing or MAC protocols in isolation. The
interaction between the routing and MAC layers might cause
unpredictable behavior in the network. Additionally, the ap-
plication workload and the type of traffic dramatically affect
network performance. Application designers should consider
a trade-off between different combinations of network prot-
cols, and select the most appropriate one according to the
application requirements, the traffic load, and the type of
traffic.

We also demonstrate that the reliability of a system drops
dramatically when two-hop contention is competitive. This
issue needs to be addressed when designing the next gener-
ation of MAC protocols for wireless sensor networks.

We believe that our experience provides a more thorough
understanding of the interaction between various network
layers, which should be of value in the design of future pro-
tocols for wireless sensor networks.
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