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Abstract—Body Area Networks (BANs) form a strongly

growing research field, motivated by increasing need for

remote and improved patient healthcare solutions and

driven by the development of the IEEE 802.15.6 standard.

While most research focuses on single hop star topologies,

more studies point towards multi-hop topologies as more

preferable. Related with this multi-hop topology however,

comes the cost of supporting mobile nodes. Initial research

shows the feasibility of adapting protocols to support

mobility. This work analyzes two requirements to fulfill

mobility support, more specifically location independence

and increased clock drifting resiliency. Simulations show

the need to fulfill both requirements and motivate that

location independence should always be strived for, while

clock drift resiliency is shown to be required in larger

networks.

I. INTRODUCTION

The field of Body Area Networks (BANs) is growing
rapidly, pushed by the cost of supporting a growing,
aging population in developed countries. While the ini-
tial BAN research focus lied on novel radio chip and
application development[1], [2], it now shifts towards
Medium Access Control (MAC) protocol development.
[3] proposed a multi-level scheme, with one Monitor-

ing Station which communicates with multiple Master

Nodes, which on their turn communicate with Sensor

Nodes. motivated by the standardization efforts of the
IEEE 802.15 task group 6[4], [5], [6].

The draft IEEE 802.15.6 standard describes both
single hop and multi-hop BANs, by means of a flexi-
ble Time Division Multiple Access (TDMA) and Car-
rier Sensing Multiple Access (CSMA) based approach.
TDMA is preferred over CSMA with respect to reli-
ability, however an implementation tends to be more
difficult. Moreover, support for mobility in BANs is
completely absent.

BANs are small scale networks designed to be energy
efficient and deployed over a lossy, strongly time-varying
channel[7]. To obtain a high energy efficiency and to
limit exposure of the human body to strong radio signals,
the transmission power of the radio has to be limited

strongly. As a result, links will be set up over dis-
tances in the order of tens of centimeters and multi-hop
topologies will arise. Compared to the typical large scale
deployments of other wireless networks, this illustrates
the distinctive nature of BANs. Because of the typical
radio usage over the lossy channel, a moving person is
expected to generate large link quality variations. From a
MAC level point of view, this will cause mobility in the
network, i.e., quickly appearing and disappearing links.

Previous work has shown the feasibility of mobility
support in BANs. One interesting example is the work
proposed in [8], where communication is controlled by
gossiping. Although very robust to topology changes,
delay limits can not be guaranteed. [9] presents an
alternative in the form of a MAC protocol supporting
mobility in Wireless Sensor Networks (WSNs), which
does not support the typical requirements of a BAN.

This work considers the Loose association Implicit
reservation Protocols for Mobile BANs (LIMB) pro-
posed in [10], [11], which apply a divide-and-conquer
approach, where the nodes are divided in static Full
Function Devices (FFDs) and mobile Reduced Function
Devices (RFDs). The FFDs form a static backbone,
connected by an existing BAN protocol. Each RFD
connects to this backbone using the LIMB protocols,
with a TDMA based scheme consisting of a LIMB
phase, a backbone phase and an acknowledgement phase.
During the LIMB phase, the RFDs perform a form of
association and transmit their data, which is forwarded
by the backbone nodes during the backbone phase. An
aggregated acknowledgement of all received data is then
generated, which is transmitted during the acknowledge-
ment phase.

Three different protocol variants were outlined, each
with a different association mechanism. LIMB-Just In
Time Association (LIMB-JITA) performs associations
right before data is transmitted, i.e., it wakes up the
receiving FFDs right before sending data. In the LIMB-
Early Association (LIMB-EA) variant the RFDs perform
association during a separate association period which
precedes the LIMB phase. The LIMB-No Association
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(LIMB-NA) variants performs no association, all FFDs
only listen for data packets during a mini slot and
then sleep if no data packet is received. Due to space
constraints, for a full protocol description we refer to
the work cited above.

An initial performance analysis was already presented
in [11]. The main research contribution of this work is
to extend the initial research, by analyzing two require-
ments to support mobility in BANs. The remainder of
this work is organized as follows: section II outlines two
requirements to support mobility in BANs, followed by
a simulation study in section III. Section IV concludes
this work and presents future research directions.

II. MOBILITY SUPPORT REQUIREMENTS

A. Location Independence

A typical TDMA protocol consists of three phases:
association, data transmission and acknowledgement.
Typically these phases are tightly coupled. I.e., the
node receiving the association will also receive the data
and send the acknowledgement. The first requirement
analyzed in this work argues that the three TDMA phases
should be decoupled.

The LIMB protocols broadcast data packets to in-
crease reception probabilities under mobility. This work
argues that location independent acknowledgements are
required to support mobility in BANs. More specifically,
in order to support acknowledging transmissions from
mobile nodes in a BAN, acknowledgements should not
be bound to the location of one or more receivers of the
transmission. In the LIMB protocols, this requirement
can be implemented by having all FFDs transmit ac-
knowledgements, instead of only a subset. (Translated to
the protocol specification, this comes down to increasing
the size of the acknowledgment phase.)

B. Clock Drifting Resilience

When mobile nodes are present in the BAN and
random mobility is assumed, a single mobile node can
appear anywhere in the network at any given moment.
As such, the protocol timing becomes even more critical
and protocol clock drifting resiliency should be added
or increased.

For an implementation of this requirement in the
LIMB protocols, consider the association mechanisms.
To enable successful data transmissions, the first step is
successful reception of RFD associations by the FFDs.
Those associations are transmitted during short mini
slots, which are more sensitive to clock drifting. To study
the impact of clock drifting resiliency on the protocol,
the FFDs are configured to listen for associations during
longer periods of time than just a single mini slot.

 20

 40

 60

 80

 100

 120

 20  40  60  80  100  120

[u
]

[u]

FFD Range
FFD

Path of RFD at 15u
Path of RFD at 30u

Fig. 1. Example line scenario topology, RFDs at 15u and 30u.

III. PERFORMANCE ANALYSIS

A. Simulation Setup

To evaluate the performance impact of the outlined
requirements, a simulation study was performed. This
work is based on the assumptions of [10]: the BAN is
considered to be a small-scale, connected network where
only temporarily disconnected node subsets are possible.
Two types of simulation scenarios are considered: line
scenarios and random scenarios.

The line scenarios focus on the impact of mobility. As
such, scenarios as shown by the example in figure 1 are
generated. The nodes around the sink node in the center
are FFDs, with one to ten RFDs moving around them.
In the presented results, the distance of the RFDs to the
FFDs was fixed to 15u for reasons of brevity. It was
observed that for larger distances, the poor channel has
more impact on performance, while for smaller distances
the channel variations are very limited.

Random scenarios were also considered, to avoid
dependencies on highly structured topologies. The sce-
narios are generated as follows: a backbone network of
FFDs is generated first, followed by a path for the mobile
RFDs which traverses multiple stops. The scenario is
generated in three passes, each covering a different
aspect of the simulation.

In the first pass, the connected FFD backbone network
is generated: the FFDs will always be in range of at least
one other FFD. Stated differently, it would be perfectly
possible to connect all FFDs with an existing multi-hop
protocol. In the second pass, the starting position of the
RFDs will be generated. This will involve once again
generating random points, and checking whether they
are in range of one or more FFDs. In the third pass, for
each required stop, a new position will be generated for
each RFD, again in range of one or more FFDs. The
RFDs will move from stop to stop, generating repetitive
movement over the random path. To add to the random
nature of the scenarios, the RFD speed is random too.
The obtained scenarios are then filtered for unwanted
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Fig. 2. Example random scenario after third step.

TABLE I
OVERVIEW OF LIMB PARAMETERS.

Property Value

Mini slots in one slot 5
Slot size 5ms
Mini slot size 5 ms ⇥ 5

7
First ACK slot 33
Number of association slots 6

mobility side-effects, where parts of the paths between
the different stops may be out of range of all FFDs.
Figure 2 shows example paths generated in the final step
of the algorithm.

To maintain randomness, four different scenarios were
generated for each number of FFDs and RFDs. While
four is a small number, this already allows studying the
protocol behavior under the random scenarios. Because
of the large number of combinations of RFDs and FFDs,
increasing the number of considered random scenarios
would substantially increase the number of simulations
to run.

Simulations were performed with the Castalia
simulator[12], with runs of 120 seconds simulation time
and 200 different seeds per scenario. Frame size was
set to 100 slots with a LIMB phase of 34 slots, other
simulation parameters were configured as described in
table I.

To study performance, two metrics were considered:
channel utilization and energy consumption. Channel
utilization is measured as the amount of unique packets
which have arrived at the sink over the total amount
of transmitted packets by each node, while energy con-
sumption is obtained directly from Castalia measure-
ments. Note that by its definition, channel utilization will
reflect both efficiency and reliability.
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Fig. 3. Mean channel utilization in line scenarios with 1,2 ACK slots.
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Fig. 4. Mean energy consumption in line scenarios with 1,2 ACK
slots.

B. Increased Acknowledgements

To study the impact of an increased amount of ac-
knowledging FFDs, the simulation was configured with
one and two acknowledgement slots, denoted as 1 ACK
and 2 ACKs in the plots.

Figure 3 shows the impact of the number of ac-
knowledgements on the channel utilization in the line
scenarios, while figure 4 shows the impact on energy
efficiency. It can be observed that the number of RFDs
has no impact on the channel utilization in case of
an increased number of acknowledgements, which is
a good property of the protocol1. Moreover, the RFD
energy consumption is not influenced by the number of
RFDs in the network because of the slot assignment, the
RFDs can be considered as isolated. The FFD energy
consumption increases linearly, as expected. Clearly,
increasing the number of acknowledgements increases
channel utilization by up to 10%, while the energy
consumption increase is very limited.

For the random scenarios, figure 5 shows a similar
increase in channel utilization for an increased number

1For a limited number of acknowledgements, the channel utilization
does not show smooth behavior because of missed acknowledgements.
Depending on the RFD speeds which are closely related to the number
of RFDs, strong fluctuations can be observed.
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(a) Channel utilization for 5 FFDs and varying number of RFDs.
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Fig. 5. Mean channel utilization in the random scenarios with 1,2
ACK slots.

of acknowledgements. Notice how the plots are not
as smooth as the line scenario plots, as the randomly
generated topologies are not correlated. Again, channel
utilization is not influenced by the number of RFDs
in the network, although the channel utilization de-
creases with an increasing number of FFDs. The energy
consumption, not shown because of space constraints,
behaves similar to the observations in the line scenarios.

It should be noted that in both scenarios, the variance
(not shown) drastically reduced with an increased num-
ber of acknowledgements.

Overall, it can be concluded that more acknowl-
edgement slots improve channel utilization with a very
limited impact on energy efficiency. Moreover, the num-
ber of acknowledgement slots should correspond to the
number of FFDs in the network. I.e., every FFD should
transmit an acknowledgement, as illustrated by figure
5(b). Only then will the protocols become location
independent. However, a decreasing channel utilization
can still be observed in figure 5(b), even with two
acknowledgement slots. This will be improved by the
next requirement.

C. Prolonged Association Listening

To analyze the impact of prolonged association listen-
ing, the FFDs were configured to listen for associations
during one and one and half mini slots in the LIMB-
JITA and LIMB-NA variants, denoted as listening 1.0
and listening 1.5 in the plots. Because of the separate
association period, no prolonged association listening
was possible in the LIMB-EA variant.

For the line scenarios, figure 6 gives the channel uti-
lization for the different association listening durations,
showing almost no improvement. Figure 7 gives the FFD
energy consumption for the association duration lengths,
which shows a clearly increased energy consumption.
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Fig. 6. Mean channel utilization in line scenarios with 1 and 1.5
association slots.
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Fig. 7. Mean FFD energy consumption in line scenarios with 1 and
1.5 association slots.

The energy consumed by the RFDs, not shown because
of space constraints, remained unchanged.

However for the random scenarios, figures 8(a) and
8(b) illustrate the increased channel utilization, espe-
cially for LIMB-JITA more than 30% is gained. Figures
9 and 10 illustrate how this significant improvement
comes at the expense of FFD energy efficiency.

The difference between the channel utilization in-
crease in the line scenarios and the random scenarios can
be explained as follows. In the line scenarios, all FFDs
are in proximity of the sink node. As a consequence,
their clock will drift very little, a beacon transmitted by
the sink at the beginning of each cycle is almost always
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1.5 association slots.
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Fig. 9. Mean FFD energy consumption for 5 FFDs and varying
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Fig. 10. Mean FFD energy consumption for 5 RFDs and varying
number of FFDs in random scenarios with 1 and 1.5 association slots.

received. In the random scenarios however, a multi-hop
topology is formed where clocks of FFDs are likely to
drift more. As a consequence, in the random scenarios
prolonged association listening and more general clock
drifting resiliency will increase channel utilization.

When comparing the results for the line and the
random scenarios, prolonged association listening and
more general increased clock drift resiliency could be
considered a tradeoff between energy consumption and
channel utilization. However, the increased sensitivity to
clock drifting only arises in larger backbone networks,
and only for FFDs further away from the sink node.
Exactly those FFDs will relay less data for RFDs,
making more energy available for prolonged association
listening. As such, there is no real tradeoff, prolonged
association listening comes down to improving the situ-
ation for those FFDs susceptible to clock drifting.

IV. CONCLUSIONS

This work has analyzed two requirements to enable
mobility support in mobile BANs: location independence
and clock drifting resilience.

Location independence means that the different phases
of a TDMA transmission should be decoupled, to avoid
nodes having to remain in one location. In the LIMB
protocols, this is reflected in the requirement to let all
FFDs transmit acknowledgements rather than a subset of
all FFDs. Doing so, an RFD does not have to remain near
receiving FFDs for an acknowledgement. A simulation
study shows the increased channel utilization and only
slightly increased energy consumption when all FFDs
transmit acknowledgements.

Clock drifting arises in larger, multi-hop networks.
As a result, associations may be missed in the LIMB

protocols, as this part of the protocol is the most sensitive
to clock drifting. Because of the missed associations,
channel utilization decreases. Therefore, prolonged as-
sociation listening is introduced. It is shown by a simu-
lation study that for the dense line scenarios the channel
utilization does not improve, while energy consumption
increases. In the larger, more sparse random networks,
more clock drifting is present and the channel utilization
increases. Therefore, depending on the network topology
and the location of an FFD in this topology, prolonged
association listening should be enabled to increase chan-
nel utilization.

Both requirements are applicable to other TDMA or
hybrid TDMA-CSMA protocols where mobility should
be supported, as similar effects are expected to arise. As
such, the authors are working on an analysis of the IEEE
802.15.6 BAN standard with respect to mobility and the
application of the mechanisms outlined in this work.
Moreover, the results outlined in this work will have to
be tested in real-world scenarios when deployed in BAN
patient trials. As an intermediate step, the mobility model
of [14] is considered for implementation in the simulator
for a more realistic mobility simulation.
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[4] B. Latré, B. Braem, C. Blondia, I. Moerman, and P. Demeester,

“A survey on wireless body area networks,” Wireless Networks,
pp. 1–18, 2010.

[5] S. Ullah, H. Higgins, B. Braem, B. Latre, C. Blondia, I. Moer-
man, S. Saleem, and K. S. Kwak, “A comprehensive survey of
wireless body area networks: On phy, mac, and network layers
solutions,” Journal of Medical Systems, pp. 1–30, 2010.

[6] IEEE, iEEE 802.15 WPAN Task Group 6 Body Area Networks.
[7] L. Roelens, S. Van den Bulcke, W. Joseph, G. Vermeeren, and

L. Martens, “Path loss model for wireless narrowband commu-
nication above flat phantom,” Electronics Letters, vol. 42, no. 1,
pp. 10–11, Jan. 2006.

[8] M. Nabi, T. Basten, M. Geilen, M. Blagojevic, and T. Hendriks,
“A robust protocol stack for multi-hop wireless body area net-
works with transmit power adaptation,” in BodyNets 2010, 2010.

[9] M. Ali, T. Suleman, and Z. A. Uzmi, “Mmac: A mobility-
adaptive, collision-free mac protocol for wireless sensor net-
works,” in in Proc. 24th IEEE IPCCC05, 2005.

[10] B. Braem, P. D. Cleyn, and C. Blondia, “Node mobility support
in body sensor networks,” in ICST BodyNets2010. ACM,
September 2010.

[11] ——, “Supporting mobility in body sensor networks,” in
BSN2010. IEEE Computer Society, June 2010, pp. 52–55.

[12] H. Pham, D. Pediaditakis, and A. Boulis, “From simulation to
real deployments in WSN and back,” in WoWMoM 2007. IEEE,
2007.

[13] M. Nabi, M. Geilen, and T. Basten, “Moban: A configurable
mobility model for wireless body area networks,” in Proc. of

4th Intl Conf. on Simulation Tools and Techniques (SIMUTools),
2011.

93


