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typical WBASN platform, the radio transceiver consumes most
of the power. Radio activity is controlled by the medium access
control (MAC) layer, therefore it is necessary to design an ultra
low power MAC protocol that can meet the time constraints
of BSN.

Abstract—This paper presents a self organized asynchronous
medium access control (MAC) protocol for wireless body area
sensor (WBASN). The protocol is optimized in terms of latency
and energy under variable trafﬁc. A body sensor network (BSN)
exhibits a wide range of trafﬁc variations based on different
physiological data emanating from the monitored patient. For
example, electrocardiogram data rate is multiple times more
in comparison with body temperature rate. In this context,
we exploit the trafﬁc characteristics being observed at each
sensor node and propose a novel technique for latency-energy
optimization at the MAC layer. The protocol relies on dynamic
adaptation of wake-up interval based on a trafﬁc status register
bank. The proposed technique allows the wake-up interval to
converge to a steady state for variable trafﬁc rates, which
results in optimized energy consumption and reduced delay
during the communication. A comparison with other energy
efﬁcient protocols is presented. The results show that our protocol
outperforms the other protocols in terms of energy as well as
latency under the variable trafﬁc of WBASN.
Index Terms—wireless body area sensor networks (WBASN);
dynamic MAC protocol; trafﬁc-aware MAC protocol; adaptive
duty cycle MAC protocol; trafﬁc status register; optimized energy
and latency;

Time division multiple access (TDMA) based MAC protocols are generally considered as the most suitable for
WBASN [5]. In TDMA based schemes, time synchronization
of the frame and packets cost signiﬁcant delay and overheads
which results in extra energy waste. Each time slot is separated
with guard time which is necessary to avoid clock drifts
but this costs signiﬁcant delay in real-time high data rate
constraints. Moreover, the variability due to the huge trafﬁc
variations of different physiological signals being observed
demands complex synchronization and extra overheads.
In this regard, a novel latency-energy optimized MAC
protocol is proposed that allows each node to efﬁciently self
organize with respect to the trafﬁc variations of WBASN (we
call it trafﬁc-aware dynamic MAC (TAD-MAC) protocol). The
wake-up interval is the most important design parameter of
the duty cycle MAC protocols [6]. In our proposed technique,
every node adapts its wake-up interval (WUInt) dynamically
with due account of the amount of trafﬁc (i.e. data packets) it
receives and consequently optimizes the energy consumption
by reducing idle listening and unnecessary wake-up beacon
(WUB) transmission. Results show that the WUInt converges
to a steady state value after several wake ups for ﬁxed
trafﬁc and the proposed algorithm also converges very fast
whenever the data rate changes due to the variations within
the physiological data of monitored activity. Finally, a network
simulator (WSNet) is used for comparison with other low
power MAC protocols. Time spent by various protocols in
transmit Tx, receive Rx and Idle states are evaluated for ten
different nodes (connected on the body), for ﬁxed and variable
trafﬁcs.

I. I NTRODUCTION
A wireless body area sensor network (WBASN) has promise
to be the core of next generation information technology
(IT) infrastructure in health care sector [1]. WBASN can
be considered for various scenarios such as monitoring of
an individual patient from home, monitoring of few patients
from intensive care units and monitoring of many patients
from hospital wards. Importantly, different nodes connected
inside or on the body have great variation in terms of data
rate. For example, in an emergency room for heart patients,
continuous monitoring of electrocardiogram (ECG), oxygen,
body temperature and blood pressure could be required. In
such a case, the sensors connected for these purposes have
huge variations in their data transmission rate as presented
in [2].
WBASN is a special purpose wireless sensor network
(WSN), that typically consists of small network with singlehop communication through star or clustered-based topologies [3], [4]. Energy consumption is the most important design
constraint in WBASN as the sensors are powered by limited
battery. Moreover, the nodes that are implanted inside the body
require very high energy efﬁciency and longer lifetime. In a
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The rest of this paper is organized as follows. In Section II,
a state of the art on the MAC protocols is presented, followed
by the design and simulation results of latency-energy optimized MAC protocol presented in Section III. Performance
evaluation based on comparison with other energy efﬁcient
protocols are presented in Section IV. Finally, the paper ends
with the conclusion.
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II. S TATE OF

THE

A RT

sure, etc., depending upon the health state of a patient. [2]
presents a scenario-based trafﬁc model and gives details of
variation in the trafﬁc of human body signals through ten
different references which reinforce the strong need of trafﬁcaware dynamic MAC protocol that can adapt a sensor node
in an energy efﬁcient manner. In this regard, [18], which
is one of the proposal presented to WBAN Task Group,
proposes a trafﬁc-based secure WBAN MAC protocol. This
proposal considers three trafﬁc levels i.e. normal, on-demand
and emergency trafﬁc. Further the body network coordinator
(BNC) adjusts its wake-up schedule based on wake-up patterns
from low trafﬁc to high trafﬁc and vice versa. Moreover, it
utilizes wake-up radio for on-demand and emergency trafﬁc.
This proposed technique leads to extra hardware cost by
adding wake-up radio and second, it does not specify any
mechanism for the coordinator to adapt to the variable trafﬁc.
Therefore, there exists a strong requirement for a novel energy
efﬁcient trafﬁc-aware MAC protocol design for WBASN to
deal with the all types of variable trafﬁc that can reduce the
energy consumption and improve the latency.

In the context of energy efﬁcient MAC protocols, three
classes of MAC protocols are widely used in WBASN: the
preamble sampling protocols, protocols with common active
period and scheduled protocols. The channel polling approach
including low power listening or cycled receiver protocols are
part of a broader class of protocols called preamble sampling
protocols [6]. These protocols are most popular in distributed
asynchronous wireless sensor networks because there is no
requirement of synchronization and they are easily adaptable
to various applications. Preamble sampling category includes
energy efﬁcient MAC protocols such as Cycled Receiver
i.e. RICER (Receiver Initiated Cycled Receiver) [7], TICER
(Transmitter Initiated Cycled Receiver) [7], LPL (Low Power
Listening) [8], BMAC (Berkeley MAC) [8], XMAC [9],
WiseMAC [10], etc. These protocols reduce the cost of extra
overheads (in comparison with schedule based protocols) and
synchronizations by having single or multiple preambles. In
addition, a protocol such as WiseMAC can efﬁciently adjust
the duty cycle based on the ’wake up time’ of the neighbor
nodes, which results in a great reduction of idle monitoring,
preamble size and probability of collisions [10]. On the
other hand protocols with common active period such as SMAC [11], PMAC [12] and the T-MAC [13] introduce predeﬁned ﬁxed and variable periodic listening and sleep schedule
to avoid collision, overhearing and also reduce idle listening.
Finally, schedule based protocols such as IEEE 802.15.6 [14],
SS-TDMA [15], PicoRadio [16], etc., achieve energy efﬁciency by having contention free time slots at an extra cost
of synchronization.
With regards to MAC protocols for WBASN, various studies
exist in the literature. For example various proposals from
different research centers and companies were presented to
IEEE 802.15.6 TG6 (WBAN Task Group) in [17]. Similarly
[4] presents an improved IEEE. 802.15.4 MAC protocol with
an adjustment of beacon trafﬁc according to packet arrival
rate. The presented scheme performs better in terms of energy
consumption with regards to classical IEEE. 802.15.4. TDMAbased energy efﬁcient MAC protocol for WBASN presented
in [3] is based on centrally controlled synchronized protocols.
In this paper, master-slave based network topology is used,
where master is synchronized with slave based on time slots
for ﬁxed trafﬁc. However, in [5] after receiving a synchronization each node can transmit over multiple time slots to
increase the throughput and energy efﬁciency, but it demands
two level of synchronization (i.e. frame and packet) which is
costly in terms of delay and energy. For example, the guard
time required for packet synchronization is 4 ms in [5], which
is signiﬁcant in high rate signals such as medical images,
EMG, EEG, etc.
Very few papers in the literature explore the application
dynamics in context with variation in the trafﬁc rate for
different sensor nodes connected with the body. There exist
signiﬁcant variations in the data rate of the same monitored
parameter such as ECG, EEG, body temperature, blood pres-

III. A N OVEL E NERGY-L ATENCY O PTIMIZED MAC
P ROTOCOL
In the context of energy efﬁcient WBASN protocols, the
preamble sampling method is an attractive option for variable
trafﬁc [6], [19]. Preamble sampling MAC protocols are based
on non-scheduled mechanisms without any synchronization
among the nodes, which means that each node is completely
independent of its own active/sleep strategy. The general
mechanism of a preamble sampling protocol is shown in
Fig. 1. The initialization of the communication between sensors can be initiated by either a transmit or a receive node
(depending upon the speciﬁc protocol being used).

Fig. 1.

General mechanism of preamble sampling protocols.

Wake-up interval is the most important design parameter
in preamble sampling class of MAC protocols. For periodic
sensing, variable sensing or even event-driven applications it is
usually kept ﬁxed, which results in degrading the performance
as well as the energy efﬁciency. In [20], it was concluded
that adaptive wake-up interval can help to optimize the energy
consumption by reducing idle listening (which can consume
up to 100 times more energy in comparison with the rest of a
complete communication between transmit and receive nodes)
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and it is the most signiﬁcant energy waste in asynchronous
sensor networks. In this paper we propose a novel latencyenergy efﬁcient MAC protocol that adapts the wake-up interval
based on the trafﬁc variations to minimize the idle listening.

each individual node and reaches to a steady state as shown in
Fig. 2-b. The receive node (coordinator) has adapted its WUInt
schedule in such a way that idle listening is minimized and
consequently energy and delay are optimized. In order to cater
for the clock drift and hardware latencies, the receive node
sends the wake-up beacon (WUB) slightly after its scheduled
time to ensure that the intending transmit node is already
awake.
For the adaptation of WUInt, each node contains a trafﬁc
status register (TSR) bank as shown in Fig. 3 to keep the
trafﬁc status of all the neighbor nodes. TSR is divided into
two halves in order to consider dominant impact from the most
recent trafﬁc (which resides in the most signif icant (M S)
half) in comparison to relatively old trafﬁc (which is in the
least signif icant (LS) half). Each register corresponds to a
node and is updated on the reception of data in response to the
wake-up beacon sent by the receive node. If the receive node
receives data at time ti , the register (of that speciﬁc node) is
ﬁlled with a  1 and if it does not receive data, TSR is ﬁlled
with a  0 . The new status (either 1 or 0) is ﬁlled in the 1st
index of the register. The register contents are shifted one bit
right before inserting a new status. The receive node wakes up
and sends its beacon to the node which has the nearest WUInt
time. This beacon contains the information about the speciﬁc
node ID which should transmit its data.

A. Protocol Description
The basic principle of the proposed protocol which is
initiated by the receive node and based on a star topology
is shown in Fig. 2. The ﬁgure is divided into two phases
(i.e. before convergence and after convergence), that sketch
the results for the nodes attempting to transmit data (TxN1 to
TxN3) to a receive node R. During the evolution phase (shown
in Fig. 2-a) before reaching a steady state, each transmit
node (TxNi) waits for the beacon signal from the coordinator
before sending its data to the coordinating node. The beacon
transmitted from the coordinator contains the speciﬁc node ID
(Identiﬁer). Other intending transmit nodes continue to wait
for the next beacon if the next wake-up time is very close,
otherwise they can go to sleep mode and wake-up just before
the next wake-up beacon (WUB). The next wake-up time is
embedded inside the beacon frame that all the transmit nodes
receive, but only the speciﬁed node will respond with the data.

Fig. 3.
nodes.

Trafﬁc shift register bank: it contains N registers for N neighbor

As the node wakes up, it sends the wake-up beacon and
then it computes the next wake-up interval based on the TSR.
wake-up interval is updated for the time instant (ti + 1) based
on the values of W U Int, μ and e at time instant (ti ) as
W U Int(ti+1 ) = W U Int(ti ) + (μ(ti ) + e(ti )) · tref ·

(1)

In order to have unique reference of time among W U Int,
μ and e, tref is multiplied with μ and e, and it is deﬁned
with reference to the system/simulator clock. The update factor
μ(ti ) is calculated based on most signiﬁcant (X1 (ti )) and least
signiﬁcant (X2 (ti )) halves computations along with positive
constant weighting factor α as

Fig. 2. Energy-latency optimized MAC protocol is divided into two phases;
the evolution phase which is before convergence (a) and steady state phase
which is after convergence (b).

μ(ti ) = α · X1 (ti ) + (1 − α) · X2 (ti ),

After several wake-ups of the coordinating node for various
transmit nodes, the coordinator will adapt its wake-up interval
(WUInt) based on the statistics of the trafﬁc it receives from

(2)

where, α value ranges from zeros to one, X1 (ti ) and X2 (ti )
are
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X1 (ti ) =

N0,1
N1,1
· N c0,1 −
· N c1,1 ,
L/2
L/2

(3)

X2 (ti ) =

N0,2
N1,2
· N c0,2 −
· N c1,2 .
L/2
L/2

(4)

register bank to adapt its wake up interval according to the
trafﬁc of all the transmit nodes with the purpose to reduce
the energy consumption and latencies of all the nodes in the
network. The status register bank includes individual status
registers corresponding to each transmit node and accordingly
the coordinating node evaluates different wake-up intervals
for each transmit node. Moreover, the selection of a speciﬁc
transmit node (for the beacon transmission) is calculated at
the coordinator based on the immediate next wake-up-time of
a node among all the transmit nodes.
The algorithm is designed such that it converges to a
steady state value of wake-up interval when the TSR contains
a sequence of [10101010...] pattern. This typical sequence
seems the best trade-off between the optimal wake-up interval
[11111111...] (i.e. when each wake-up of the node is followed
with a successful data reception), and too frequent wake-up
[100010001...]. The optimal sequence contains the probability
that it may miss a data as soon as there will be a change in
the trafﬁc rate and will result in degrading the performance
whereas, the sequence [10101010...] ensures that no data is
missed as it can incorporate variable trafﬁc and afterwards
adapt to another wake-up interval in order to converge to
a steady state value. In this context, it is important to note
that too frequent wake-ups waste the energy consumption by
transmitting unnecessary wake-up beacons.

and

where, N0,j , N1,j , N c0,j and N c1,j are the number of
zeros, number of ones, occurrence of consecutive zeros and
occurrence of consecutive ones in Xj respectively, further, j
is either 1 or 2. The optimization parameter L is the length of
the TSR.
The adaptive wake-up interval algorithm is illustrated in
Fig. 4. After the weighting average algorithm computation of
the wake-up interval μ(ti ) through (2) to (4), a cross correlator is used to smooth the output of the weighting average
algorithm. The correlator is fed with the current contents of
TSR and it computes a correlation error after a comparison
with the reference patterns that can be either [10101010...]
or [11111111...]. The correlator provides the output error
either positive (which means that the TSR sequence contains
more zeros than ones, hence, the correlator output should
contribute to increase the wake-up interval) or negative (which
means that the TSR sequence contains more ones than zeros,
hence, the correlator output should contribute to decrease the
wake-up interval). Consequently it guides the adaptation of
wake-up interval towards the desired sequence. Finally, the
previous wake-up interval value is added with μ(ti ) and e(ti )
to compute the next wake-up interval at the output.

WUInt Convergence
Tx N1
Tx N2
Tx N3
Tx N4

700
600

WUInt (ms)

500
400
300
200

Fig. 4.

100

Adaptive system for wake-up interval algorithm.

0
0

In the proposed algorithm, the most inﬂuential parameter
is N c (occurrence of consecutive zeros or ones). Even though
there are multiple ones or zeros in the TSR they will not make
an impact on the update value of wake-up interval until there
are back-to-back zeros or ones. Multiple consecutive zeros
employ that the next wake-up interval should be increased
in comparison to the previous value, whereas multiple consecutive ones imply that the next wake-up interval should be
decreased.
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Fig. 5. Receive node adaptation with respect to transmit nodes based on the
wake-up interval for a ﬁxed data rate i.e. 1s. It is to mention here that the
reference clock increment is 1 (ms), therefore all the time values are in ms.

Fig. 5 shows the adaptation of the receive node wakeup interval towards a steady state value for four transmit
nodes. It can be seen in Fig. 5 that there exists an oscillation
pattern before reaching a steady state. This is due to the
fact that during the evolution phase the receive node receives
multiple data from the same transmit node (which means
multiple consecutive ones in the TSR), at that instant the wakeup interval value reduces signiﬁcantly. Similarly, during the
evolution phase, the receive node also receives multiple backto-back zeros in TSR, which results in an increase of wake-up
interval. After a certain number of wake-ups, the receive node
converges to a steady state. Fig. 5 shows that the wake-up
interval for all the transmit nodes converges to 500 ms within

B. Simulation Results
In this section simulation results of the proposed adaptive
wake-up interval algorithm are presented for ﬁxed and variable
trafﬁc. Let us consider a typical body area network with ﬁve
nodes connected on the body including a coordinating node.
The coordinating node acts as a receive node for all the
sensor nodes connected on the body to relay the information
to the local or remote monitoring station. It uses the status
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35 s for a ﬁxed trafﬁc rate of 1 s.

Optimization of TSR Length Vs Variable Traffic
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Optimization of Convergence Speed Vs Variable Traffic
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Fig. 7. Optimization of TSR length and corresponding convergence speed
for different data transmission rates.
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Fig. 6. Convergence of wake-up interval towards a steady state value for
variable sensing rates.

IV. P ERFORMANCE E VALUATION
In this section the energy and latency estimation of different
energy efﬁcient MAC protocols is presented for comparison.
The network simulator WSNet [21] is used to evaluate the time
spent by different MAC protocols in various states. Typical
WBASN exhibits huge variations in trafﬁc rates emanating
from various sensors connected on the body. For example,
there are 30 times more packets per second from ECG
monitoring in comparison to pulse rate or body temperature
monitoring [2]. The simulation setup consists of 10 nodes
including a coordinating node based on a star topology. The
simulation runs for 50 minutes. During the simulation, it is
assumed that the network trafﬁc follows Poisson distribution
and uses a Rayleigh fading channel model. Four different
physiological data are transmitted to the coordinator node,
these include ECG-compressed (10 packets/s), oxygen saturation (1 packet/s), temperature (1 packet/s) and heart rate (2
packets/s).
For the selected protocols, i.e. XMAC, RICER and our
latency-energy optimized MAC, the average time spent by
transmit and receive nodes are evaluated as shown in Table I. Idle listening is the main cause of latency and energy
consumption in all preamble sampling protocols. The energy
consumption is estimated based on the characteristics of the
widely used radio chip cc2420 [20].
XMAC [9] improves the energy waste by replacing the long
preamble with multiple short preambles that being transmitted
at short intervals and as soon as the transmit node receives
the acknowledgment from the destination, it transmits the data.
With these optimizations, XMAC reduces the idle transmission
cost as well as the overhearing cost. The transmission and reception time values are 0.0120 ms and 0.0128 ms respectively,
whereas the idle transmission time is 100.052 ms. RICER [7]
is a receiver initiated protocol in which the transmit node
waits for the wake-up beacon from the destination before
it transmits the data. The transmit node spends maximum
energy in idle listening (for waiting the wake-up beacon). The

Figure 6 shows the convergence of wake-up interval for
different trafﬁc rates (one example is highlighted here but
various variations of the trafﬁc rates are simulated which are
presented in Figure 7). The trafﬁc rate for node 1 and node 2
changes from 1 s to 1.5 s and 500 ms respectively whereas, for
node 3 and node 4 sensing rate remains ﬁxed i.e. 1 s during the
entire simulation. The proposed adaptive technique converges
to steady state values for all the trafﬁc loads.
In Figure 7, extended results are presented for very low
and medium-to-high trafﬁc rates. TSR Length is an optimization parameter, whereas initial wake-up interval value and
the weighting parameter α are two tuning parameters. After
several simulations with variations from (0.1 to 1.0) the best
value of α is found to be 0.7 (which remains constant during
different trafﬁc variations), whereas, the optimization parameters vary according to the trafﬁc rates. Generally, if the length
is too short, the convergence speed is faster, but in the case
of variable trafﬁc rates, the chance of convergence reduces.
On the other hand, too long TSR takes much longer time to
converge which is more energy consuming. The data packet
contains a ﬁeld called data-type which gives the information
about the trafﬁc rate whether it is burst, normal or very low
and accordingly as the trafﬁc switches, the receive node adjusts
the length of TSR.
It is worth mentioning that the above results after convergence to a steady state value consider zero energy consumption
due to idle listening but for the real-time physical implementation there will be very little energy waste due to clock drift
and hardware latencies. Also, the energy consumed by wakeup beacon transmission is reduced signiﬁcantly as the number
of unnecessary wake-up beacons are avoided through the
proposed technique. The proposed technique can be applied to
both transmitter initiated and receiver initiated MAC protocols
of preamble sampling category for various applications.
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TABLE I
E NERGY CONSUMPTION AND LATENCIES OF X-MAC AND RICER PROTOCOLS VERSUS TAD-MAC UNDER VARIABLE TRAFFIC OF WBASN.

States
T x.
Rx.
Idle
T otal

X-MAC [9]
Energy (J)
Latency (s)
6.5 × 10−7
1.2 × 10−5
−7
7.5 × 10
1.2 × 10−5
5.1 × 10−3 1.0 × 10−1
5.1 × 10−3
1.0 × 10−1

RICER [7]
Energy (J)
Latency (s)
3.7 × 10−5
7.3 × 10−4
−5
4.3 × 10
7.3 × 10−4
3.0 × 10−3 5.1 × 10−2
3.0 × 10−3
5.2 × 10−2

TAD-MAC
Energy (J)
Latency (s)
3.7 × 10−5
7.3 × 10−4
−5
4.3 × 10
7.0 × 10−4
0.1 × 10−3 2.5 × 10−3
0.2 × 10−3
3.9 × 10−3
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transmission and reception time values are 0.73 ms and 0.73
ms respectively, whereas the idle transmission time is 51.3 ms.
The transmission and reception time values for our proposed
protocol are 0.73 ms and 0.71 ms respectively, which is nearly
the same as other protocols but the idle transmission time is
only 3.2 ms which results in signiﬁcant improvement of packet
delay. Further the energy consumption of the different MAC
protocols is also illustrated. After optimizing the idle listening
it can be seen that our protocol consumes 15 to 25 times
less energy in comparison with RICER and XMAC protocols
respectively.
Finally, a small comparison with energy efﬁcient low duty
cycle TDMA-based protocol [5] is presented. It considered a
TDMA frame of 1 s, packet size of 1250 bits with 80 bits
of overhead sampling rate of 125 samples/s. It achieves 4.51
% duty cycle but each node requires 48.3 ms to completely
transmit its data packet. This total time includes; packet
transmit, waiting time, ACK. received and guard time, which
is much more in comparison with our TAD-MAC protocol
under ECG transmission at 1.2 kbps.
V. C ONCLUSION
In this paper we proposed a novel latency-energy optimized
MAC protocol that allows the sensor nodes to adapt themselves efﬁciently according to the trafﬁc. Each node has a
trafﬁc status register bank (TSR-bank) which contains the trafﬁc status according to the data received from all the neighbor
nodes. A body area network with star topology is considered,
which is suitable for both invasive and non-invasive BAN.
First, the simulation results of ﬁxed and variable trafﬁc are
presented, it is shown that the wake-up interval converges
efﬁciently to a steady state value for different trafﬁc rates.
Optimization parameter TSR Length is adjusted in order to
obtain fast convergence and its values for various variations
of trafﬁc rates are presented. Second, performance evaluation
of different energy efﬁcient preamble sampling MAC protocols
for WBASN are presented. Proposed protocol outperforms the
other protocols in terms of energy and latency under variable
trafﬁc.
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