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Abstract 

 
Recently, the use of wireless body area networks (WBAN) has been increasing rapidly in 

medical healthcare applications. WBANs consist of smart nodes that can be used to sense and 

transmit vital data such as heart rate, temperature and ECG from a human body to a medical 

centre. WBANs depend on limited resources such as energy and bandwidth. In order to utilise 

these resources efficiently, a very well organized medium access control (MAC) protocol must 

be considered. In this paper, a new, adaptive and energy-efficient MAC protocol, entitled 

isMAC, is proposed for WBANs. The proposed MAC is based on multi-channel 

communication and aims to prolong the network lifetime by effectively employing (i) a 

collision prevention mechanism, (ii) a coordinator node (WCN) selection algorithm and (iii) a 

transmission power adjustment approach. The isMAC protocol has been developed and 

modelled, by using OPNET Modeler simulation software. It is based on a networking scenario 

that requires especially high data rates such as ECG, for performance evaluation purposes. 

Packet delay, network throughput and energy consumption have been chosen as performance 

metrics. The comparison between the simulation results of isMAC and classical IEEE 

802.15.4 (ZigBee) protocol shows that isMAC significantly outperforms IEEE 802.15.4 in 

terms of packet delay, throughput and energy consumption. 

 
 

Keywords: Wireless Body Area Networks, Energy Efficiency, Medium Access Control, 

Multi-channel Communication. 
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1. Introduction 

Today, manufacturing small-sized and battery-powered smart wireless sensor nodes is 

possible as a result of the improvement in electronic and sensor technologies. More than one 

sensor node can be deployed on a human body, and connected to a wireless network 

coordinator node in a WBAN. These devices allow continuous and reliable health monitoring 

and real-time feedback to the user or to medical professionals. Moreover, the measurements 

and computations can be logged over an extended period of time to observe the patient’s 

health progress [1-3]. Sensor nodes generally measure one or more physical or biological 

signals from the environment in which they are deployed. Other than sensing features, 

wireless sensor nodes have the ability to collect data from environment, (i.e. the human body 

in this study) process it and transfer it to a specified destination 

WBANs have great potential in terms of medical technology and its applications. Numerous 

researchers, both from industry and academia, have been studying several issues associated 

with WBAN applications for many years. WBANs offer a wide range of uses in medical 

applications. For instance, sensors can provide remote health monitoring of elders or chronic 

disease patients without affecting their daily routines. WBANs require an efficient use of 

limited energy sources; especially those implanted in the human body have a limited amount 

of energy, and in need of saving power to maximize their lifetime. In general, a WBAN is 

designed as a single-hop network using star topology with a WCN, communicating with a 

number of smart nodes placed in the near vicinity (usually less than 1 m). The WCN should 

have adequate transmission power because it is responsible for the collection and transmission 

of gathered data from the sensor nodes to the Central Node (CN) located remotely from the 

WBAN [4]. Although a personal WBAN zone is around an individual, and is typically 

considered to have a diameter of 3 meters, body-worn wireless sensors are capable of 

communicating with each other up to a distance of 10 meters [5]. 

However, in daily life, two people and even more can easily be present in a smaller area than 

3 meters-diameter, causing signal interference among the WBAN member nodes if the nodes 

are communicating on the same frequency. Such interference results in collisions and packet 

loss. Therefore, nodes need to send the same data repeatedly, despite causing an increase in 

network traffic and reducing network throughput. In order to prevent collisions due to the 

signal interference and prolong the network’s life, we propose a new MAC protocol (isMAC), 

using channel hopping and a WCN rotation mechanism. 

The isMAC scheme is a “many to one communication” approach, using two-tier star 

topology. It supports the periodic data-gathering applications even if sensor nodes have 

different time intervals. To provide the energy balance among the sensor nodes, it selects a 

WCN based on three metrics: current energy level, how many times the sensor node works as 

a Coordinator Node (NWCN), and sensor node priority (SNP). The key features and benefits of 

the isMAC are as follows: 

 Multichannel TDMA approach to reduce collisions 

 No need to queue message packets for member nodes  

 Collision preventing mechanism 

 Limited contention period 

 Low End-to-End packet (EED) delay  

 High throughput values. 

The rest of the paper consists of four main sections. In Section 2, the related works are 

presented. In Section 3, the isMAC is explained in detail. An example of the networking 

scenario utilizing the proposed isMAC is presented in Section 4. The comparative 
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performance evaluation of isMAC is illustrated in Section 5. Finally, the conclusions are 

presented in Section 6. 

2. Related Work 

The four main MAC techniques used in sensor networks are Code Division Multiple Access 

(CDMA), Frequency Division Multiple Access (FDMA), Carrier Sensed Multiple Access 

(CSMA) and Time Division Multiple Access (TDMA). Of these schemes, CDMA requires 

high computational resources whereas FDMA needs complicated hardware. CSMA does not 

support dense network traffic, and TDMA has synchronization obligations [6].  

Because of the high demand for CDMA and FDMA protocols, the TDMA or CSMA 

approaches are more suitable for WBAN applications. TDMA-based MAC protocols, 

especially in medical applications, usually have better performance than CSMA-based 

protocols with the exception of dynamic network topology [7]. Hence, we prefer the 

CSMA-based contention period in the setup phase, and TDMA infrastructure for the 

communication phase, in order to minimize collisions, overhearing and idle listening.  

Many studies can be found in the literature with regard to MAC protocols for WBANs 

[8-14]. Issues related to energy efficiency are also discussed comprehensively in some surveys 

[15-18]. Several studies are theoretical in nature, and some others are related to practical 

medical data-gathering applications [19-23]. Although many works are interested in energy 

efficiency, only a few works consider inter-user signal interference, user mobility and 

multi-channel solutions. 

De Silva et al. [24] investigated the inter-user interference effect for WBANs when they are 

placed in the same vicinity. Their work particularly deals with trying to understand the impact 

and significance of this effect showing that in the presence of five or more highly-rate BSNs in 

the same environment, the Packet Delivery Ratio (PDR) can fall to as low as 65%; moreover, 

inter-user interference causes the PDR to reduce dramatically - by almost 35% in cases of 

eight or more BSNs. 

Marinkovic et al. [25] presented a TDMA-based energy efficient MAC protocol especially 

designed for inter-BAN communication. The protocol exploited the fixed network structure of 

WBAN to implement an effective TDMA strategy that resulted to be quite efficient for crucial 

medical applications, as it minimizes collisions. On the other hand, due to the static network 

topology, we presume it may not respond well to a dynamic network topology. 

Timmons et al. [26] proposed an adaptive energy-efficient MAC protocol (MedMAC) 

based on contention-free TDMA channels, which supports implantable and body-worn 

devices. The simulation results show that MedMAC outperforms IEEE 802.15.4 for low and 

medium data rate applications; however it is not efficient for high data rate medical 

applications.  

Using a flexible bandwidth allocation method, Fang et al. [27] developed a TDMA-based 

MAC protocol (BodyMAC) for WBANs in order to improve energy efficiency. In this 

protocol, CSMA/CA is utilized in the uplink frame of the Contention Access Period (CAP), 

which is not a reliable scheme due to its unpredictable Clear Channel Assessment (CCA) and 

collision problems, resulting in restriction of the total throughput. 

Lee et al. [28] suggested a multi-channel management protocol and a distributed, 

beacon-enabled algorithm to achieve aggregate throughput and channel efficiency by 

reserving the channel using one-to-one mapping between the beacon slot and the data channel. 

It was based on single MAC for two different physical layers, requiring a control channel. 
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However, it was not proposing any proper solution for the WBANs coexisting in the same 

vicinity. 

Ullah and Kwak [29] recommend a Ta-MAC protocol utilizing traffic information to enable 

low-power communication. Even though delay in Ta-MAC is minimized compared to other 

MAC protocols, and it is reliable for normal and emergency traffic, a special out of band radio 

for each node is required to use this protocol in real world applications. In our protocol, for 

emergency traffic, a CN needs just a separate transceiver to listen to the 16th channel. 

The Reservation Based Dynamic TDMA (DTDMA) [30] protocol uses slotted ALOHA in 

CAP field of a super frame to reduce collisions and enhance power efficiency. Through the 

adaptive allocation of slots in a DTDMA frame, WBAN's coordinator adjusts the duty cycle 

adapted to the traffic load. Compared to IEEE 802.15.4 MAC protocol, DTDMA is more 

dependable in terms of a lower packet drop rate and low energy consumption. It does not 

support emergency or on-demand traffic. However, the 16th channel is reserved for 

emergency traffic in our protocol.  

 Heinzelman et al. [31] introduced a clustering-based protocol (LEACH) that effectively 

uses randomized rotation of local cluster base stations. A cluster in a network consists of one 

cluster head and a number of ordinary nodes, and each ordinary node directly communicates 

with the cluster head. Also, there is a single base station that only communicates with cluster 

heads. Direct communication involving high transmission power is used to ensure that the 

cluster heads can reach the base station. Due to hardware and energy constraints of simple 

sensor nodes, the computation of complex algorithms is extremely difficult. Nevertheless 

WCN rotation algorithm is adapted to the isMAC protocol in order to distribute the energy 

usage among the member nodes of the WBAN. 

Most of the WBAN studies mentioned above use a single channel communication technique 

that is not suitable for mobile and dense WBANs [8-12, 24-25, 29]. Taking into account 

multi-channel protocols usually require channel management, complex frequency calculations 

and special hardware [28], our study conversely aims to respond to the communication 

problems associated with portable and dense WBANs which are composed of commercially 

available mobile sensor nodes using limited resources in the most efficient way. In addition, 

isMAC has three main features: multi-channel architecture, WCN rotating, and collision 

preventing mechanisms. 

3. isMAC, The Proposed Adaptive and Energy-Efficient MAC Protocol 
Based on Multi-Channel Communication 

This section consists of three fundamental issues, each of which is explained briefly in the 

following subsections. 

3.1 isMAC Communication Infrastructure 

The principal reasons for wastage of energy can be expressed in terms of six notions - 

collisions, packet retransmission, overhearing, protocol overhead, idle listening and traffic 

fluctuation. From this point of view, a well-designed MAC protocol should avoid such waste 

of resources while sustaining maximum throughput, minimum latency and communication 

reliability.  

Considering all these factors, we propose an effective solution to maximize energy 

efficiency. Our presented protocol has two primary goals: (i) to prolong the network lifetime 

by rotating the WCN role among WBAN member nodes and by using different transmission 
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powers for the WCN and WBAN member nodes, (ii) to prevent packet collisions during 

intra-WBAN and inter-WBAN communication.  

In a WBAN, collisions are the main cause of unnecessary energy consumption, and should 

be minimized. They occur when some of the WBANs using the same channel come close to 

each other, causing signal interference during data collection and transmitting process. Our 

approach offers a channel-hopping method that aims preventing such types of collisions, and 

ensuring sustainable communication on a free channel. The development of a new 

multi-channel communication protocol may reduce packet collisions and hence increase 

channel efficiency.  

TDMA approach has been adopted because of its suitability for star topology by means of 

minimizing overhearing, reducing packet retransmission and idle listening. The central node 

(CN) in a cluster assigns a time slot for each WCN. To ensure the quality of service (QoS), the 

CN can allocate non-sequential multiple time slots for a WBAN according to its nodes’ 

requirements. The development of a new multi-channel communication protocol may reduce 

this kind of inefficiency. It should support data transmission among the nodes should be 

supported so that their radios are active only at the right time in order to avoid collisions.  

In WBANs, as wireless nodes are placed on, in or around human bodies, the Specific 

Absorption Rate (SAR) values should be considered carefully. isMAC protocol minimizes 

localized SAR into the body, by adjusting all nodes’ transmission powers according to their 

destination [17].  

3.1.1 Intra-WBAN and Inter-WBAN Communication 

In Fig. 1, four people are represented as four distinct WBANs. Dashed circles indicate the 

communication territory of the WBAN member nodes for each person; and, large coloured 

circles around the dashed ones represent the communication region of each WCN. The 

intersection of the large coloured circles of each individual shows the probability of signal 

interference between WCNs. Nevertheless, our model prevents collisions because it selects a 

dedicated time slot for each WCN that leads to a very low probability of packet collisions. If 

there is a collision between different WBAN member nodes, their inter-BAN communication 

channel is changed by the WCNs according to a predefined collision prevention method. 
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Fig. 1. Intra-WBAN and Inter-WBAN communication scheme 

 

For intra-WBAN communications, WCNs gather data from sensor nodes right before 

transmitting them to the CN in order to send up-to-date data. For emergency situations, a CN 

just needs a separate transceiver to listen to channel 16; thus, taking immediate action is 

possible. 

3.1.2. Frame Structure 

Fig. 2 describes the communication infrastructure for the proposed MAC layer. At first, the 

CN broadcasts a beacon for all WCNs; then, the contention period begins. During this period, 

each WCN sends a participation request to the CN in order to become involved in the new 

communication frame.  

The operation of the suggested MAC protocol is separated into two stages. Each stage starts 

with a setup phase, followed by a transmission phase. In the setup phase, a WCN is determined 

as follows: 

Each node starts listening to the information channel (the 15th channel) after sensor nodes 

are awoken. Each node sends “hello” packets consisting of the sensor node’s ID, WBAN ID 

and SNP. If a node has the lowest priority level for its WBAN ID, it becomes the WCN and 
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starts playing the “WCN role”. Other nodes are informed about the WCN node by the 

coordinator node itself. Otherwise, it becomes a member node and continues listening to the 

WCN in order to attend the new contention period.  

Then, the WCN begins listening to the CN during the contention period. Soon after the CN 

sends a beacon, all WCNs join the contention period and use their own time slots in order to 

send gathered data packets from member nodes to the CN. The CN collects all join requests 

then allocates a dedicated slot for each WBAN randomly. After this reservation process, all 

WCNs know their exact transmission order (time slot), their communication channels to the 

WBAN inter-communication channel, and send a beacon to their member nodes in order to 

collect data, just like the CN does, before time slot arrives.  

 
Fig. 2. The communication infrastructure for proposed MAC protocol 

 

In Fig. 2 tn represents the start and stop times of packet transmission for BANs. In our 

scheme, for instance, the collision may occur between BAN1 and BAN2 only if the following 

conditions are fulfilled at the same time.  

 Condition 1: Both BANs use the same channel for inter-BAN communication. 

 Condition 2: t1 must be less than t3. 

 Condition 3: t2 must be more than t3. 

Otherwise, the probability of a collision between these two BANs equals zero because of 

the proposed multichannel TDMA approach. 

3.1.3. The Operation Cycle of a Sensor Node in isMAC Protocol 

Flowchart in Fig. 3 displays the operation cycle of a sensor node for the proposed protocol. 
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Fig. 3. The operation cycle of a sensor node in isMAC protocol 
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3.2 isMAC Channel Management 

In isMAC model, the 16th channel is reserved for WCNs and the CN. The 15th channel is also 

reserved as an information channel through which only WCNs transmit information packets, 

which include Node ID, WBAN ID and WBAN’s current communication channel.  

Actually, using the 15th channel as an information channel is not compulsory. However, 

there should be a predetermined information channel that is never used for inter-BAN 

communication. For this reason, we prefer to use the 15th channel as the information channel 

in our model.  

If a member node has data to send, and does not know its current WBAN communication 

channel, it begins listening to the 15th channel and keeps waiting for the information packet to 

be sent by its WCN. After receiving WCN information via this channel, it immediately joins 

the inter-BAN contention period. 

Many multi-channel supported models have a central coordinator unit, which assigns idle 

channels for communication devices. However, free channel management is not necessary for 

isMAC protocol because, when a collision is detected by a WCN, it changes the inter-BAN 

communication channel to avoid repetition of the collision [28]. 

3.3 isMAC Collision Preventing Mechanism 

One of the problems that directly affect the quality of communication is collision during 

packet transmission. The overlapped dashed circles in Fig. 1, show - that is, when the distance 

between the individuals involved is less than 3 meters - the possibility of collision and data 

loss. The moments of potential collision are also indicated in Fig. 2. 

There are two ways to reduce collisions when using multi-channel supported TDMA-based 

protocols. The first way is to change the time slots, while the second way is to assign a 

different communication channel. In the first method, if there is a collision, the time slot of the 

WBANs whose packets are in collision can be changed by the CN. In our approach, the CN 

assigns time slots according to the complete sharing policy for each WBAN minimizing 

repetition of collisions. In the second method, if there is a collision, the WCN assigns a 

different communication channel for the related WBAN. 

However, if the number of communication channels is less than the number of WBANs that 

are in close proximity to one another, a channel switching mechanism is required. The 

proposed channel switching mechanism is so simple and effective that it can be easily realized 

using (1).  

In isMAC protocol, if the WCN detects a collision during data gathering process or gets a 

packet which contains different WBAN ID, it distinguishes that there is another WBAN in the 

communication area. Thus, a new set of inter-WBAN channels is calculated according to (1). 

After sending the collected data to the CN, WCN informs its member nodes about the newly 

determined channel. Then, all the WBAN members switch to the new channel.  

The parameters and the equation used to compute the new communication channel are as 

follows: 

NoC: Number of communication channels 

Chnew: New Communication Channel 

WCNid: WBAN Leader Node ID 

Wid: WBAN ID 

Chnew = (WCNid + Wid) Mod (NoC-1) (1)  
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Traditional multi-channel MAC protocols need to employ a channel manager device, and a 

channel allocation mechanism which is generally managed by a central coordinator node. To 

prevent collisions among different WBANs, a dedicated control channel should be used. 

Otherwise, all neighbour nodes should know their neighbours’ communication channels to 

avoid using the same channels. Hence, they should continuously send each other information 

packets, containing their communication channel information. 

All methods mentioned above cause the network load to increase unnecessarily. Contrarily, 

isMAC protocol does not need a channel coordinator or a dedicated control channel.  

3.4 The isMAC WCN Rotation Mechanism 

Basically, WCN rotation mechanism is used to share the energy consumption evenly among 

all member nodes, and to extend the lifetime of the whole network. In a WBAN, WCN has 

some special properties: (i) it needs more transmission power to reach the CN, (ii) its radio is 

on much longer than any other member node. Therefore, if all nodes have the same battery 

power, WCN’s battery is consumed much faster than the other members’. When the battery is 

flat, WCN cannot send or receive data packets. This situation causes all WBAN members to 

lose the communication capability over the network. We designed a WCN selection and 

rotation mechanism in order to minimize this type of battery problem, and to utilize the battery 

recovery effect [32]. 

In our protocol, depending on the SNP parameter, WBANs normally know beforehand which 

node will be the next WCN. However, according to the network conditions such as unexpected 

battery depletion or malfunction, it may be necessary to select a new WCN by taking into 

account the three major parameters. These parameters are used to select the most appropriate 

WCN and can be listed according to their priority of usage in terms of residual energy level 

(ERES), number of WCN (NWCN), and SNP levels. The residual energy level (ERES) is utilized in 

such a way that the node that has the highest ERES value is chosen as the WCN.  

The second parameter is the NWCN, which represents the number of times a node has 

previously worked as a WCN. If two or more nodes have the same maximum residual energy 

levels, the node whose NWCN is smallest will be chosen as the new WCN.  

The last parameter SNP is utilized when the ERES and NWCN values of two or more nodes are 

equal. The sensor node with the smallest SNP is chosen as the new WCN. SNP parameter is 

determined according to the importance and the type of the data to be sensed. For example, 

ECG data is more crucial than body temperature data; thus, the sensor node that measures 

heart signals has a higher SNP value than the sensor node measuring body temperature. 

 A WCN should be changed after a predefined NWCN threshold value, according to the 

criteria mentioned above. In our case, the NWCN threshold value is specified as 20. 

According to our MAC scheme, as all WBANs use star topology, WCN or WBAN 

membership is the role that all WBAN sensor nodes need to be responsible for and, therefore 

WCN is changed periodically. The scheme aims to reduce idle listening as well as the 

probability of collisions in order to gain serious power savings. 

3.5 The Simulation Model of isMAC 

A simulation model has been developed to demonstrate isMAC protocol performance using 

OPNET Modeler software. Fig. 4 demonstrates the hierarchical scheme for this simulation 

model.  

In our WBAN model, five different WBAN nodes are employed in order to collect the data, 

each of them sending the gathered data to the CN in predetermined periods. 
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In OPNET, a networking scenario is composed of a number of sub-models. From top down, 

it can be described as (i) network model, (ii) node model, and (iii) process model. The network 

model specifies the topology to be used. The node model describes the specialities of the nodes 

in the network model using modules. Lastly, the process model is executed utilizing proto-C 

codes embedded in the modules. Seven modules and interconnecting transmission lines are 

shown in the node model of a WBAN. In this model, the “source module” is used for 

producing the data packets that come from the upper layer to the MAC layer, while the 

“statistics module” is employed for calculating the data packets sent by other nodes and for 

keeping statistics. “Rx” and “Tx” modules are deployed for both inter-BAN and intra-BAN 

communication while the “MAC module” is used for defining the wireless medium access 

protocol. 

 

 
Fig. 4. Hierarchical scheme for the developed simulation model 

 

The OPNET Modeler software does not have a specific statistical feature to indicate the 

energy consumption values. Therefore, the following parameters and equations (2-8) are used 

to calculate them. 

 

Network Topology WBAN Model

Node Model

Process Model
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PL: Packet Length PSleep: Sleep Power 

Td: Data Rate NoS: Number of Total Slots (total time/slot size) 

PRx: Receive Power  NoT: Number of Transmission Slots 

PTx: Transmission Power  NoR: Number of Receive Slots 

Pidle: Idle Power  TI: Total Idle Time 

 

 

    
  

  

    
(2) 
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                (4) 

 

            (5) 

 

            (6) 

 

                              (7) 

 

                 +               (8) 

4. The Application of isMAC in an Example Networking Scenario 

 In a sample networking scenario, the parameters of the MICAz sensor nodes are utilized for 

comparison purposes assuming that identical nodes are used in each WBAN. Also, different 

sensor types are also used to measure different physical signals. Each node, placed on a person 

measures distinct physical data according to the sensor type, and each has a different priority 

value. 

This example supposes that two or more nodes are placed in a WBAN, and these WBAN 

nodes can communicate with the WCN in a WBAN area by using the lowest possible 

transmission power. However, the highest transmission power should be used only to obtain 

the maximum communication distance between the WCN and the CN. Our WBAN nodes, 

which use 16 non-overlapping frequency channels in a half-duplex mode, are capable of 

changing transmission power between -10dBm and 0dBm. If a node is chosen as a WCN, it 

changes the transmission power to the maximum level (0dBm). On the other hand, if it is a 

member node, it sets the transmission power to the minimum possible level (-10dBm). This 

approach reduces unnecessary energy consumption during data transmission [33]. 

Fig. 5 demonstrates a map of randomly moving individuals, who are located within a certain 

area (100m x 100m), possessing WBANs. The dashed circles represent the effective 

communication zone for each WBAN member node. A computer wired to the CN gathers all 

data packets from WBANs and transmits them to a server on the internet. Thus, all medical 

information can be obtained by a third person (doctors/medical consultants/caregivers, etc.) 

via any internet-connected remote device. 
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Fig. 5. Intra-WBAN interactions in proposed scheme 

 

In our scenario, simulation is carried out using all parameters given in Table 1 according to 

the following model assumptions: 

 
Table 1. Simulation parameters 

Number of WBAN 5-40 

Number of Sensor Node in 

A WBAN 

5 

Simulation time 3600 sec 

Slot Length (Intra WBAN) 5 msec 

Slot Length (Inter WBAN) 15 msec-25 msec 

Frequency Band 2400 MHz to 2483.5MHz 

Data Rate 250 Kbps 

 PTx 33mW    (-10dBm)  

42mW    (-5dBm) 

52.2mW (0dBm) 

PRx 59.1mW 

Pidle 60 µW 

Psleep 3µW 

Number of Channel  16 

Channel model Free space propagation model (LoS) 

 

Model Assumptions 
 In a WBAN, each node has a different type of sensor and priority value according to 

the sensed data. Critical data has higher priority than non-critical data. 

 All nodes in a WBAN are identical and energy-constrained. 

 Each sensor node has a unique node and WBAN ID 

 Each WBAN has only one WCN at the one time. 

 The CN is stationary and placed at a distance from the WBAN area. 

 All WBANs are mobile and move randomly. 
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 Each node senses the environment at different time intervals and always has a data 

packet to send to the CN. 

 All member nodes should use minimum transmission power (-10 dBm), and only 

WCNs can use the maximum transmission power (0 dBm). 

 Packet structure 

o Source Node ID= 1 Byte, 

o Destination Node ID= 1 Byte, 

o WBAN ID= 1 Byte, 

o Node Priority= 1 Byte, 

o Data= 20 Byte,  

o CRC= 1 Byte. 

Table 2 presents the medical applications used in the example scenario and their 

requirements, such as data rate, bandwidth and accuracy. 

 
Table 2. Medical sensor types and data rates [15] 

Application Data Rate Band Width Accuracy 

ECG (6 probes) 71 Kbps 100-500 Hz 12 bit 

Oxygen Saturation (SPO2) 16 bps 0-1 Hz 8 bit 

Glucose 1600 bps 0-50 Hz 16 bit 

Temperature 120 bps 0-1 Hz 8 bit 

Movement sensor 35 Kbps 0-500 Hz 12 bit 

5. Performance Evaluation and Numerical Results 

The average EED, which is based on the number of WBANs in the example scenario, can be 

seen in Fig. 6. In both protocol models, the number of WBANs has been increased from 5 to 

40, and the EED values have been obtained. According to Federal Communication 

Commission (FCC) rules, a device should join the network within 1 second in an emergency 

situation [17]. This is the main reason for limiting the maximum number of WBANs to 40. The 

simulation results obtained by using five BANs show that the EED value is about 8 

milliseconds for the ZigBee model [34] and it is under 4 milliseconds for the isMAC model. If 

the number of WBANs is increased up to 40, the EED value rises to 18 milliseconds for the 

ZigBee model, but remains the same for the isMAC model. For the proposed MAC model, 

EED value obtained covers the period of all data collecting operations, including transmission 

to the CN; whereas, it represents only the period of data gathering from the WBAN member 

nodes to the WCN in the ZigBee model due to model limitations. In this case, it can be 

evaluated as isMAC protocol has better EED values compared to a model using the ZigBee 

protocol. For an ideal MAC protocol, having low and stable EED values is highly desirable. 
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Fig. 6. The average end-to-end delay versus the number of BANs 

 

Fig. 7 indicates the energy consumption of the WCNs for both MAC protocols, based on the 

number of WBANs. The energy consumption of each model is calculated using (8). The main 

reason for the decrease in energy consumption in the ZigBee model is the reduction in the 

number of packets transmitted. If five different WBANs exist in a network, the energy 

consumption of each WCN equals 6.75 joule, and when the number of WBANs is increased to 

40, the energy consumption declines to 3.78 joule per WCN. In the isMAC model, the energy 

consumption each node is approximately equal, and is about 2 joule in each case. As seen in 

the graph it should be stressed that the energy consumption of a member node in a network 

using the isMAC protocol is much lower than that of the network utilizing the ZigBee protocol; 

since ZigBee does not have a time-based structure, and it always uses the same node as a 

WCN. 
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Fig. 7. The node energy consumption versus the number of WBANs 

 

Fig. 8 presents the total throughput value of the network versus the number of WBANs. In 

isMAC, it is assumed that a packet is sent at the beginning of each time slot whereas in the 

model using the ZigBee protocol, the packet inter-arrival time is equal to the time slot length 

of isMAC. In that model, when five WBANs exist in a network, the total throughput value is 

about 0.5. If the number of WBANs is increased to 40, then the total throughput value drops to 

0.3. Likewise, in isMAC, the throughput value almost equals 1, due to the re-installation 

operation of the WBAN structure. The ZigBee protocol contains a contention-based time 

interval. For this reason, it never exceeds the throughput value of 0.5 during the simulation. 

The results obtained prove that the isMAC has higher throughput values, and these are valid 

and stable for any numbers of WBANs. Therefore, isMAC can meet the WBAN requirements 

as all network resources are used efficiently. 

In isMAC model, the TDMA approach and the free space propagation model are used 

together to keep packet loss to a minimum. The main reason why the remaining EEDs are 

constant is that all member nodes collect medical data just before sending packets to their 

WCN. Continuous change of WCN enables the energy consumption to be evenly balanced 

among all nodes, and extends the lifetime of the whole network. Although small fluctuations 

can be observed, almost all results are satisfactory. Obtaining high-throughput values and low 

collision rates is possible by using a well-designed multichannel TDMA approach, which has 

a very limited contention period and low probability of collision, since each node has its own 

time slot in which to transmit and receive data packets. 
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Fig. 8. The total throughput versus the number of BANs 

6. Conclusion 

WBANs are one of the recent growth areas with regards to sensor network applications in 

healthcare. Energy efficiency has great importance for battery-powered WBANs because of 

the limited energy source. For this reason, the efficient usage of energy directly affects the 

lifetime of the network. Hence, the MAC layer is the most effective place to ensure energy 

efficiency.  

With this work, we have proposed a new, adaptive and energy-efficient MAC protocol 

based on multi-channel communication for WBAN. Our MAC protocol aims extending the 

network’s lifetime by employing a collision prevention mechanism, a coordinator node (WCN) 

rotation mechanism and a transmission power adjustment method. We have developed, 

modelled, and simulated the proposed MAC protocol by using OPNET Modeler simulation 

software. Also, we utilized isMAC in an example scenario within the simulation presenting 

the results and comparing it with the classical IEEE 802.15.4 (ZigBee) protocol. In conclusion, 

the results obtained from the simulation demonstrate that isMAC outperforms IEEE 802.15.4 

in terms of packet delay, throughput and energy consumption. 

References 

[1]  S. Park and S. Jayaraman, “Enhancing the quality of life through wearable technology,” IEEE 

Engineering in Medicine and Biology Magazine, vol. 22, no. 3, pp. 41-48, 2003. Article (CrossRef 

Link) 

[2]  A. Milenkovic, C. Otto and E. Jovanov, “Wireless sensor networks for personal health monitoring: 

issues and an implementation,” Computer Communications, Elsevier, vol. 29, no. 13-14, pp. 

2521-2533, 2006. Article (CrossRef Link) 

[3]  C. Otto, A. Milenkovic, C. Sanders and E. Jovanov, “System architecture of a wireless body area 

0

0,2

0,4

0,6

0,8

1

1,2

0 5 10 15 20 25 30 35 40 45

T
h

ro
u

g
h

p
u

t 
(p

a
c
k
e
t/

s
lo

t)

Number of BAN

802.15.4 isMAC

http://dx.doi.org/doi:10.1109/MEMB.2003.1213625
http://dx.doi.org/doi:10.1109/MEMB.2003.1213625
http://dx.doi.org/doi:10.1016/j.comcom.2006.02.011


1822                 Kirbas et al.: isMAC: An Adaptive and Energy-Efficient MAC Protocol Based on Multi-Channel Communication  

sensor network for ubiquitous health monitoring,” Journal of Mobile Multimedia, vol. 1, no. 4, pp. 

307-326, 2006. Article (CrossRef Link) 

[4]  T. Falck, H. Baldus, J. Espina and K. Klabunde, "Plug'n play simplicity for wireless medical body 

sensors," Mobile Networks and Applications, vol. 12, no. 2-3, pp. 143-153, 2007. Article 

(CrossRef Link) 

[5]  X. Wang and L. Cai, "Interference analysis of co-existing wireless body area networks," in Proc. 

of Global Telecommunications Conference (GLOBECOM 2011), pp. 1-5, 2011. Article (CrossRef 

Link) 

[6]  S. A. Gopalan and J. T. Park, “Energy-efficient MAC protocols for wireless body area networks: 

survey,” in Proc. of International Congress on Ultra Modern Telecommunications and Control 

Systems, pp. 739-744, 2010, Article (CrossRef Link) 

[7]  S. Marinkovic, C. Spagnol and E. Popovici, “Energy-efficient TDMA-based MAC protocol for 

wireless body area networks,” in Proc. of  Third International Conference on Sensor Technologies 

and Applications, SENSORCOMM '09, pp. 604-609, June 2009. Article (CrossRef Link) 

[8]  S. Ullah, B. Shen, S.M. R. Islam, P. Khan, S. Saleem and K. S. Kwak, “A study of MAC protocols 

for WBANs,” Sensors, vol. 10, no. 1, pp. 128-145, 2010. Article (CrossRef Link) 

[9]  S. Ullah, P. Khan, N. Ullah, S. Saleem, H. Higgins and K. S. Kwak, “A review of wireless body 

area networks for medical applications”, International Journal of Communications, Network and 

System Sciences, vol. 2, No. 8, pp. 797-803, 2009. Article (CrossRef Link) 

[10]  H. C. Keong and M. R. Yuce, “Analysis of a multi-access scheme and asynchronous transmit-only 

UWB for wireless body area networks,” in Proc. of Annual International Conference of the IEEE 

Engineering in Medicine and Biology Society, EMBC 2009, pp. 1455-1459, Sept. 2009. Article 

(CrossRef Link) 

[11]  E. Jovanov, A. Milenkovic, C. Otto and P. Groen, “A wireless body area network of intelligent 

motion sensors for computer assisted physical rehabilitation,” Journal of Neuro Engineering and 

Rehabilitation, vol. 2, no.6, March 2005. Article (CrossRef Link) 

[12]  S. Ullah, X. An and K. S. Kwak, “Towards power efficient MAC protocol for in-body and 

on-body sensor networks,” Agent and Multi-Agent Systems: Technologies and Applications 

Lecture Notes in Computer Science, vol. 5559, pp. 335-345, 2009. Article (CrossRef Link) 

[13]  S. Ullah, H. Higgins, B. Shen and K. S. Kwak, “On the implant communication and MAC 

protocols for WBAN,” International Journal of Communication Systems, vol. 23, no. 8, pp. 

982-999, 2010. Article (CrossRef Link) 

[14]  S. Ullah and K. S. Kwak, “Throughput and delay limits of IEEE 802.15.6,” in Proc. of IEEE 

Wireless Communications and Networking Conference (WCNC), pp. 174-178, March 2011. 

Article (CrossRef Link) 

[15]  B. Latre, B. Braem, I. Moerman, C. Blondia and P. Demeester, “A survey on wireless body area 

networks,” Wireless Networks,vol. 17, no. 1, pp. 1–18, 2011. Article (CrossRef Link) 

[16]  M. Chen, S. Gonzalez, A. Vasilakos, H. Cao and V. C. Leung, “Body area networks: a survey,” 

Mobile Networks and Applications, vol. 16, no. 2, pp. 171-193, 2011. Article (CrossRef Link) 

[17]  S. Ullah, H. Higgins, B. Braem, B. Latre, C. Blondia, et al. "A comprehensive survey of wireless 

body area networks on PHY, MAC, and network layers solutions," Journal of Medical Systems, 

vol. 36, no. 3, pp. 1065-1094, 2012. Article (CrossRef Link) 

[18]  A. Pantelopoulos and N. G. Bourbakis, “A survey on wearable sensor-based systems for health 

monitoring and prognosis,” Systems, Man and Cybernetics, Part C: Applications and Reviews, vol. 

40, no. 1, pp. 1-12, 2010. Article (CrossRef Link) 

[19]  M. R. Yuce, “Implementation of wireless body area networks for healthcare systems,” Sensors 

and Actuators A: Physical, vol. 162, no. 1, pp. 116-129, 2010. Article (CrossRef Link) 

[20]  S. Ullah and K. S. Kwak, “Body area network for ubiquitous healthcare applications: theory and 

implementation,” Journal of Medical Systems, vol. 35, no. 5, pp. 1243-1244, 2011. Article 

(CrossRef Link) 

[21]  G. C. Dogali, C. Bayilmis, S. Kacar and I. Kirbas, "Application of an on-line medical monitoring 

system," in Proc. of 20th Signal Processing and Communications Applications Conference (SIU), 

pp.1-4, Apr. 2012. Article (CrossRef Link) 

https://www.google.com.tr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&sqi=2&ved=0CD8QFjAC&url=http%3A%2F%2Fwww.eng.uah.edu%2F~jovanov%2Fpapers%2Fcoamej_jmm06.pdf&ei=kkDrUYvMJMrGswaWp4D4BA&usg=AFQjCNHAnpPUbq-tyfRJCpD3OmhaKZKQmA&sig2=vmeNIBdFhKLqIPa6cRfTGA&bvm=bv.49478099,d.Yms
http://dx.doi.org/doi:10.1109/PCTHEALTH.2006.361702
http://dx.doi.org/doi:10.1109/PCTHEALTH.2006.361702
http://dx.doi.org/DOI:10.1109/GLOCOM.2011.6133624
http://dx.doi.org/DOI:10.1109/GLOCOM.2011.6133624
http://dx.doi.org/DOI:10.1109/ICUMT.2010.5676554
http://dx.doi.org/doi:10.1109/SENSORCOMM.2009.99
http://dx.doi.org/DOI:10.3390/s100100128
http://dx.doi.org/DOI:10.4236/ijcns.2009.28093
http://dx.doi.org/DOI:10.1109/IEMBS.2009.5333616
http://dx.doi.org/DOI:10.1109/IEMBS.2009.5333616
http://dx.doi.org/DOI:10.1186/1743-0003-2-6
http://dx.doi.org/DOI:10.1007/978-3-642-01665-3_34
http://dx.doi.org/DOI:10.1002/dac.1100
http://dx.doi.org/DOI:10.1109/WCNC.2011.5779126
http://dx.doi.org/DOI:10.1007/s11276-010-0252-4
http://dx.doi.org/DOI:10.1007/s11036-010-0260-8
http://dx.doi.org/DOI:10.1007/s10916-010-9571-3
http://dx.doi.org/DOI:10.1109/TSMCC.2009.2032660
http://dx.doi.org/DOI:10.1016/j.sna.2010.06.004
http://dx.doi.org/DOI:10.1007/s10916-011-9787-x
http://dx.doi.org/DOI:10.1007/s10916-011-9787-x
http://dx.doi.org/DOI:10.1109/SIU.2012.6204633


KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 7, NO. 8, Aug. 2013                                 1823 

Copyright ⓒ 2013 KSII 

[22]  I. Kirbas and C. Bayilmis, "Healthface: A web-based remote monitoring interface for medical 

healthcare systems based on wireless body area sensor network," TJEECS The Turkish Journal Of 

Electrical Engineering & Computer Sciences, vol. 20, no. 4, pp. 629-638, 2012. Article (CrossRef 

Link) 

[23]  B. Koo, K. Han, J. J. Park and T. Shon, “Design and implementation of a wireless sensor network 

architecture using smart mobile devices,” Telecommunication Systems, vol. 53, no. 4, pp. 

2311-2320, 2013. Article (CrossRef Link) 

[24]  B. de Silva, A. Natarajan and M. Motani, “Inter-user interference in body sensor networks: 

preliminary investigation and an infrastructure-based solution,” in Proc. of Sixth International 

Workshop on Wearable and Implantable Body Sensor Networks, pp. 35-40, June 2009. Article 

(CrossRef Link) 

[25]  S. Marinkovic, C. Spagnol and E. Popovici, “Energy-efficient TDMA-based MAC protocol for 

wireless body area networks,” in Proc. of Third International Conference on Sensor Technologies 

and Applications, pp. 604-609, June 2009. Article (CrossRef Link) 

[26]  N. F. Timmons and W. G. Scanlon, “An adaptive energy efficient MAC protocol for the medical 

body area network,” in Proc. of 1st International Conference on Wireless Communication, 

Vehicular Technology, Information Theory and Aerospace & Electronic Systems Technology, pp. 

587-593, May 2009. Article (CrossRef Link) 

[27]  G. Fang and E. Dutkiewicz, “BodyMAC: Energy efficient TDMA-based MAC protocol for 

wireless body area networks,” in Proc. of 9th International Symposium on Communications and 

Information Technology, ISCIT, pp. 1455-1459, Sept. 2009. Article (CrossRef Link) 

[28]  W. Lee, S. H. Rhee, Y. Kim and H. Lee, “An efficient multi-channel management protocol for 

wireless body area networks,” in Proc. of International Conference on Information Networking, 

ICOIN, pp. 1-5, Jan. 2009. Article (CrossRef Link) 

[29]  S. Ullah and K. S. Kwak, “An ultra low-power and traffic-adaptive medium access control 

protocol for wireless body area network,” Journal of Medical Systems, vol. 36, no. 3, pp. 

1021-1030, 2012. Article (CrossRef Link) 

[30]  C. Li, H.-B. Li, and R. Kohno, “Reservation-based dynamic TDMA protocol for medical body 

area networks,” IEICE Transactions on Communications, vol. 92, no. 2, pp. 387–395, 2009. 

Article (CrossRef Link) 

[31]  W. R. Heinzelman, A. Chandrakasan and H. Balakrishnan, “Energy-efficient communication 

protocol for wireless microsensor networks,” in Proc. of 33rd Hawaii International Conference on 

System Sciences, vol. 8, pp. 8020, 2000. Article (CrossRef Link) 

[32]  Y. Zhang and K. Chakrabarty, “Macro modeling of battery discharge and recovery for mobile 

embedded systems”, Proc. Army Science Conference, FP-06, 2002. Article (CrossRef Link) 

[33]  “Crossbow MICAz datasheet” [Online], Visit date: 10 Oct. 2012. Article (CrossRef Link) 

[34]  “OPEN ZB IEEE 802.15.4/ZigBee OPNET simulation model” [Online], Visit date: 2 Jan. 2013. 

Article (CrossRef Link) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://dx.doi.org/DOI:10.3906/Elk-1011-934
http://dx.doi.org/DOI:10.3906/Elk-1011-934
http://dx.doi.org/DOI:10.1007/s11235-011-9535-z
http://dx.doi.org/DOI:10.1109/BSN.2009.36
http://dx.doi.org/DOI:10.1109/BSN.2009.36
http://dx.doi.org/DOI:10.1109/SENSORCOMM.2009.99
http://dx.doi.org/DOI:10.1109/WIRELESSVITAE.2009.5172512
http://dx.doi.org/DOI:10.1109/ISCIT.2009.5341045
https://www.google.com.tr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CDIQFjAA&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel5%2F4816117%2F4897247%2F04897250.pdf%3Farnumber%3D4897250&ei=VqTtUZqFPIbtsgbTjIDwBg&usg=AFQjCNEtWmRDv8Adt5XwHNAwzxFttomb3w&sig2=s1r_-gioCVIBmq9BA1zyfQ&bvm=bv.49478099,d.Yms
http://dx.doi.org/DOI:10.1007/s10916-010-9564-2
http://dx.doi.org/DOI:10.1587/transcom.E92.B.387
http://dx.doi.org/doi:10.1109/HICSS.2000.926982
http://www.scarpaz.com/2100-papers/Low%20Power/FP-06.pdf
http://courses.ece.ubc.ca/494/files/MICAz_Datasheet.pdf
http://www.open-zb.net/


1824                 Kirbas et al.: isMAC: An Adaptive and Energy-Efficient MAC Protocol Based on Multi-Channel Communication  

 

Ismail Kirbas received his B.Sc. and M.Sc. degrees from Kocaeli University, Turkey 

in 2000 and 2008, respectively and PhD degree in Sakarya University, in 2013. His 

research interests include web developing, remote control applications, wireless body 

area networks and healthcare applications. 

 

 

 

 

 

 

 

Alper Karahan received his B.Sc. and M.Sc. degrees from Kocaeli University, 

Turkey in 2006 and 2010, respectively. His research interests are computer networks, 

modeling and analysis, wireless data communications, wireless sensor networks, 

MAC, WBAN, LANs/WAN, and QoS. 

 

 

 

 

 

 

Abdullah Sevin received his B.Sc. and M.Sc. degrees from Sakarya University, 

Turkey in 2008 and 2011, respectively. He is currently working toward his PhD 

degree in Sakarya University. His research interests are computer networks, wireless 

data communications, MAC, WBAN and QoS. 

 

 

 

 

 

 

Cuneyt Bayilmis received the B.Sc. and M.Sc. degrees from Sakarya University, 

Turkey in 2001 and 2003, respectively, and PhD degree in Kocaeli University, Turkey 

in 2006. Also, he worked as a Postdoctoral Researcher at University of Maryland 

Baltimore County, USA, between May 2009 and January 2010. His active research 

interests are controller area network, internetworking, WLAN, wireless sensor 

networks, wireless body area networks and healthcare applications.  

 

 

 

 

 

 


