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 IEEE 802.15.4 is the best choice for the implementation of wireless sensor network. In 

these networks during high load conditions due to congestion, energy consumption is 
increased and throughput is reduced. To alleviate this problem congestion control 

algorithm is proposed. The congestion control can be achieved by selecting proper 
queuing system. Drop tail queuing used in the existing protocol is replaced by a fair 

share queue in the proposed model. Along with congestion control algorithm, adaptive 

MAC protocol that combines the CSMA and TDMA is used for better energy 
efficiency. But in multi hop scenario, the nodes closer to cluster head will carry large 

load leads to increased energy consumption. To overcome this problem load balancing 

concept is included in the proposed method. The method is evaluated in comparison 
with 802.15.4 using NS 2. Simulation results indicate improvement in packet delivery 

ratio and reduction in energy consumption and delay. 
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INTRODUCTION 

 

 Data gathering is very fast and challenging area in today’s world of computing. For these applications 

sensors provide an easy and economic solution. Due to inhospitable conditions these sensors are not uniformly 

deployed in the desired area. Since sensors are generally constrained in on-board energy supply, efficient 

management of the network is difficult to extend the life of the sensors (Gupta et al., 2003). IEEE 802.15.4 is a 

standard for low rate and low power wireless communication (Petrova et al., 2006) to implement these sensors 

because of its low duty cycle and self-organization. 

 In multi-hop wireless networks, i.e., networks of nodes communicating with each other over a shared 

medium, with data being relayed over multiple hops. In these types of networks, due to non-uniform distribution 

of nodes cluster with more loads will drain sooner compared to the cluster with fewer loads. So in network 

optimization, load among clusters is balanced for better energy efficiency, delay performance and packet 

delivery ratio. Our work is very useful for networks which are characterized by a large number of nodes, limited 

node computing and communicating capabilities. 

 

Prior work: 

 Prior research work in designing MAC protocols, Load balancing and congestion control for wireless 

sensor networks have resulted in a number of interesting solutions. Most of the proposed schemes are mainly 

designed to increase the channel utilization. Some authors focused on energy efficiency, which is the most 

important challenge of WSN. The most popular and relevant to our work are the followings: 

 Z-MAC (Zebra-MAC) (Rhee I et al., 2008) is a hybrid MAC protocol designed for wireless sensor networks 

that combines the strengths of CSMA and TDMA while offsetting their weaknesses. It operates in two modes: 

the set-up mode and the transmission mode. Each node is assigned a time slot during the set up phase. The node 

is denoted as owner if one slot is allocated to it. All other nodes are denoted as “non-owners”. Z-MAC uses 

DRAND (Rhee I et al., 2006) to assign slots to nodes. CSMA is used as the baseline MAC scheme for Z-MAC. 

TDMA schedule is used to enhance contention resolution. In Z-MAC, a node may transmit during any time slot. 

If a node wants to transmit, then it senses the channel and transmits a packet if it is free. Always the owner of 

the slot has higher priority than other nodes in accessing the channel. Hence, by combining CSMA and TDMA 

approaches, Z-MAC delivers a robust scheme, which, in worst case, performs as well as CSMA. 
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 A-MAC (Adaptive MAC) (Gilani M.H.S et al., 2013) is the paper designed to combine the CSMA and 

TDMA for IEEE 802.15.4. It operates in 2 different modes: During normal time the CSMA/CA will work and 

when it detects heavy traffic then the hybrid of TDMA and CSMA is used. The results are compared with IEEE 

802.15.4 and it proves high energy efficiency and delay performance. 

 Load balanced clustering in WSN (Gupta et al., 2003) is the paper for the design of load balanced 

clustering. The network will work in 2 phases: bootstrapping and clustering phase. During the bootstrap phase 

gateways will find the nodes in the communication range and they form the clusters based on the 

communication cost during clustering phase. 

 Most of the published approaches for clustering require a group of sensors to agree among themselves on 

the election of a cluster-head. The selection of a cluster head can be randomized (Heinzelman W et al., 2000), 

based on a pre-assigned cluster ID, or according to degree of connectivity. These clustering approaches are 

effective in the field of ad-hoc networks where the nodes are constantly moving and therefore cannot be in 

communication range with one cluster-head all the time. Sensor networks display different properties than ad-

hoc networks. In unattended sensor networks the location of the sensors is fixed once they are deployed. In 

addition, neither of these approaches considers topologies where a larger number of nodes are located in range 

of each other. If traditional clustering approaches like lowest/highest ID or highest connectivity are applied, the 

same node will be picked as cluster-head every time, resulting in this sensor to drain its energy very fast. 

Obviously picking a resource-constrained sensor node for acting as a processing element and a relay for the 

cluster will quickly deplete its energy. Therefore, some approaches proposed rotating the role of the cluster-head 

among other sensors in the cluster, based on a round robin strategy (Heinzelman W et al., 2000), node 

connectivity or battery energy. However changing the topology of clusters is undesirable as it imposes huge 

cluster-head changeover overhead. All other cluster-heads have to be notified about the change. The cluster-

heads have to change the scheduling and routing tables to communicate with the nodes. Moreover these 

protocols do not consider any balancing of load among clusters. System can have patches of high-density 

clusters and very low-density clusters. In such scenarios the high-density cluster-head will be overwhelmed with 

processing and communicate on load and will consume its energy soon, while the low density cluster-head will 

sit idle wasting precious time.  

 

System model: 

 The system model of clustered sensor network is shown in figure 1. Two different types of nodes are used 

in this system namely sensors and gateways. They are assumed to be of same kind and have same properties. 

Compared to sensor nodes, gateway nodes are less energy constrained. All communication is over wireless link. 

It is established between nodes only if they are in the range of each other. Links between sensor nodes are 

considered bidirectional while links between a gateway and sensor is assumed to be unidirectional depending on 

the range of sensor nodes (Low C.P et al., 2007). Compared to sensor nodes, gateways are capable of long-haul 

communication and all gateways are assumed to be in the communication range. Current implementation uses 

TDMA for MAC layer communication. 

 

 
 

Fig. 1: Multi gateway clustered network. 

 

 In this paper, the sensors and gateway nodes are assumed stationary, and in future it is planned to 

implement mobile nodes and gateways in the system. During normal time, all nodes will follow the CSMA/CA 

to access the wireless channel. The hybrid of CSMA-CA/TDMA is used during emergency conditions. This type 

of adaptive MAC system will provide better energy efficiency, reduced delay and increased packet delivery 

ratio. 
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Sensor energy model: 

 A typical sensor node consists of sensing circuit for signal conversion and conditioning, processor and radio 

links (Gupta et al., 2003). The energy consumption model for each component is summarized below. The 

important energy consumption parameters for communication in this model are energy consumed by transmitter, 

energy consumed by receiver, number of bits transmitted and distance. We assume the sensor nodes are 

randomly distributed over a wide area to be monitored and we denote the sensor node set as S = { S0, S1, S2, S3, 

…. Sl-1}. Some assumptions are made for the sensor network model. 

 Sensors and base stations are assumed to be stationary. 

 Each node has one unique identity. 

 Depends on distance nodes can adjust their transmission power level. 

 Both free space and multi path fading channel models are used in this model based on the distance between 

source and destination. 

𝐸𝑡𝑥 =  𝐸𝑏𝑡 ∗ 𝑛 + 𝐸𝑝𝑠 ∗ 𝑛 ∗ 𝑑2 𝑖𝑓 𝑑 < 𝑑0  

 𝐸𝑏𝑡 ∗ 𝑛 + 𝐸𝑝𝑙 ∗ 𝑛 ∗ 𝑑4 𝑖𝑓 𝑑 ≥ 𝑑0               (1) 

 𝐸𝑟𝑥  =  𝐸𝑏𝑟 ∗ 𝑛                (2) 

𝐸𝑡  =    𝐸𝑡𝑥   𝑖 
𝑚
𝑖=0               (3) 

 𝐸𝑟  =    𝐸𝑟𝑥   𝑖 
𝑚
𝑖=0               (4) 

 Where  

 Et - Total energy consumed by node to transmit data 

 Er - Total energy consumed by node to receive data. 

 Etx - Energy consumed to transmit n bits 

 Erx - Energy consumed to receive n bits 

 Ebt - Energy dissipated by the transmitter electronics 

 Ebr - Energy dissipated by the receiver electronics  

 Eps - Energy consumed by power amplifier for small distance 

 Epl - Energy consumed by power amplifier for large distance  

 n - number of bits transmitted 

 m - number of sensor nodes 

 d - distance 

 d0 - threshold distance 

 

IEEE 802.15.4: 

 The standard IEEE 802.15.4 works under two different modes.  

1. Beacon enabled mode 

2. Non-beacon mode 

 In non-beacon mode the channel is accessed based on CSMA/CA. (i.e.) the node will access the channel if 

it is free, otherwise it will wait for the channel to become free. But in beacon-enabled mode, the coordinator 

sends a special frame called “beacon frame” in a periodic interval. Using this beacon frames, the nodes will 

synchronize themselves to access the channel. 

 Beacon interval is the time interval between the two frames and it is divided into active and inactive period. 

All nodes including the coordinator can switch off their transceivers and go into sleep state during the inactive 

period. The nodes have to wake up immediately before the inactive period ends to receive the next beacon. The 

inactive period may be void. The active period is subdivided into 16 time slots. The first time slot is occupied by 

the beacon frame and the remaining time slots are partitioned into a Contention Access Period (CAP) followed 

by a number (maximal seven) of contiguous Guaranteed Time Slots (GTS). The coordinator is active during the 

entire active period. The associated devices are active in the GTS phase, only in time slots allocated to them; in 

all other GTS slots they can enter sleep mode. In the CAP, a device can shut down its transceiver if it has neither 

any own data to transmit nor any data to fetch from the coordinator (Karl H et al., 2007). An application 

demanding high QoS, uses Guaranteed Time slots (GTS). During CAP, the devices can send the request to 

access the channel, based on the availability resources allocated in the CFP. The channel can also be accessed 

by using CSMA/CA during CAP (Karl H et al., 2007). 

 Coordinator uses two parameters namely beacon order (BO) and super frame order (SO) in order to specify 

beacon interval (BI) and super frame duration (SD) (Gilani M.H.S et al., 2013) and its relation is given below .  

𝐵𝐼 = 𝐵𝑆𝐷 𝑋 2𝐵𝑂                (5) 

𝑆𝐷 = 𝐵𝑆𝐷 𝑋 2𝑆𝑂                (6) 

 Where the BSD is given by 

𝐵𝑆𝐷 = 𝑏𝑎𝑠𝑒 𝑠𝑙𝑜𝑡 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑋 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑢𝑝𝑒𝑟 𝑓𝑟𝑎𝑚𝑒 𝑠𝑙𝑜𝑡𝑠  
 The structure of the super frame is shown in Figure 2. 
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Fig. 2. Super frame structure. 

 

Hybrid csma/tdma: 

 A number of methods are discussed to increase the energy efficiency of IEEE 802.15.4. Among these, 

efficient design of MAC protocol will gives better performance (Bachir A et al., 2010). Different MAC 

protocols are discussed in (Rao S.S et al., 2011), (Ye W et al., 2004), (Sahoo A et al., 2007) and (Rajendran V 

et al., 2006). These protocols will work better either in high load conditions or in load conditions. To work 

better in both conditions hybrid MAC protocols are discussed in (Gilani M.H.S et al., 2013), (Rhee I et al., 

2008). TDMA is combined with the CSMA/CA in (Gilani M.H.S et al., 2013). The coordinator uses a specific 

algorithm to determine the border between TDMA and CSMA. The two parameters used in this algorithm are: 

 Channel utilization level in CAP 

 Amount of pending data in queues. 

 Of this, queue state is determined accurately in which the nodes can inform coordinator about the number of 

their pending data by using the reserved bits of standard data packet header . The queue state is given by  

𝑄𝑢𝑒𝑢𝑒 𝑠𝑡𝑎𝑡𝑒 =
𝑁𝑜 .𝑜𝑓  𝑝𝑎𝑐𝑘𝑒𝑡𝑠  𝑖𝑛  𝑞𝑢𝑒𝑢𝑒  𝑋 2 3

Maximum  queue  size
             (7) 

  Also, the following formula is used to calculate the channel utilization  

Channel utilization =
(No .of  used  slots −No  of  collided  slots )

Total  no .of  slots
          (8) 

 Equation (8) shows that channel utilization is reduced if numbers of collided slots are increased and the 

numbers of slots used are reduced. To avoid collision the coordinator allots TDMA slots to the nodes based on 

their queue state. Once if the node is allotted TDMA slot then it will not participate in the contention period of 

CSMA thus it avoids the collision. During high load condition this system will increase delay and energy 

consumption because of congestion. To overcome this problem an adaptive MAC with congestion control 

algorithm is proposed. 

 

Proposed system: 

 The main objective of our approach is to uniformly distribute the nodes among the cluster heads in order to 

balance the load and to maximize the life time of clusters. During normal time (i.e when the network is lightly 

loaded) the network uses CSMA/CA. From the measured queue state and channel utilization the network is 

identified that it is lightly loaded or heavily loaded. During the heavy load condition, the CSMA/CA will gives 

poor performance both in energy consumption and delay characteristics. So, in this condition instead of 

CSMA/CA the channelization protocol TDMA is used in the proposed system. This adaptive MAC allows the 

node to contend for unused slot. Thus it reduces the delay and energy consumption. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Pseudo code for Adaptive MAC 

 

 Clustering improves the network scalability and increases the life time of network by allowing the nodes to 

communicate with cluster head which are closer than base station. Network setup is made in two phases: 

Measure the queue state & 

 channel utilization 

if (qs > threshold and cu < normal) 

 switch to hybrid MAC 

else 

use CSMA/CA 

 end 
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Initialization and setup. During initialization phase cluster head (CH) will identify the nodes within their 

communication range and broadcast the message which contains the details about the cluster formation. Nodes 

which are on during the setup phase will give the reply to join the network. Each cluster head will start the 

clustering process in different time in order to avoid the collisions. During the clustering phase, cluster head 

calculate the load and share this information with other cluster heads. After getting the information from all 

cluster heads, each CH will start clustering based on its current load. After clustering is over the CH will inform 

the node ID and the cluster they belong to. Each sensor belongs to only one cluster because all CH share the 

common information during clustering. Through cluster head, the information is passed to the base station.  

 Each and every cluster head will calculate its load using the following formula 

Lc  j =   Ln i  m
i=1               (9) 

Ln(i) = Np(i) * n             (10) 

Ln(i) Load of node i 

Lc(j) Load of cluster j 

n number of bits transmitted / packet 

 Np(i) number of packets transmitted by node i  

j 1 to k 

k number of clusters  

m number of nodes in the cluster  

 If the cluster load exceeds the threshold value then it uses the cell breathing concept and balances the load 

among the clusters thereby increasing the life time of network. In multi hop scenario, the nodes closer to base 

station will transmit more compared to other nodes will leads to congestion. Packets are discarded if drop tail 

queue is used. So, nodes having long are affected more and drain very soon. To alleviate this problem in the 

proposed method, fair share queue is used. In this method the packets in all nodes are uniformly dropped. 

Therefore single node will not be affected and also energy consumption and delay are reduced.   

 
Table I: Network parameters. 

Parameters Value 

Threshold distance (d0) (m) 87 

Sensing range (m) 15 

Ebt , Ebr (nJ/bit) 50 

Eps (pJ/bit/m2) 10 

Epl (pJ/bit/m4) 0.0013 

Initial energy 0.5 

 

Experimental validation: 

 In this section the results of proposed method is compared with IEEE 802.15.4 and adaptive MAC (Gupta 

et al., 2003). Comparison based on the energy consumption, delay and packet delivery ratio. Scenario is created 

for 21 and 41 nodes. Here, the number of nodes considered are greater than 20 because, the hybrid MAC will 

assign no slot for TDMA if the nodes are less than 20. 

  

 
 

Fig. 3: Pseudo code for load balancing. 

 

Energy: 

 Table 2 compares the simulation results of energy consumption. It shows that the proposed LH MAC 

reduces energy consumption. Figure 5 compare the energy for the three methods in both simulation scenarios. 

Here part of active period is assigned to TDMA slots. Hence number of devices involved in the contention is 
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reduced thereby reducing collision and energy consumption. The reason why LH-MAC helps reducing energy 

consumption is that the queue system used during congestion. 

 
Table II: Energy comparison. 

No of nodes Existing 802.15.4 Existing hybrid CSMA /TDMA Proposed system 

21 5.796539 5.201281 4.68858 

41 5.711311 5.219338 5.081713 

 
Table III: Delay comparison. 

No of nodes Existing 802.15.4 Existing hybrid CSMA /TDMA Proposed system 

21 10.553430 6.823593 6.294163 

41 17.98378 10.301642 9.305555 

 
Table IV: Packet delivery ratio comparison. 

Parameters Existing 802.15.4 Existing hybrid CSMA 

/TDMA 

Proposed system 

Generated packets 2776 2776 2776 

Received packets 422 468 1757 

Packet delivery ratio (%) 15.22 16.86 63.29 

Packet drop ratio (%) 84.78 83.13 36.70 

 

Delay: 

 The end-to-end delay was calculated by the time at which a packet is sent from one node, and received by 

the coordinator at another side. The comparisons are shown in Table III and Figure 6. It shows the improved 

delay performance of LH-MAC because numbers of collisions are reduced by hybrid MAC and congestion is 

controlled with the use of queue modification.  

 

Packet delivery ratio: 

 The packet delivery ratio is calculated by measuring the number of packets delivered and the total number 

of packets generated by the node. The results of three methods are compared in Table IV and the graph is shown 

in Figure 7. It is evident, that the packet delivery ratio is increased in proposed LH-MAC because of reduced 

congestion and collision. 

 

 
 

Fig. 4: Energy consumption. 

 
Fig. 5: Average delay. 
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Fig. 6: Packet drop ratio. 

 

Conclusion: 

 We defined the cell breathe concept which is useful for wireless sensor network to balance the load among 

its clusters by which the life time of network is increased. As well as the congestion control method is suggested 

after the analysis of queuing models. Our method combines the features of hybrid MAC, fair share queuing 

model and load balancing. Thus it provides high energy efficiency, improved delay performance and packet 

delivery ratio compared to methods described in . In future we planned to extend this algorithm for mobile 

nodes and to implement in the test bed. 
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