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Abstract : Efficient energy management is a major challenge in the operation of Wireless Sensor Networks 

due to their limited battery resources. In this paper, a cross-layer design (CLD) framework is proposed to jointly 

design the Physical layer and the DRMACSN MAC for Wireless Sensor Networks to achieve the energy 

conservation in the system. The system performance by combining adaptive modulation and the channel load 

blocking technique to maximize the network lifetime is provided. The simulation results show that the proposed 

CLD achieves significant energy saving as well as improved node lifetime. 
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INTRODUCTION 
 
Wireless sensor networks (WSNs) have the potential of revolutionizing the way wireless technology has been used 

over the last decade. Advances in hardware and wireless network technologies have placed us at the doorstep of a new 

era, where small wireless devices will provide access to information anywhere as well as actively participate in 

creating smart environments [1]. Present wireless Ad hoc networks are largely designed based on a layered approach 

[2], which is typically inefficient in a resource constrained networks such as WSNs. The MAC is an important 

technique that enables the successful operation of the communication networks [3]. The important task of the MAC is 

to avoid collisions which can be done by coordinating two interfering nodes so that they do not transmit at the same 

time. Cross-Layer Design (CLD) is a new technique, which has been devised for protocols of wireless sensor networks 

and ad hoc networks [4]. CLD has emerged as an efficient approach to conserve energy of sensor nodes in WSNs. A 

significant work has been focused on cross-layer interaction between PHY, MAC and Routing layers to maximize the 

life time of WSNs [5]. A novel MAC and PHY cross-layer design for WSNs is designed in [6] to achieve energy 

efficiency using multi-rate desirable using distributed source coding (DSC). In [6], the improvement of energy 

efficiency is achieved by eliminating the redundant and inefficient communications. In [7], the authors considered 

integrating the PHY and MAC layers together; each sensor transmits its packet with a probability that is a function of 

the channel state. In [8], the authors proposed a protocol called Cross Layer Medium access Control (CL-MAC) to 

economize the energy consumption in WSN. In CL-MAC, the wake up nodes belongs to a routing path from the 

source to the base station exploits routing information and the other nodes will have a long time sleeping time. In [9], 

the authors proposed a protocol called CLEEP, which considers the Physical Layer, MAC and Network layer jointly to 

minimize the total energy consumption. The authors proposed cross-layer design which takes into account of the 

characteristics of PHY and MAC layers in [10] is presented. This design also uses the forward error correction (FEC) 

coding and the determination of scheduling the sleep/wakeup periods is presented to minimize the energy 

consumption. The work in [11] is considered to maximize the network lifetime through lightweight probabilistic 

control of the duration of sleep and service periods of sensors in the system. 
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In this paper, the objective is to jointly design the DRMACSN MAC[12] protocol with the PHY layer to achieve the 

energy efficient for WSN. In addition, CLD between MAC and PHY protocols to estimate the optimal transmission 

rate by using the channel state information (SNR values as shown in Fig. 1), which are provided by the PHY layer and 

the CQI and the constellation size (M) information provided by the DRMACSN MAC[12] protocol, which is a cross-

layer concept to improve energy saving in the system under various traffic load conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1. Cross Layer Design framework.  
The transmission rate in CDMA systems can be controlled by using adaptive modulation coding (AMC) which 

is a promising method for high data rate access [13]. In the proposed CLD approach, rate selection is performed 

at source node and the channel quality estimation is done at the receiver side during Preamble/RTR exchange 

prior to DATA packet transmission. 
 
The novel contributions in this paper are as follows: 
 
cJointly design of the Physical layer and the DRMACSN MAC [12]  to achieve the energy conservation in the 

 
WSNs. 

 
cCombining the adaptive modulation and the channel load blocking technique to maximize the network lifetime 

for the WSNs. 
 
cChannel quality indicator estimation is best obtained at the receiver. 

 
There are two popular approaches to address the issue of corrupted or lost packet in wireless sensor networks 

[14]: Automatic repeat request (ARQ) and Forward error correction (FEC). FEC embeds additional bits to detect 

and recover from corrupted or lost data [15]. In the proposed work, an ARQ is used as the feedback channel to 

notify the source node about the packet which requires packet retransmissions. 
 
The rest of the paper is organized as follows: In Section II, DRMACSN MAC protocol is breifly disccused. Section 
 
III presents the Cross layer Energy analysis. Section IV, provides the performance metrics used to evaluate 

performance and the simulation results for the proposed CLD. Section V discusses the conclusions drawn from 

this paper. 
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DRMACSN MAC PROTOCOL 
 
This section briefly describes the DRMACSN MAC protocol discussed in [12]. In the DRMACSN MAC 

Protocol, a node is in one of three states at any instant of time. In DRMACSN MAC protocol, node will be in a 

sleep state when a node does not have data in its buffer to transmit. The node continues to stay in the sleep state 

for a random period of time. When messages start to arrive and the sleep timer expires, then, the node enters into 

active state if the channel load, otherwise, node enters into a back-off mode from sleep state when the channel 

load exceeds the blocking threshold. When node is in the active state and has data messages queued in its buffer, 

it uses the Spread Slotted Aloha (SSA) algorithm to check randomly and select one mini-slot as the slot time to 

transmit its Preamble request from the available mini-slots in the preamble slot. 
 
Once the sender node has reserved its mini-slot, it starts sending its preamble packet to its intended receiver node 

using the transmitter based code; starts its timer, waits for the RTR in the RTR slot of the same frame duration only. If 

no mini-slots are available, or the RTR doesn't arrive within the timeout period, then it goes into sleep mode. The 

reserved mini-slots will be released when it finishes its transmission of the packets. This information will be 

broadcasted to other nodes in the network when they exchange their neighbourhood information. Thus, the other nodes 

could compete for this slot in the same frame or at the start of the frame slot using the SSA. 
 
In the proposed MAC, the receive node is responsible for controlling the collisions that may occur when more than 

one source node sends preamble requests in the preamble slot. This could lead to a possible corruption at the receiver. 

Since the proposed MAC is a distributed protocol and each node in the network is required to maintain the 

neighbourhood table, which gives information about the reservation and ongoing simultaneous transmissions on a slot 

in the system. The table information will be exchanged periodically with the other nodes in the network. Upon 

receiving the preamble, the receiver node checks the available mini-slots in its preamble window/slot. The receive 

node first prepares and schedules the transmission of the RTR using the receiver code of the sender's node, in the same 

frame time only, and based on this schedule, arranges a time slot for the selected reservation. During the reserved time 

slot, the receiver waits for the incoming data packets. After a pre-defined interval, if it does not receive any data 

packets as scheduled, it simply quits the receiving state and goes into the sleeping state. After the receiver node 

receives data packets in a burst, it schedules the transmission of the acknowledgement (ACK) so that the ACK arrives 

in the sender's receive window/slot. The receiver node then continues to be in the receive mode to receive further 

transmissions from the same sensor node or from any of the other neighbor nodes, otherwise it sets a random timer and 

goes to sleep mode, this node also updates the values of K in its neighbour node table. In the DRMACSN MAC, long 

data messages are fragmented into many small fragments and the protocol would transmit packets in a burst as in 

Sensor MAC [20] except that the DRMACSN MAC continues to send the packets without waiting for the ACK signal. 

For those messages that are corrupted due to CDMA multiple access interference (MAI), the receive node generates a 

negative acknowledgement (NACK) and transmits it to the sender, over the reverse channel as a retransmission 

request. The proposed MAC retransmits only that particular fragment using selective repeat-automatic repeat request 

(SR-ARQ). 
 
Upon receiving the RTR, every other neighbourhood node of the receiver node updates the number of simultaneous 

transmissions, K in their neighbourhood reservation table (NRT). If there is no reply from a neighbor node within its 

frame time or there are no preamble transmissions from any of its neighbor nodes, the sender node sets its random 
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timer and goes into the sleep state. On the other hand, if a receive node sends the RTR to a sender and doesn't 

receive any packet from the sender within time, Tf the timer expires. When the timer expires, the communication 

is released, and the receive node will be in the active state to receive preamble requests from the other neighbor 

nodes within a frame. 

 

CROSS LAYER ENERGY ANALYSIS 
 
A. Channel Load Sensing Technique 
 
In this subsection, the channel load sensing technique is presented. Channel load sensing techniques are useful in 

slotted systems or CDMA networks in which packets are transmitted over multiple slots [16,17]. However, the 

network performance can be improved by sensing the channel load [17] (defined as the number of simultaneous 

transmissions) of the sensor nodes. Once a value of the channel load has been computed by the nodes, it can be used to 

control channel status using the following method [16,17]. The purpose of the blocking threshold aistoregulate the 

channel load at a safe operating region [16,17] that is below aistoregulate the channel load at a safe operating 
 
region [16,17] that is below thatso the probability of collisions can be minimized. If the number of on-going 

transmissions K, is less than the blocking threshold athenaccess to the channel is allowed otherwise access is 

denied until the channel load drops below a(referto Fig. 2). 

 
B. Channel Load Sensing Algorithm 
 
a) A sensor node that has a message in its buffer to transmit first checks the channel load K in its neighbourhood 

table before it is ready to send its messages in the frame, j-1. 
 
b) If the channel load K is less than the blocking threshold a,thenode initiates transmission of its first packet 

immediately in the next frame j and is known as a new transmitting node. 
 
c) In frame j, nodes, which are admitted in the previous frames and are in the process of transmitting their 

packets, are known as transmitting nodes and continue to transmit their messages. 
 
d) If the channel load K is greater than the blocking threshold a,inframe j+1, then the message from the new 

nodes are blocked and these nodes will enter the back-off mode. 
 
e) Blocked node messages are transmitted after a random time period, the duration of which is geometrically  

-1 
distributed with mean, m,ifthe channel load K is less than the blocking threshold when they next attempt. 

B 

 
As illustrated in Fig. 2, a collision occurs when the number of simultaneous transmitting nodes exceeds a.For 

example, a message from Nodes I and K arrive in frame 3 and together with previous transmitted messages from 

Nodes A, C, B and F causes the number of simultaneous transmitting nodes to exceed the blocking threshold, 

a=3nodes. If these messages are allowed to transmit in the next frame 4, there will be collisions and bandwidth 

wastage, which increases the energy overhead. Further it is assumed that the packets may be corrupted with high 

probability during the frame 4. Note that collisions, however, cannot be totally avoided but can be controlled 

[16,17]. Thus, the solution adopted in the DRMACSN MAC protocol is to abort or block the transmissions from 

those admitted nodes which are involved in the collisions when the maximum threshold is reached in the next 

frame. Therefore, nodes K and I enter into the back-off mode (refer to Fig. 2) and need to wait until the channel 

load drops below the blocking threshold, a. 
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Fig. 2: Admission control policy scheme 
 
It can be observed from Fig. 2 that Node J becomes an active node with a message to send in frame 10, checks 

its NRT, the channel load is less than the blocking threshold, a.Itisadmitted to start its first packet transmission in 

frame 11. Node I finds that the channel status is good in frame 14 and thus, gets a chance to transmit its packet in 

frame 15. In frames 16 and 17, other Nodes C, E and K are allowed to transmit their messages, because the 

channel load is less than the blocking threshold. 

 
C. Computation of the Packet Success Probability 
 
The channel quality indicator (CQI) is an indicator carrying the channel quality information (i.e., good or bad). 

In this work, it is assumed that the CQI values ranges from 0 to 30. 30 indicate the best channel quality and 0, 1 

indicates the poorest channel quality. The receiver node sends this information to the sender node. The Eq. (4) is 

used to compute CQI value. The probability of success, PSP, is conditioned on the fact that all L bits received 

correctly. The BLER is a block error rate which is expected to be a function of the SNR and the CQI which are 

given by Eq. 3 and 4 respectively. 
 
The expression for the probability of packet success is given by [16, 19]:  
 
 

 

(1)  
=   

 
(2)  

 

(3)  
 

 

(4)  
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D. Proposed Cross Layer Design Energy Analysis 
 
Let  be the probability that a preamble packet is received in error,   be the cost of receiving   
preamblepacket in error and be the cost of sending preamble packet successful.  
 

 

(5)  
 
 
Let  be the probability that a RTR packet is received in error,  be the cost of 

receiving RTR packet in error and  be the cost of sending preamble packet successful. 
 

 

(6)  
 
Let  be the probability that a DATA packet is transmitted successfully,   

 be the cost of transmitting DATA packet without any errors.  
 
 
 
 
 
 

(7)  

 

The average energy consumption of sensor node transmit any packet can be expresses as follows 
 

(8)  
 

where  is the energy consumed for sending Acknowledgment (ACK) after receiving the packets. 
 
E. Node LifeTime 
 
In this work, it is assumed that each node has the initial battery energy of . The lifetime of node is 

adopted as in [20, 21] as defined as time spent by the sensor node from the deployment until the drain of the 

battery life of a sensor node. The average lifetime of sensor node can be expressed as follows ;  
 

(9)  
 

The network lifetime is adopted as in [22-24] ] as defined as the time spent from the deployment of nodes until 

the network becomes unable to transmit messages due to lack of energy. Thus, the network life can be expressed 

as follows  
(11)  

 

where  is the average amount of energy consumed per unit of time by the network consumed per unit of time 

by the network,  is the expected wasted energy which is the total unused energy in the network when it dies 

 

PERFORMANCE EVALUATION 
 
In this section, the performance evaluation of the proposed scheme is presented. A simulation model has been 

developed using VC++. In order to evaluate the CLD framework, a network with 100 sensor nodes which are 

deployed randomly into the square grid of size 1000mx1000m area as shown in Fig. 3. The simulations 

parameters presented in Table 1 are used in this analysis. 
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Table 1 : Simulation Parameters  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fiog. 3 : Sensor nodes randomly deployed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 4: Comparison of the average energy consumption comparison of Proposed CLD  
scheme and the DRMACSN MAC protocol for increasing arrival rate.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 5: Node Life time vs traffic load (Messages/Sec). 
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Fig. 4 presents results for energy consumption with increasing traffic load. As the channel load increases, the 

number of data packets are transmitted in the channel also increases, leading to more energy consumption per 

packet. The results in Fig. 4 illustrate that the CLD scheme provide minimal energy consumption than the 

DRMACSN MAC protocol. Increasing the number of simultaneous nodes also increases the likelihood of 

interference during packet transmissions, which reduces the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5: Network life time for the proposed MAC protocol for increasing arrival rate. 

 

Fig. 4 show that the node life time as traffic load increases for the proposed CLD scheme. As can be seen from Fig. 4 

that lifetime is constant for higher load because when the blocking threshold is set or blocking occurs that is the 

DRMACSN MAC protocol [3] blocks new arrivals; therefore, the energy consumption is constant until the new nodes 

starts transmitting messages. It is also observed that the energy consumption increases linearly at lower loads because 

the DRMACSN MAC allows admitted nodes to continue their transmission when the channel status is good. 

 
Fig. 5 shows that good network life time can be achieved with the proposed MAC protocol for various the blocking 

threshold values. The reason is that every sensor node senses the channel status before transmitting/receiving any 

messages. This leads to energy conserving in the network. It is also confirm that the life time increases as the new 

node's transmission are allowed when the channel load reduces below the blocking threshold value. 

 

]CONCLUSIONS 
 
In this paper, a cross-layer design framework to jointly design the Physical layer and the DRMACSN MAC 

protocol for WSNs has been proposed. The improvement in terms energy saving of the system is obtained for 

WSNs. In the proposed CLD scheme, the receiver node is the responsible for estimating the channel status. The 

source node can select the transmission rate after receiving the channel quality by a receiver node. The 

simulation results reveal that better performance can be achieved by the CLD scheme in comparison to the 

DRMACSN MAC protocol as the channel load increase. 
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