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Abstract 

Wireless Sensor Network (WSN) is a widely researched technology that has applications in a 

broad variety of fields ranging from medical, industrial, automotive and pharmaceutical to even 

office and home environments. It is composed of a network of self-organizing sensor nodes that 

operate in complex environments without human intervention for long periods of time. The 

energy available to these nodes, usually in the form of a battery, is very limited. Consequently, 

energy saving algorithms that maximize the network lifetime are sought-after. Link adaptation 

polices can significantly increase the data rate and effectively reduce energy consumption. In this 

sense, they have been studied for power optimization in WSNs in recent research proposals.  

 In this thesis, we first examine the Adaptive Modulation (AM) schemes for flat-fading 

channels, with data rate and transmit power varied to achieve minimum energy consumption. Its 

variant, Adaptive Modulation with Idle mode (AMI), is also investigated. An Adaptive Sleep with 

Adaptive Modulation (ASAM) algorithm is then proposed to dynamically adjust the operating 

durations of both the transmission and sleep stages based on channel conditions in order to 

minimize energy consumption. Furthermore, adaptive power allocation schemes are developed to 

improve energy efficiency for multi-hop relay networks.  

 Experiments indicate that a notable reduction in energy consumption can be achieved by 

jointly considering the data rate and the transmit power in WSNs. The proposed ASAM algorithm 

considerably improves node lifetime relative to AM and AMI. Channel conditions play an 

important role in energy consumption for both AM and ASAM protocols. In addition, the number 

of modulation stages is also found to substantially affect energy consumption for ASAM. Node 

lifetime under different profiles of traffic intensity is also investigated. The optimal power control 

values and optimal power allocation factors are further derived for single-hop networks and 
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multi-hop relay networks, respectively. Results suggest that both policies are more suitable for 

ASAM than for AM. Finally, the link adaptation techniques are evaluated based on the power 

levels of commercial IEEE 802.15.4-compliant transceivers, and ASAM consistently outperforms 

AM and AMI in terms of energy saving, resulting in substantially longer node lifetime. 
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Chapter 1 

Introduction 

1.1 Background and Motivation 

Wireless Sensor Networks (WSNs) enable monitoring, controlling, and analyzing complex 

phenomena over a large region for a long period of time [1]. Recent advances in research have led 

to the development of network infrastructure and hardware platform that allow small, cheap and 

long-lasting sensor nodes. These sensor nodes can collect a large amount of information about the 

surrounding environment such as temperature, humidity, pressure, noise level, air quality, 

position, direction and so on [2]. The WSN technology, therefore, engenders a wide range of 

applications in habitat and environment monitoring, health care, military surveillance, industrial 

machinery, home automation and smart interaction [1].  

The inherent requirements for WSNs to work under complex conditions introduce a 

substantial number of constraints. A few essential issues that still challenge the research 

community include: 

• Realistic Protocol Design – Many of the current WSN platforms are developed with 

assumptions that simplify the wireless communication process and the operation 

environments [3]. The lack of realistic models for system design often makes the 

solutions work well in simulation but not robust enough for actual networks. Research is 

needed to focus on developing better models and new network protocols for the realistic 

sensing environments.  

• Power Management – Due to the very limited capacity of the battery powering the 

sensor nodes, energy is a precious resource in the network. The fact that most sensor 
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network applications require a long operating lifetime emphasizes the importance of 

research to improve energy efficiency in WSNs [4]. 

• Real-Time Operation – WSNs are highly time constrained. In many of the applications, 

sensing information needs to be collected within a short time frame in order to make the 

data acquisition valid and accurate.  However, most current protocols do not meet the 

real-time operation requirement satisfactorily. This leads to the need for designing real-

time operation protocols that can sufficiently reduce the delay [5]. 

• Security and Privacy Issues – Sensor nodes are normally deployed over large and 

accessible areas. Unencrypted information may be intercepted during transmission. To 

ensure privacy in the system, security issues must be considered and properly addressed 

in every component.  

Notwithstanding, WSNs are gaining increasing popularity due to many attractive features in 

flexibility, cost-efficiency, high resolution, cooperative effort and self-organizing capabilities [1], 

[4], [6]. Although each node is only capable of a limited amount of processing, the coordination 

of a large group of sensor nodes can form a WSN able to sense the environment in great detail 

[7].  

 

1.2 Thesis Contribution 

This thesis mainly focuses on the power management issue mentioned above. The primary 

contributions of this work are summarized as follows: 

1. Different link adaptation policies are evaluated for energy saving. The goal of this analysis is 

to achieve optimal spectral efficiency while minimizing energy consumption in the network, 

thus extending the network operating lifetime while simultaneously meeting the Quality of 
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Service (QoS) requirements. We extend the work of Goldsmith et al. [8], to compute the 

energy performance in the network where the total available energy constraints are imposed 

on all nodes in the communication path. Data rate and transmit power, the two key factors 

determining energy consumption in the network, are studied.  

2. We propose an Adaptive Sleep with Adaptive Modulation (ASAM) algorithm to adaptively 

adjust the durations of the node operating stages in the wireless channels for minimizing 

energy expenditure and enhancing the network lifetime. Relevant formulas for calculating 

energy consumption are derived for different Medium Access Control (MAC) layer 

protocols. The energy consumption of Adaptive Modulation (AM), Adaptive Modulation 

with Idle mode (AMI) and the proposed ASAM algorithm is evaluated and compared. 

3. Adaptive power control and allocation algorithms are introduced to analyze the overall 

achievable rate and power level in single-hop and multi-hop communications, respectively. 

Optimal power control and allocation factors are also derived. An example of a two-link 

multi-hop network is explored using different link adaptive transmission protocols.  

 

1.3 Thesis Outline 

This thesis is organized as follows: 

• Chapter 2 provides the necessary background and analytical framework for this work. 

Relevant parameters and system models are described. Functions of the system components 

are given in detail and fading models are explained.   

• Chapter 3 presents the literature review of link adaptation and feedback communication 

systems.  The system model of the adaptive feedback network is built. Based on the 

feedback system, link adaptation for energy optimization is discussed. Recent research and 
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designs for energy saving protocols are reviewed. The fundamentals of different adaptive 

techniques are also explained.  

• Chapter 4 proposes the ASAM algorithm and adaptive power allocation policy. It first 

describes the composition of energy consumption in WSNs. Link adaptation techniques for 

single-hop and multi-hop networks are explained. In particular, power allocation factors are 

introduced to find optimal network energy consumption. The formulas for calculating energy 

consumption are derived using ASAM, AMI, and AM with respect to MAC layer protocols.  

• Chapter 5 presents the simulation results. The simulation parameters, assumptions 

procedures and methodologies are described. We calculate the overall achievable data 

transmission rates, optimal power allocation factors, and AM switching threshold levels over 

Lognormal shadowing and Rician fading channels. The effects of channel conditions, traffic 

intensity and number of modulation stages are investigated. The per-node operating lifetime 

for point-to-point communication and multi-hop networks using the link adaptation polices 

and ASAM is evaluated and discussed. The performance of AM, AMI, and ASAM 

algorithms on commercial transceivers is further examined, with the node lifetime 

comparison.  

• Finally, Chapter 6 gives concluding remarks and suggests possible future work. 
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Chapter 2 

System Models 

2.1 Introduction 

This chapter presents the system models for wireless communication networks and discusses the 

conceptual framework for analysis. The system architecture and Physical Layer (PHY) 

components of a wireless communication system are introduced. In general, wireless 

communication systems are operated in complex environments. Therefore, the channel may be 

easily influenced by reflection, diffraction, scattering and multi-path effects. In this thesis, we 

investigate the network performance in flat-fading phenomena. The channel fading models are 

explained here with the communication strategy.  

 

2.2 System Architecture 

In this work, we are particularly interested in PHY layer channel characteristics. Figure 2.1 

displays the architecture of a typical wireless communication system and the main components of 

interests. 

 

Figure 2.1: System architecture for a typical wireless communication system 

�’(�) 	(�) ℎ(�) �(�) 

Transmitter 

Source 

Adaptive 

Modulation 

Power 

Adaptation 

Receiver 

Demodulation 

Channel 

Estimation 
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�(�) 
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2.2.1 Information Source and Sink 

The communication information data �(�) are generated by the source unit. In order to reduce the 

implementation complexity in practice, it is assumed that the data is uniformly distributed and is 

generated at a fixed symbol rate (see Section 3.6 for details). The communication system 

bandwidth is denoted as �, which in the case of ideal Nyquist pulse is given by: � ≈ 1 �� = ��⁄  , 

where �� is the fixed symbol rate. The data are transmitted through a flat-fading wireless channel 

where Additive White Gaussian Noise (AWGN) is added during the process.  

 

2.2.2 Transmitter 

One of the most important components in the system is the transmitter. Instead of being 

responsible only for sending information, the transmitter in this model has three main tasks: 

• Transmission: The transmitter sends the data through a wireless channel to a receiver 

base on the selected modulation schemes and power levels. 

• Adaptive Modulation: Unlike in a traditional modulator, the modulation scheme here is 

not fixed but varied based on QoS criteria. In this thesis an instantaneous Bit-Error-Rate 

(BER) requirement is further imposed. Therefore, the data rates and the transmission 

durations are determined by different modulation schemes, which in turn, are selected 

according to the performance requirements.   

• Power adaptation: The most appropriate Power Adaptation Policy (PAP) is selected to 

optimize power levels according to the Channel State Information (CSI) feedback from 

the receiver. Two techniques of power adaptation are considered in this work, namely 

power allocation and adaptive sleep, both discussed in detail in Chapter 4.  
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2.2.3 Receiver 

The Receiver is responsible for receiving data, demodulating the received information, and 

estimating the CSI after the wireless channel. Hence a feedback channel is further required so that 

the estimated CSI can be fed back to the transmitter. Normally there might be estimation errors 

and delays involved in this feedback process, which negatively affects the transmitter decisions. 

In this case, however, we assume that the channel estimation is perfect for the receiver and the 

delay from the feedback channel is negligible.  

 

2.2.4 Wireless Channel  

During the processes of transmission, reception and signal propagation, the additive noise is 

formed and should be considered in the analysis. Considering the channel gain and additive noise, 

the output signal can be expressed as: 

	 = ℎ ∙ � + �                                                                    (2.1) 

where � is the input signal, ℎ is the channel gain, and � is the AWGN here formed by taking a 

zero-mean Gaussian random variable with Power Spectral Density (PSD) of �� 2⁄ . 

 

2.3 Lognormal shadowing Channel Model  

Wireless links experience shadowing and fading effects. In this thesis, the shadowing effect of the 

channel is modeled as a lognormal distribution. The Probability Density Function (PDF) of a 

lognormal distribution is represented as [9]:  

�(�; �, �) = �� √"# $�% &− (()�*+)," , -                                                   (2.2) 
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where µ and σ are the mean and standard deviation of the natural logarithm. The lognormal 

distribution has a mean and a variance which are given by: 

Mean: = $+. ,/"                                                                (2.3) 

Variance: = ($ , − 1)$"+. ,
                                                     (2.4) 

 

The lognromal distribution therefore can be used to describe the random shadowing effects in 

the link burget calcuation. The received power level is formulated by considering the lognormal 

distribted path loss. Use this approximation, a simple path-loss model can be expressed as [9]: 

01 = 02 + 20 456�� & 78#9:- + 10; 456�� &9:9 - + <                                       (2.5) 

where01  and 02  are the receive power and transmit power, respectively; =  is the signal 

wavelength; >� is a reference point distance; > is the distance between the transmitter and the 

receiver; <  is a zero-mean Gaussian distributed random variable with standard deviation �; and 

; is the path-loss exponent which is highly dependent on the propagation channel. The typical 

values of ; in the range of [2, 5] for common wireless sensor environments [10].  

 

2.4 Rician Fading Channel Model 

The multi-path fading effects are modeled by Rician distribution. The PDF of Rician or Rice 

distribution can be denoted as [11]: 

�(�|@, �) = � , $�% &*A�,.B,C" , - D� &�B ,-                                              (2.6) 

where σ is the standard deviation; @ is the distance between the reference point and the center of 

the bi-variant distribution; and D� is the modified Bessel function of the first kind with order zero. 
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When analyzing the fading probability distribution of the wireless channel, Rician PDF is 

normally represented as a distribution of the received SNRs (E) [10]:  

0г(E) = (�.F)GH $&*F*(IJK)LLH -D� M2NF(�.F)GGH O , E ≥ 0.                                (2.7) 

where R = B," , is the Rician K-factor defined as the ratio of dominant component signal power 

over the local mean scattered power. In other words, the K-factor shows the strength of the Line-

of-Sight (LOS) signal in the channel. By varying the K-factor, the mean and variance of the 

distribution is changed [11]. In this thesis, links are uncorrelated so that the shadowing and fading 

effect on one link has no impact on others. Thus, the channel Rician K-factors can be varied 

independently for each link. 

The Rician distribution can also be modeled as � = √<" + S" where <~�(@ U5V W , �") and 

S~�(@ VX; W , �") are two independent normal distributions, and θ is any real number. The mean 

and variance of the distribution is given by: 

                  Mean: =  �N#" Y�/" &− B," ,- = �N#" Y�/"(−R)                                          (2.8) 

     Variance: =  2�" + @" − # ," Y�/"" (− B," ,) = 2�" + @" − # ," Y�/"" (−R)                 (2.9) 

where YZ(�) denotes a Laguerre polynomial. For a given K-factor and mean value, � values are 

drawn from the Rician distribution as the instantaneous SNRs E[ in each link. The instantaneous 

SNRs are used to obtain the received SNRs at the sink nodes after power allocation. 
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2.5 Summary 

This chapter has presented the analytical framework and channel fading models used in the 

following chapters. The system architecture and the network components are explained. In this 

thesis, channel fading condition is an important parameter for analyzing the energy consumption 

in the communication process. Two fading models, namely Lognormal propagation and Rician 

distribution, have been examined. Relations between channel fading and node lifetime will be 

investigated in Chapter 5.   



 

11 

 

Chapter 3 

Adaptive Transmission and Feedback Communication System 

3.1 Introduction 

With the rapidly increasing demand for the radio spectrum in wireless communication systems, 

there arises a keen need for developing spectral efficient networks. In order to use the spectrum 

efficiently, the transmission schemes should be able to adapt to channel characteristics through 

estimation and feedback. But traditional non-adaptive protocols fix the transmission parameters 

regardless of channel conditions. Such systems need to maintain an acceptable performance for 

the worst case scenario, which often results in insufficient utilization of the full channel capacity.   

Adaptive modulation (AM) or link adaptation, on the other hand, allows for dynamic 

adjustment of the communication systems (e.g., by changing modulation [12] and coding [13] 

schemes and other parameters [14]), according to characteristics of the time-varying channel [15]. 

This effectively improves spectral efficiency by adapting transmission parameters to specific 

communication conditions. 

The basic concept behind the adaptive transmission is to maintain a stable level of \] ��⁄  by 

varying the transmit power, data rate, coding rate, coding scheme, or a combination of them. It 

takes advantage of favorable channel conditions by transmitting data at high speed. In this way, 

spectral efficiency is improved with BER requirement maintained simultaneously. For wireless 

communication applications with emphasis on high quality-of-service (QoS) or minimal 

distortions, such as high-speed modems and satellite links, adaptive techniques are of particular 

importance [15]. 
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3.2 Adaptive System Design 

In adaptive transmission, both transmitter and receiver in the system will have multiple 

functionalities. Figure 3.1 illustrates the system model for a typical adaptive transmission system. 

Unlike in traditional communication systems, modulation level and transmit power in adaptive 

systems are not fixed but dynamically controlled by transmitter. Through the feedback channel, 

transmitter exchanges information with the receiver and collects the current CSI data. The 

transmitter can then make decisions on the proper transmission parameters to use. During the 

process, both adaptive modulation control and power adaptation units are functioning 

simultaneously to ensure modulation schemes and transmit power are selected accurately.  

The Receiver also has two functionalities: demodulation and estimation. It cooperates with 

transmitter to determine the transmitted information and to estimate the CSI. During the 

estimation and feedback process, delay and error can occur, impairing the accuracy of the 

estimates.  

 

Figure 3.1: Adaptive Feedback System Model 
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3.3 Link Adaptations  

Link adaptation, also known as adaptive modulation and coding, is an innovative technology in 

wireless communications. The goal of the technique is to adapt the system parameters to radio 

link conditions such as available power level, channel path-loss, signal interference and 

sensitivity of the receiver [12]. The parameters for adjustment can include: symbol rate [16], 

modulation schemes or constellation size, transmit power [17], data transmission rate [12], [18], 

[19], [20], and coding parameters [21], [22], [23], [24]. These parameters can be varied either 

individually or jointly according to application and performance requirements. Recent researches 

focus on adapting one or two parameters, specifically, power and/or rate [15], [16], [20], [19], 

[25], rate and coding [13], [21], and BER in [21].  

However, the work by Goldsmith et al. [20] indicates that the Shannon capacity of a flat-

fading channel can be best achieved by jointly varying the data rate and transmit power. In 

addition, since the data rate and the transmit power are two parameters for calculating the 

network energy, variable-rate variable-power adaptation techniques become the most interesting 

link adaptation policy in research when analyzing the network energy consumption. In this thesis, 

the link adaptation system performance is evaluated using variable rate and variable power both 

individually and jointly. The objective is to solve the energy optimization problem so that the 

maximum node lifetime is achieved under network constraints.  

Early studies on adaptation techniques were done by Cavers [16] and Hayes [17] in the 1960’s. 

The results showed promising results for adaptive techniques to improve the system efficiency 

and throughput by supporting various communication profiles and multiple transmission rates 

according to the link quality. However, due to the hardware limitations and difficulties in accurate 

estimation of the CSI, link adaptation was considered unfeasible at that time [8]. With advances 
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in technology, especially in hardware, the original concerns of link adaptation become less 

prohibitive. Technologies that incorporate AM into wireless LANs [26], [27], [28], [29], MIMO 

communications [30], and 3G/4G cellular networks have revived [25], [31], [32], [33], [34].  

It has to be noted that the adaptive systems must be designed to ensure that consistent 

communication requirements are met under the worst case scenarios. Link adaptation protocols 

can avoid the poor utilization of the channel even with deep fading. Therefore, it increases the 

spectral efficiency by transmitting at desirable speed based on channel conditions. Particularly, 

for multi-hop relay networks, communication links can transmit at different data rates and power 

levels to achieve optimal spectral efficiency and minimum energy consumption.  

Having that said, link adaptation still suffers from a few practical limitations [35]. First, it is 

highly dependent on reliable receivers and feedback channels to estimate and relay accurate CSI 

to transmitters. In addition, the communication process requires real-time estimation and error-

free transmission in order to ensure the accuracy of the transmitter decisions. If the time varying 

CSI cannot be received correctly or timely, link adaptation is not possible. Furthermore, most link 

adaptation techniques are evaluated mainly in terms of simulations. Actual experiments in 

realistic networks are desperately needed.  

 

3.4 Energy Constrained Networks  

A network with finite fixed energy budget is defined as energy constrained network. WSN is one 

example of energy constrained networks. Sensor nodes in the network are usually battery driven 

devices. The amount of energy available to each node is finite and the operating lifetime is 

limited. With advances in research and design, more functionalities have been integrated into one 

single chip, yet the size and the weight of sensor nodes are effectively reduced [2]. In many 
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applications, sensor nodes are designed to have powerful transceivers and central controllers to 

sense, process data, and transmit and receive information at the same time. However, this also 

makes the devices more important and difficult to be replaced.  

Therefore, nodes must be able to operate for a long period of time without replacing the 

battery. Consequently, energy optimization for the communication processes becomes more 

crucial. It is necessary to understand the tradeoff between the system performance and the amount 

of energy that can be used for each process. Investigations of recent researches indicate that to 

ensure a long period of network lifetime, the amount of energy used to deliver each packet has to 

be minimized [36], [37]. Energy efficiency is the key in this energy saving problem.   

 

3.5 Link Adaptation in Energy Optimization 

Applying link adaptation to energy constrained sensor network has received a significant amount 

of interests in research [38], [39], [40]. Many designs offer optimal energy performance by using 

extra low-power components in sensor nodes [37], [41], [42]. However, additional hardware can 

introduce noise and errors to the network and influence the system performance [35]. Some 

works also consider using dynamic routing protocols for delivering the information from source 

to destination [43], [44], [45]. The design often focuses on balancing battery power for all nodes 

along the transmission routes.  

Recent research in the field of energy constrained sensor network also proposes the concept of 

energy-aware protocols to control the power levels during transmission [46], [47]. Instead of 

being fixed beforehand, the transmit power is dynamically allotted. Energy-aware protocols 

balance the link budget through adaptive variation, so that each transmission can spend different 

amount of energy given the channel conditions [17]. Thus, without wasting the power or 
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sacrificing BER, the protocol provides high average link energy efficiency by taking advantage of 

flat-fading through adaptation. No energy will be wasted during the process, hence maximizing 

the node lifetime.   

  One of the essential ideas in these energy-aware protocols is to power down the nodes when 

they are not performing any tasks. This is due to the fact that in WSNs, nodes normally need to be 

communicating for a short period of time only; thus a high degree of redundancy usually exists in 

network topology [30]. It is possible to design wireless communication protocols to minimize 

energy consumption by letting the nodes sleep for the maximum amount of time. Adaptive sleep 

(AS) technique, therefore, has been proposed so that nodes sleep time can be adjusted based on 

current fading conditions. Most of the time when there are no communication occurring, nodes 

are powered down and operated at the minimum power level. This stand-by power can be orders 

of magnitude lower than the active power. Energy efficiency is thereby improved as maximum 

sleep time is used in the network.    

 

3.6 Adaptive Techniques 

Dynamically adjusting the transmission parameters leads to various adaptive techniques in 

research. This thesis investigates the network energy consumption issues by considering the data 

rate and the transmit power. For a given BER constraint, the spectral efficiency has to be 

optimized, which applies to all adaptive techniques. The approximations and formulas for 

different link adaptation polices are presented in the following sections.  
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3.6.1 BER Approximation for MQAM 

The spectral efficiency is the main advantage to be gained from AM analysis. It is defined as the 

average data rate per unit bandwidth (�/�). The transmission rates are determined by modulation 

schemes, i.e. b(E) = log"[f(E)]  (bits/symbol) [8]. Therefore, the spectral efficiency for 

continuous rate adaptation (3.1) and the discrete rate adaptation (3.2), respectively, is given by 

[8]:  

gh = i b(E)%(E)>Ej�                                                              (3.1) 

gh = ∑ b[l*�[m� i %(E)>EGnJIGn                                                          (3.2) 

 

The adaptive rate b(E) is determined by the modulation schemes typically restricted by an 

average transmit power 0o. The transmit power constraint in this assumption is given by: 

i 0(E)%(E)>Ej� ≤ 0o                                                              (3.3) 

 

Average BERs in the channel is usually defined as the number of error bits per transmission 

over the total number of bits per transmission. i.e.:   

�\�oooooo = \ q r11s1 ][2� tr1 21u)�v[��[s)2s2u( ][2� tr1 21u)�v[��[s) w                                                 (3.4) 

 

With Gray bit mapping, the expression for the BER of MQAM can be approximated as a 

function of the receiver SNR E &x(G)xo - and the constellation size f [8]:  

�\�yz{y(E) ≈ "(s|, y &1 − �√y- × $b�U ~�1.5 G�(L)�Hy*��                               (3.5) 
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As this expression cannot be easily solved for its power 0(E) and its rate � = log" f, it can 

be considered as a tight approximation of the following equation for constellation size f ≥ 2 and 

BER less than 10*� [8]: 

�\�yz{y(E) ≤ 0.2$�% M*�.�G�(L)�Hy*� O                                                (3.6) 

 

This tight approximation for rate variation and power adaptation is used in this these for 

network lifetime analysis. The constellation sizes are taken as 2 or above and the BER constraint 

value is set to 10*8. 

 

3.6.2 Variable Rate 

Considering the data transmission rate varied with channel gain, the network can achieve its 

optimal transmission rate by two means:  1) fixing the symbol rate and using multiple modulation 

schemes or constellation sizes, or 2) fixing the modulation scheme and changing the symbol rates. 

Usually, the second method is difficult to implement because varying symbol rate requires 

varying signal bandwidth which is complicated in practice [23]. In contrast, changing the 

modulation types or the constellation sizes is more feasible. For this reason, it is employed in this 

thesis, i.e., the modulation schemes are varied to achieve the optimal rate during transmission.  

To formulate the variable-rate modulation problem, we consider a family of MQAM 

modulation signals with a fixed symbol rate �� , with f denoting the constellation size of the 

modulation scheme, 0o denoting the average transmit power, and �� and � being the noise and 
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bandwidth, respectively. Assuming ideal Nyquist pulses for each constellation, the average 

received SNR E̅ is expressed as [8]:  

 E̅ = xo��l: = xol:h = ��l:                                                                 (3.7) 

 

Recall that the spectral efficiency is defined as data rate per unit bandwidth � �⁄ . For a 

fixed f, it becomes �/B � �log" f�/B bits/symbol. In this case, we are only considering the 

variable rate. The spectral efficiency is therefore parameterized by the average transmit power 

and the BER. Rearrange equation (3.6) in terms of f, the expression for the constellation size is 

obtained as a function of the received SNR E: 

 

f�E� � 1 �
*�.�G

() ��h�g�

x�G�

xo
                                                          (3.8) 

where 0o is the average power and  
x�G�

xo
 is the normalized transmit power. In rate adaptation, the 

sensor node always communicate using the transmit power so that 
x�G�

xo
� 1.  

 

 
Figure 3.2: Symbol rate verification using adaptive modulation when Pe =  10⁻⁴ 
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The relation between symbol rates and received SNRs for continuous and discrete rate adaptation 

is depicted in Figure 3.2. The spectral efficiency can then be optimized by maximizing: 

 \[b(E)] = \�456"Af(E)C� = i 456" &1 + *�.�G() (�h�g) x(G)xo - %(E)>E                      (3.9) 

with respect to the power constraint in equation (3.3). 

 

3.6.3 Variable Power 

The transmit power can be adapted to compensate for SNRs. The goal is to maintain a fixed BER 

and equivalently, a constant received SNR. In [8], two techniques are proposed for fixed-rate 

variable-power adaptation: channel inversion adaptation and truncated channel inversion. 

Although both techniques are aiming to maintain a constant received SNR, the former suffers 

from a larger power penalty since most of the average signal power is used to compensate for 

deep fading channel condition, while the latter provides a cutoff level below which no signal is 

transmitted. The power adaptation formula for channel inversion is given by [8]: 

x(G)xo =  G                                                                   (3.10) 

where � is the constant received SNR, and E is the channel gain.  

Using this power adaptation policy, the spectral efficiency is obtained by substituting equation 

(3.10) into (3.8): 

gh = 456" &1 + *�.�G()(�h�g)�[�/G]-                                                     (3.11) 

 

When using the truncated channel inversion for power adaptation, the fading can be inverted 

above a given cutoff E�. The power adaptation is [8]: 
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x(G)xo = � G        E ≥ E�0       E ≤ E� �                                                               (3.12) 

 

Similarly, the spectral efficiency for truncated channel inversion is given by: 

gh = ���G: 456" �1 + *�.�G()(�h�g)�L:[�/G]�                                            (3.13) 

 

By introducing a power control technique to determine the power level needed for a 

successful transmission, power control values are formulated by rearranging equation (3.6) in 

terms of  
x(G)xo . We then obtain the expression of the normalized power control factor as: 

x(G)xo = ()(�h�g)×(y*�)*�.�∙G                                                          (3.14) 

 

 

 

Figure 3.3: Normalized power allocation for MQAM 
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For each received SNR value, the instantaneous power value 0(E) can be calculated as the 

product of the power control factor 
x(G)xo  and the average power 0o. Thus, instead of using a fixed 

average power for transmission at all time, the instantaneous power level can be varied according 

to the channel conditions. The power control factors relative to the received SNRs are displayed 

in Figure 3.3. As shown in the figure, the power level is reduced with increased SNR for the same 

modulation scheme. Significant power increase occurs only when the transmitter is switching 

from the lower modulation levels to the higher ones.  

 

3.6.4 Adaptive Rate and Power for MQAM modulation scheme 

By combining rate adaptation and variable-power technique, the spectral efficiency can be further 

improved. Optimal spectral efficiency can be determined for four cases: continuous rate 

adaptation with an average BER constraint (C-Rate A-BER), continuous rate adaptation with an 

instantaneous BER constraint (C-Rate I-BER), discrete rate adaptation with an average BER 

constraint (D-Rate A-BER), and discrete rate adaptation with an instantaneous BER constraint 

(D-Rate I-BER). Obviously the instantaneous BER constraints are special cases of the average 

BER constraints; therefore, it has lower spectral efficiency under the same conditions [18].  

In this thesis, the discrete rate continuous power adaptation (c.f. Section 4.3 for details) is 

used to maximize the spectral efficiency with the constraints of average power and average BER. 

This then becomes a constrained optimization problem, which can be solved using the Lagrange 

method. The general Lagrange equation for this optimization problem subject to the power and 

BER constraints is given by: 

�st2 = �1(E) + =� ∑ �\�[)[m� (E) + =" ∑ 0[v[m� (E)                               (3.15) 
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where �1 is the energy optimization problem; �\�[ is the instantaneous BER constraints; and 0[ 
is the average transmit power constrains subject to each SNR values. The optimal rate and power 

can be satisfied by solving the following equation: 

 � �̂���1(G) = 0 �;> � �̂���x(G) = 0                                                   (3.16) 

where b(E) and 0(E) are the rate and power respectively with additional constraints. Both of 

them are non-negative for all SNR E. 

 

3.7 Summary 

This chapter has reviewed the adaptive modulation and link adaptation techniques in energy 

constrained networks. Adaptive modulation relies on a feedback channel to deliver the estimated 

CSI from receiver to transmitter so as to make decisions on appropriate modulation schemes and 

transmit power levels to use. Benefited from such adaptive process, the network resources, 

especially energy, can be used more wisely. A variety of energy saving techniques have been 

discussed. The fundamental concept of energy-aware adaptation protocols for energy constrained 

network is also explained. In addition, by considering the BER approximation, the optimization 

formulas for variable-rate and variable-power link adaptation are explained.   
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Chapter 4 

Multi-hop Relay Network and Energy Constrained Network Analysis 

4.1 Introduction 

Advances in the WSN technology have given rise to the deployment of small and cheap sensor 

nodes in a multitude of environmental monitoring and control applications [48], [49]. Due to the 

small-size, light-weight design and extreme energy constraints imposed on sensor nodes, energy-

aware protocol design is desirable given its ability to extend network lifetime for WSNs.  

In this chapter, we discuss the energy consumption issues in energy constrained networks for 

WSN design. Single-hop discrete rate continuous power adaptation policy is first considered. 

Link adaptation in multi-hop relay networks is then examined, and adaptive power allocation 

algorithms are developed.  We proposed an ASAM algorithm that optimizes nodes sleep time to 

reduce energy consumption. The algorithm is formulated with respect to MAC layer protocols. 

 

4.2 Energy Consumption with Adaptation Techniques 

In energy constrained networks, the total amount of energy available is fixed and finite. In order 

to avoid frequent battery replacement for the sensor nodes, reducing energy expenditure during 

transmission is crucial. The general formula of energy consumption can be expressed as power 

level and transmission time:  

\ =  0 × �                                                                   (4.1) 

where 0 is the power level and � is the transmission time determined as the reciprocal of the data 

rate:  � =  1/�. Therefore, energy consumption is also dependent on the communication data 

rate.  
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In this thesis, we define four operation stages with different power levels for the sensor nodes: 

• Transmission stage: The packet is transmitted from one node to another. Both radio 

transmission and the Central Processing Unit (CPU) are active in transmission mode. The 

device is able to activate the processor, listen to the channel, wait for receptions, and 

transmit the data. This stage has the highest power level since the transmission requires a 

large amount of energy for delivering the packets and for overcoming the channel noise 

to achieve an acceptable SNR.  

• Active stage: The node is awake and waiting for the packets to be transmitted. In this 

stage, the transmission is off while the CPU is still active. The current consumption now 

is referred to as “run current”, which supports the high volume of CPU activities. This 

stage spends less energy than the transmission stage. However, since the node is still 

active, it will still be operating at a much higher power level relative to the idle stage.  

• Idle stage: This is also known as the “idle mode”. It is different from the sleep stage (or 

hibernation stage) in which all the functionalities of the device are dormant. In this stage, 

the CPU can still maintain low activities. The radio transmission is off and the data is 

retained. Therefore, the current consumption in this mode is lower than in both the 

transmission and the active stage, but higher than the sleep stage.  

• Sleep stage: After the data is successfully delivered, the node is hibernating or deep 

sleeping. All the components are powered down and placed on stand-by to save energy. 

To wake up the transmitter and CPU again, it only needs a clock signal. The current 

consumption in this stage is the lowest among the four stages. 

The energy consumed at each stage is determined by its power level and operating duration.  

This work studies the pre-node lifetime during communication by considering the energy 
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consumption of the four different operating stages. Link adaptation technique is analyzed in 

point-to-point communication for single-hop networks. In addition, adaptive power allocation 

factors for the multi-hop relay networks are also derived. 
 

4.3 Single-hop Discrete Rate Continuous Power Adaptation 

We first investigate the single-hop network case where the source directly transmits to its 

destination. Here, we consider the discrete rate continuous power adaptation with instantaneous 

BER adaptation, since it has been proven that this protocol is a superior candidate to other 

protocols [35]. For a given set of discrete rates �b[�[m�l*� = 456"(f[), each rate remains a constant 

in the region [E[ , E[.�), where X = 1,2, … , � − 1. According to equations (3.15) and (3.16), the 

optimal power adaptation is expressed as [8]:  

 x(G)xo = �(1n)G                                                                      (4.2) 

where ℎ(b[) = () (�h�g)*�.� × (f[ − 1) and �\�(E) = �\�oooooo in this case. 

The optimal rate region boundaries can be found via the Lagrange optimization method. The 

Lagrange equation for a discrete rate continuous power protocol is given by [18]:  

�(E�, E", … , El) = � b[ � %(E)>EGnJI
Gn + = � � � ℎ(b[)E %(E)>EGnJI

Gn − 1��[�l*� ���[�l*�  
     (4.3) 

Solve the equations: �¢�Gn = 0,   0 ≤ X ≤ � − 1                                                          (4.4) 

Therefore, the SNR thresholds of the optimal power can be found as: 

E� = �(1:)1: £                                                                     (4.5) 

and E[ = �(1n)*�(1n¤I)1n*1n¤I £,   0 ≤ X ≤ � − 1                                                 (4.6) 

where £ a constant determined by the average power constraints in equation (3.3).  
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Interpreting this equation in a discrete rate manner, the average power can be determined by: 

            � � ℎ(b[)E %(E)>EGnJI
Gn = 1��[�l*�                                  

(4.7) 
Since source nodes directly transmit to the destination, energy consumption in the network can be 

quantified by the node lifetime. The node lifetime, in turn, is defined as the period of time during 

which the node has sufficient energy for transmitting information to its destination. The objective 

of single-hop discrete rate continuous power adaptation is then to achieve maximum node 

lifetime, by adaptively changing the transmission rate and power level according to the channel 

conditions, based on the discrete rate threshold values derived via equations (4.5)-(4.7).  

 

4.4 Multi-hop Relay Networks 

In the previous section, the node lifetime in single-hop WSNs has been discussed. However, a 

typical WSN system usually consists of several nodes. These nodes communicate with each other 

and form a multi-hop network. In this scenario, we will need to focus on the lifetime of the 

overall network instead of the lifetime of a single node.  

In particular, this work concerns in two types of multi-hop networks: 1) relay networks in 

which source data is transmitted to the destination via relay nodes, and 2) multiple-link networks 

in which multiple wireless communication links are formed by several independent sources and 

destinations. In both cases, wireless channels can be easily influenced by each other. As a result, 

the shadowing effects between links are normally correlated. This phenomenon will lead to new 

research direction in multi-hop correlated shadowing. Recent research considers such correlation 

effects and proposes more realistic channel models [50], [51]. In this thesis, however, we consider 

a simplified model in which the links are independent with no correlated shadowing effects.  



 

 

4.4.1 Link Adaptation in 

Figure 4.1: An example of m
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frequency. Figure 4.1 illustrates

source node and destination node are located in bad and good channel condition

with several relay nodes distributed 

forwarded to a destination through the chosen relays

into consideration [53]. 

adaptation in two-link relay network

shown in Figure 4.2. 

28 

Adaptation in Multi-hop Relay Networks 
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Figure 4.2: Two-link Relay Network Model  

 

In this model, source, relay and destination nodes form two wireless channels. The same 

packet will be delivered through both communication links. However, transmitters in source node 

and relay node make independent decisions on which modulation type and power level to 

employ. The network is constrained by the total available energy. Although the amount of energy 

is fixed, the necessary transmit power allotted to each node is adaptively adjusted to achieve 

minimum network energy consumption.  

We introduce the power allocation factor ¥. It is defined as the percentage of the total average 

power allocated to the node; hence ¥  must satisfy 0 < ¥ < 1. Extending equation (4.3) and 

considering the scenario of discrete rate continuous power adaptation, the optimal problem can be 

interpreted as: 

�(E�, E", … , El) = � b[ � %(E)>EGnJI
Gn + = � � � ℎ(b[)E %(E)>EGnJI

Gn − ¥��[�l*� ���[�l*�  
(4.8) 

 

The optimal rate and power region boundaries can be obtained using essentially the same 

procedure described by equations (4.4)-(4.6). Inserting the new parameter ¥ to equation (4.7), the 

transmit power constraint become: 

� � ℎ(b[)E %(E)>EGnJI
Gn = ¥��[�l*�  

(4.9) 
 

\�, �� \", �" 

Relay 
Link2 Link1 ¥" ¥� 

Source Destination  
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In this two link relay network shown in Figure 4.2, the total energy is divided between the 

source node and the relay node. Denote their power allocation factors as ¥� and ¥", respectively. 

Both ¥� and ¥� satisfy the energy constraints in the network. i.e.:  

0 < ¥�  < 1 ,  0 < ¥"  < 1                                                        (4.10) 

¥� + ¥" = 1                                                                    (4.11) 

 

Denote the energy consumption in link 1 and link 2 as \� and \", and the link lifetimes as �� 

and �", respectively. In addition, it is assumed that when the energy allocated to either node has 

been exhausted, the whole network is considered as “dead” and reaches the limit of its lifetime. 

Define the network lifetime as the period of time that both nodes are alive and able to transmit 

data, i.e. �$�§5b¨ YX�$�X�$ = �X; (YX;¨1 4X�$�X�$, YX;¨2 4X�$�X�$ ). The optimal network 

lifetime �∗ is expressed as: 

�∗ = �(¥∗) 
 (4.12) 

where ¥∗ = �b6 ���ª∗A�X;A��(¥), �"(¥)CC is the optimal power allocation vector that contains 

the power allocation factors for both links when the network lifetime is maximized.  Considering 

the energy consumption, we can also formulate the problem by calculating the minimum energy 

consumption in the entire network subject to optimal power allocation: 

\∗ = \(¥∗) 
(4.13) 

 

Thus, by solving the optimal network energy consumption problem, the optimal power 

allocation factors are determined.  
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4.4.2 Link Adaptation Multiple-Link Networks  

 
Figure 4.3: An Example of Multiple Sources and Destinations Network Model 
 

When there are several source nodes and destination nodes in the network, data transmission 

between nodes establish multiple communication links. This is known as the multiple-link 

network. Figure 4.3 depicts a five-link example where five source nodes and five destination 

nodes are randomly distributed in the network. Each source node can only communicate with its 

own destination node and all the links operate individually. Therefore, energy consumption of 

each link could be considered independently. For different channel fading conditions, the nodes 

consume different amounts of energy for delivering packets successfully. When a source node 

exhausts its battery energy, it is no longer able to transmit information and the connectivity of this 

particular path is lost. The network lifetime is related to the number of nodes still alive.  

 

4.5 MAC Layer Adaptive Modulation and Adaptive Sleep 

The MAC layer is a sub-layer of the Data Link Layer specified in the seven-layer OSI model 

[54]. It sits directly on top of the PHY layer and acts as an interface between the Logical Link 

Control (LLC) sub-layer and the PHY layer in order to manage access to the shared wireless 

medium [55]. At the network level, it provides addressing and channel access control for nodes or 
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terminals to communicate within a multi-hop network [56]. In wireless standards, MAC layer 

protocols deal with collision through contention resolution algorithms. These algorithms provide 

sufficient time intervals between packets which effectively avoid message overlapping [57]. As 

shown in Figure 4.4, the total frame duration can be split into the actual data transmission time 

(labeled as Tx in the figure) and active/idle time when the transmission process has been 

completed and no further actions are required. Between two subsequent transmissions, the nodes 

can be put to sleep.  

It needs to be noticed that the active/idle stage is the MAC layer pre-allocated contention 

period which ensures that the previous transmission is completed before the next one happens. 

During this contention period, the node can operate either in the active stage with high CPU 

activities or in the idle stage with low CPU activities depends on different CPU functionalities. 

Obviously, the active stage requires higher power level than the idle stage. But since the radio 

transmission is off, the power levels are much smaller compared to the transmission stage. In 

WSNs, nodes send acknowledgement (ACK) packets such as idle channel information, clear to 

send (CTS), and request to send (RTS), to indicate their channel status. Based on different ACKs, 

the node responds with corresponding actions. These actions themselves, however, also take time 

to be processed, thus incurring delays and sometimes collisions. In this sense, the contention 

period gives extra room for the channel to deliver the pervious packet and prepare the channel for 

the next one. After the fixed contention period, node enters the sleep stage to wait for the next 

transmission. 

Sleep stage, on the other hand, is the time interval between transmissions. It is also known as 

the “hibernation stage”, during which all the components in the node are not processing to 

effectively reduce energy consumption. Since nodes in WSNs do not need to operate at all time, 
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they can be powered down right after completing the contention period. The energy consumption 

is minimized in this way because the nodes are operating with a much lower power level. 

Depending on how frequently the data is transmitted, the sleep time might account for a 

substantial portion of the overall communication duration. Consequently, the energy saving can 

be very considerable in such cases, as also demonstrated in Chapter 5. 

The basic MAC layer protocol fixes the time of channel occupation for one transmission. It 

also pre-allocates the durations of the node transmission, active, and idle stages, giving no 

freedom for energy adaptation. As illustrated in Figure 4.4, every time the node detects a packet 

waiting to be transmitted, the protocol wakes up the node and sets the fixed durations for the 

transmission, active and sleep stages. Adaptive modulation techniques, on the other hand, 

dynamically change the data rates according to the channel conditions. This normally varies the 

transmission duration to be less than the pre-allocated transmission, hence reducing the amount of 

energy consumed by the transmission stage. For further optimization in energy consumption, the 

network can consider employing energy-aware protocol for inter-communication between sensor 

nodes, also known as MAC layer adaptive sleep [58]. Adaptive sleep techniques have been 

studied recently to ameliorate energy efficiency in WSNs. It uses MAC layer protocols to set the 

duty cycle for the contention period and meanwhile adaptively adjusts the sleep time according to 

current CSI. Therefore, instead of remaining in the active and idle stage, it can stay in the sleep 

stage after the contention period until the next packet is ready to be transmitted. 

 

 

Figure 4.4: Packet duration in MAC layer protocol 
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In the following sections, we explain the operating stages for Adaptive Modulation (AM), 

Adaptive Modulation with Idle mode (AMI) and Adaptive Sleep with Adaptive Modulation mode 

(ASAM). The total energy (\2 ) is defined as the available battery energy pre-node. The 

communication processes consume energy and due to different operation stages the total 

consumed energy (\«) is consists of: 1) Transmission energy (\2�), 2) Active energy (\u«2[Br), 

and 3) Idle energy (\[9(r). The sleep energy (\�(rrt) is also considered in the process. In order to 

conduct a fair comparison of the energy consumption among the three algorithms, the sleep 

energy level and the time intervals between packets are considered the same. However, the sleep 

duration is dependent on the traffic intensity in the network (explained in Chapter 5). The time 

dedicated to one packet (�tu«¬r2) and duty cycle of the contention period (�9) is pre-determined 

by the MAC layer protocols. The energy consumption formulas for calculating \« formed based 

on equation (4.1). 

 

4.5.1 Energy Consumption in Adaptive Modulation Mode (AM) 

 

 
 
Figure 4.5: Energy consumption in adaptive modulation mode 
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Combining AM techniques with the MAC layer protocol, the transmission time can be 

dynamically adjusted via adapting modulation schemes. As mentioned in Section 4.2, energy 

consumption is the product of the power level and transmission time. Hence, the less time for the 

transmission, the less energy is used during the process. AM allows the data to be transmitted at 

different rates according to the channel conditions. It adaptively changes the modulation 

constellation size, therefore varying the rate and transmission time. Thus, the duration for the 

actual transmission process does not necessarily cover the entire transmission time (�2� as shown 

in Figure 4.4).  

As illustrated in Figure 4.5, the node firstly switches to the active stage with a lower power 

level after the transmission. It then enters the idle stage which has further reduced the power level 

compare to the other two stages. Note that the time for the transmission stage is controlled by AM 

while the node idle durations is still controlled by MAC layer protocols. The overall energy 

consumption is calculated by considering the three types of energy expenditure in the network: 

                        \«{y = \2�­ + \u«2[Br­ + \[9(r 

                                 = 02� × �2�­ + 0u«2[Br × �u«2[Br­ + 0[9(r ×  �[9(r 

                                  = 02� × 4� + 0u«2[Br × (�tu«¬r2 − 4� −  �9) + 0[9(r ×  �9                                
(4.14) 

where 02� is the transmit power; �2�­ = (g is the adaptive transmission time with 4 is the packet 

length and � being the AM rate; \2�­ = 02� × �2�­  is the transmission energy. 0u«2[Br is the active 

power; �u«2[Br­  is the time for the node operates in active stage, which varies in line with  �2�­ ; 

\u«2[Br­ = 0u«2[Br × �u«2[Br­  is the active energy. 0[9(r  is the idle power;  �[9(ris the fixed idle time 

determined by MAC layer protocol; \[9(r = 0[9(r ×  �[9(r  is the idle energy. Also note that 

�2�­ = (g , �[9(r =  �9 and  �2�­ + �u«2[Br­ + �[9(r = �tu«¬r2 
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4.5.2 Energy Consumption in Adaptive Modulation with Idle Mode (AMI) 

 

Figure 4.6: Energy consumption for adaptive modulation with idle mode 

 

In AM, node operates in the active mode after the transmission when the CPU still has high 

activities, which might include executing back-stage programs and/or storing information to the 

memory. However, in WSNs, there is no need for the node to maintain a high volume of activities 

after each transmission. Instead, it can operate in idle mode immediately after the transmission to 

with minimum CPU activities (see Figure 4.6). This offers additional improvement in energy 

efficiency. This process is so-called adaptive modulation with idle mode. Its total energy 

consumption is determined as:  

                        \«{y® = \2�­ + \[9(r­                                     = 02� × �2�­ + 0[9(r × �[9(r­ + 0[9(r ×  �[9(r                                    = 02� × 4� + 0[9(r × (�tu«¬r2 − 4� −  �9) + 0[9(r ×  �9 

                                   = 02� × 4� + 0[9(r × (�tu«¬r2 − 4�) 
(4.15) 

Similarly, 02� is the transmit power; �2�­  = (g is the adaptive transmission time, 4 is the packet 

length and �  is the AM rate; \2�­ = 02� × �2�­  is the transmission energy. 0[9(r  is the idle 

power; �[9(r­  is the adaptive idle time;  �[9(r =  �9  is the fixed node idle time; \[9(r­ = 0[9(r ×
�[9(r­ + 0[9(r ×  �[9(r is the idle energy. In this case, �2�­ + �[9(r­ +  �[9(r = �tu«¬r2 
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4.5.3 Energy Consumption in Adaptive Sleep with Adaptive Modulation Mode (ASAM) 

 

Figure 4.7: Energy consumption for adaptive sleep with adaptive modulation mode 

 

In order to further minimize energy consumption, an ASAM algorithm is proposed, which 

combines the adaptive sleep with adaptive modulation based on the MAC layer protocol. As 

shown in Figure 4.7, the MAC layer still allocates the same amount of idle period to ensure the 

pervious packet is successfully delivered. However, instead of staying in the active or idle stage 

for a while, node is put into the sleep stage right after the pre-allocated contention period  �9. In 

other words, the additional active or idle stage is not necessary for this algorithm. The total time 

for completing one packet is adaptively reduced. Therefore, not only the transmission time is 

adapted by AM, but also the sleep time is varied by AS. The energy consumption formula in this 

case becomes: 

                        \«{¯{y = \2�­ + \[9(r+\�(rrt­                                        = 02� × �2�­ + 0[9(r ×  �[9(r + 0�(rrt × ��(rrt­  

                                      = 02� × 4� + 0[9(r ×  �9 + 0�(rrt × (�tu«¬r2 − 4� −  �9) 
(4.16) 

Notes that in this case, 0�(rrt  is the sleep power; ��(rrt­  is the adaptive sleep duration; 

\�(rrt­ = 0�(rrt × ��(rrt­  is the sleep energy dynamically controlled by AS protocol.  
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4.6 Summary 

Energy consumption issues have been discussed in this chapter. Network energy consumption 

using discrete rate continuous power adaptation polices in single-hop networks as well as power 

allocation algorithm in multi-hop relay networks has been examined. Formulas of energy 

consumption in various networks are presented, and link adaptation techniques are analyzed. 

Moreover, an ASAM algorithm is proposed based on the concept of link adaptation policies and 

MAC layer protocols. It can further reduce the energy consumption in the network by forcing the 

nodes into the sleep stage immediately after the pre-allocated contention period. Simulations and 

comparison results of AM, AMI, and ASAM for energy saving will be presented in Chapter 5. 
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Chapter 5 

Simulation Results 

5.1 Introduction 

This chapter first explains the simulation steps and methodology and then presents the simulation 

results. The experimental parameters and assumptions are discussed. Based on the framework 

established in Chapter 2, we investigate the energy consumption in the network under different 

degrees of Lognormal shadowing and Rician fading channel conditions. Different link adaptation 

policies are studied and used to evaluate the network lifetime. Comparisons are drawn among the 

AM method, the AMI scheme and the proposed ASAM algorithm. The impact of different 

transmission parameters on node lifetime is analyzed. Furthermore, we calculate the optimal 

power allocation vectors for a two-link relay network and investigate its effects on the network 

lifetime. 

 

5.2 Simulation Objective 

The objective of this work is to evaluate the performance of adaptive modulation polices under 

energy constraints for WSNs. By considering the network constraints, various link adaptation 

protocols are evaluated based on energy optimization methods. The joint optimization of rate and 

power is performed for point-to-point communication. The adaptive power allocation algorithm is 

further examined for reducing energy cost in multi-hop networks. The second goal is to 

investigate the ability of the ASAM algorithms to improve energy saving. The system’s operating 

lifetime is compared by assessing the energy efficiency using different algorithms. Finally, the 

performance of AM, AMI, and ASAM on commercial transceivers is compared. 
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5.2.1 Simulation Parameters 

The simulation parameters are selected such that the QoS requirements for the worst case 

scenario are met [59], [60]. Relevant parameters are listed in Table 5.1.  

Table 5.1: Simulation Parameters 

Parameter Description Value R Rician K-factor {0, 5, 10, 15, 20}dB � Lognormal shadowing Variance {0, 2, 4, 6, 8}dB E̅ Average SNR 10-36 dB 0] BER requirement for QoS 10*8 f MQAM modulation constellation size  {2, 4, 16, 64, 256} � Channel Bandwidth 200 kHz ; Path-loss Exponent 3 \2 Total Battery Capacity 1200mAhr ° Operating Voltage  3.6V D�� Transmit Current  120 mA Du«2[Br Active Current 100 mA D[9(r Idle Current 1 mA D�(rrt Sleep Current 0.1mA �9 Duty  Cycle for Contention Period 75% �tu«¬r2 Packet Duration 1 unit of time 

 

5.2.2 Simulation Assumptions 

Trading off the simulation accuracy with complexity, the following assumptions are made: 

• Both transmitter and receiver have perfect knowledge of CSI 

• The transmission parameters remain constant over one frame period 

• Channel conditions stay the same during transmission 

• No errors are introduced by the feedback channel, and the delay is negligible 

• The transmission process is reliable and all packets arrive independently 

• Perfect routing nodes are selected and all nodes are aware of their position to others  
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5.3 Simulation Procedures and Methodologies 

In this thesis, all the simulations are conducted in MATLAB. In this section, the simulation model 

and procedures are explained, which are used to evaluate the performance of the network link 

adaptation behaviors. The evaluation system responds to communication and considers two 

system layers: PHY layer and MAC layer.  

• PHY Layer is responsible for: 

1. Generating source data; 

2. Adaptively controlling the modulation schemes and power levels; 

3. Transmitting data over the fading channel; 

4. Demodulating the received data; 

5. Estimating and feeding back the current CSI. 

• MAC Layer is responsible for: 

1. Coordinating the access to the medium; 

2. Allocating time for different stages under MAC layer protocols for AM policies; 

3. Synchronizing the transmission time. 

 

The simulation analyzes the results for energy consumption in point-to-point communication 

and multi-hop relay networks. Various link adaptation policies are used for minimizing energy 

consumption and enhancing spectral efficiency, while still maintaining the required QoS during 

the communication.  
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For systematic organization of the results, all of the link adaptation policies analyzed in this 

chapter are listed here. We analyzed the energy consumption for the following protocols:  

• AM, AMI, and ASAM Comparison (Sections 3.6.4, 4.3, and 4.5) 

1. Channel Conditions : Lognormal shadowing and Rician Fading 

2. Average SNR 

3. Modulation Stages 

4. Traffic Intensity 

• Single-hop Power Control Adaptation Policies (Section 3.6.3) 

• Multi-hop Link Adaptation (Section 4.4) 

 

5.4 Energy Optimization Methods  

The energy efficiency in the network is highly dependent on the transmission parameters and 

channel conditions. The focus of the simulation is to evaluate different energy optimization 

algorithms by adjusting the network parameters. For a given BER constraint, the optimal energy 

in the network is obtained by jointly considering the data rate and the transmit power. Formulas 

for calculating the energy consumption using link adaptation techniques have been explained in 

Chapter 4. Since nodes in a network can be distributed among different channel condition 

environments, the channel conditions are modeled by considering different fading effects for each 

link. Specifically, Lognormal shadowing and Rician fading effects are considered in this study. 

Moreover, sensor nodes in the network normally do not communicate continuously. It is assumed 

that on average each packet is sent at a 10-second interval. The impact of different traffic 

intensity on energy consumption is also analyzed. 
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As described in Sections 3.6.4 and 4.3, optimizing the data rate and the transmit power jointly 

contributes to energy cost reduction in transmission under fading channel conditions. With link 

adaptation, a transmitter dynamically makes decisions on the appropriate modulation schemes 

and power levels to use, based on the current CSI. Given the set of MQAM constellations and 

BER constraints listed in Table 5.1, the switching levels for the discrete rate adaptation can be 

calculated using equation (3.8). The transmitter is designed to automatically switch to the next 

level modulation scheme once the average SNR exceeds the threshold. However, within the same 

modulation scheme, the transmission rate stays as a constant. Using equations (4.5) and (4.6), the 

optimal transmission rates are obtained. Packets are then delivered at the optimal rate to decrease 

the transmission time. 

 

5.4.1 Energy Consumption in AM, AMI, and ASAM  

This section investigates the energy consumption in AM, AMI, and ASAM. Recalling the energy 

consumption formulas discussed in Section 4.5, the node lifetime of AM, AMI, and ASAM is 

calculated based on the different operating stages required by each algorithm. We analyze the 

source nodes lifetime for successfully delivering a certain number of packets using the adaptive 

discrete rate continuous power policy. The source node sends one packet every 10 seconds and is 

powered down to the according stage after transmission. In each experiment, the same channel 

conditions are used in AM, AMI, and ASAM for a fair comparison.  

The node lifetime achieved by the three algorithms under different degrees of channel fading 

conditions are shown in Figure 5.1-Figure 5.5 for Lognormal shadowing and in Figure 5.6-Figure 

5.10 for Rician fading, respectively. As can be seen from the figures, the proposed ASAM 

algorithm consistently outperforms the AM technique. Nodes can operate up to 221 days using 
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ASAM while the longest node lifetime using AM is only 42 days. This translates into an 

approximately 80% improvement. In addition, the AMI also slightly improves the node lifetime 

compare to AM. At the high SNR region, AMI extends the node lifetime by approximately 10 

days.   

In AM, the node is first active after the transmission stage, then switches to the idle stage, and 

finally enters the sleep stage. In AMI, the active stage is replaced by the idle stage since the 

processor only requires minimum functionality. Therefore, this portion of the energy is reduced 

from active energy to idle energy. However, since the power level at the sleep stage is the least, it 

would be desirable to have the node stay in this stage for the maximum period of time. The 

ASAM algorithm provides an optimal adjustment of nodes sleep duration according to the CSI, 

and therefore further enhances the energy efficiency. The main difference between ASAM and 

AM is that the former enters the sleep stage right after the contention period that is pre-allocated 

by the MAC layer protocol, while the latter still stays active for a certain period of time before 

entering the contention period. The significant difference between the sleep power and active 

power can considerably affect node lifetime, as verified in the figures. 

Furthermore, the results also indicate that there are a number of factors that can affect the 

node lifetime. The factors investigated in this thesis include the following: channel fading 

conditions, average SNR levels, traffic intensity, and modulation stages. They will be discussed 

in detail in the following sections. 
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Figure 5.1: Node lifetime simulation: comparison of 6 stages ASAM, AMI, and AM when 
Lognormal shadowing σ = 0 

 

 

Figure 5.2: Node lifetime simulation: comparison of 6 stages ASAM, AMI, and AM when 
Lognormal shadowing σ = 2dB 
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Figure 5.3: Node lifetime simulation: comparison of 6 stages ASAM, AMI, and AM when 
Lognormal shadowing σ = 4dB 

 

 

Figure 5.4: Node lifetime simulation: comparison of 6 stages ASAM, AMI, and AM when 
Lognormal shadowing σ = 6dB 
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Figure 5.5: Node lifetime simulation: comparison of 6 stages ASAM, AMI, and AM when 
Lognormal shadowing σ = 8dB 

 

 

Figure 5.6: Node lifetime simulation: comparison of 6 stages ASAM, AMI, and AM when Rician 
fading K = 20dB 
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Figure 5.7: Node lifetime simulation: comparison of 6 stages ASAM, AMI, and AM when Rician 
fading K = 15dB 

 

 

Figure 5.8: Node lifetime simulation: comparison of 6 stages ASAM, AMI, and AM when Rician 
fading K =10dB 
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Figure 5.9: Node lifetime simulation: comparison of 6 stages ASAM, AMI, and AM when Rician 
fading K = 5dB 

 

 
Figure 5.10: Node lifetime simulation: comparison of 6 stages ASAM, AMI, and AM when 
Rician fading K = 0 
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5.4.2 Channel Fading and Average SNR 

Since sensor nodes are normally deployed to monitor and analyze complex phenomena over a 

large region, the wireless channels can be easily influenced by various fading conditions in 

WSNs.[56]. Different channel fading conditions exert different influences on per-node energy 

consumption, as examined in this section.  

The transmission protocol allows the transmitter to have the freedom to choose between 6 

modulation stages: no transmission, BPSK, 4QAM, 16QAM, 64QAM, and 256QAM. Here we 

consider a slowly-varying flat-fading channel. The channel changes much slower than the symbol 

data rate, so that it remains approximately constant over each transmission period. Lognormal 

propagation and Rician distribution are used to model the channel shadowing and fading effects, 

respectively (c.f. Sections 2.3 and 2.4 for details of the approximation). For Lognormal 

distribution, the standard derivation � is chosen among �0, 2, 4, 6, 8�; for Rician distribution, the 

K-factor R is taken from �0, 5, 10, 15, 20�.  
Figure 5.11 and Figure 5.12 display the node lifetime as a function of � and R, for Lognormal 

shadowing and Rician fading effects, respectively. In Figure 5.11, it clearly shows that for each 

algorithm, under a given average SNR, stronger Lognormal shadowing (i.e., higher �) yields a 

shorter node lifetime. In other words, the energy cost is reduced when the network operates in a 

good channel condition. The behavior is similar for Rician fading cases (see Figure 5.12). The 

node can operate longer when the fading in the wireless channel is minor (i.e., higher R). The 

Rician K-factor determines the communication line-of-sight (LOS) for the point-to-point 

communication. Hence, a smaller K-factor gives deeper fading in the channel and shorter 

operating time as a result. Moreover, the figures also demonstrate that the node lifetime is heavily 

dependent on the average SNRs in the network. For the same channel fading condition, increasing 
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the average SNR extends the node lifetime. For strong fading cases, a poor average SNR can 

substantially degrade node lifetime performance.  

Although the figures indicate that for all the algorithms, the sensor nodes can operate longer 

with smaller channel fading and larger SNRs, the channel fading conditions and average SNRs 

show very distinct impacts on energy consumption for different algorithms. For AM, the channel 

condition has a bigger impact on the node lifetime at low SNRs than at high SNRs. As the 

average SNR increases, the lifetime gap between different fading conditions becomes smaller. 

For instance, in Figure 5.11, the node lifetime curves roughly overlap with each other for average 

SNR greater than 30dB. We can also conclude that the average SNR values become the dominant 

factor for the energy consumption when the node operates under deep channel fading. However, 

unlike in AM where good channel conditions considerably improve node lifetime, the channel 

fading conditions and average SNR values can only affect the energy consumption slightly in 

AMI.  

Such behaviors are due to the fact that in AM, after the packet has been successfully 

transmitted, the channel still stays active for a certain period of time. For nodes operate in a poor 

channel condition, there are higher chances of resending the packet. This resending incurs more 

active power consumption of the node. On the other hand, AMI puts the node into the idle stage 

immediately after transmission. Even under poor channel conditions where a lot of 

retransmissions occur, the node only spends the idle power after the retransmission, which is 

normally much smaller than active power. The difference in energy consumption between various 

degrades of channel fading is thus not notable in AMI.  

The channel fading conditions and average SNRs also have significant impacts on the node 

lifetime in ASAM. Compared to AM, the performance of the ASAM algorithm is more notably 
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influenced by the average SNR. The difference in node lifetime is approximately 120 days 

between the lowest and the highest SNRs for ASAM, while for AM, the difference is less than 30 

days. In addition, it can also be found that the node lifetime is more susceptible to channel 

condition variations in low and high SNR regions, for AM and ASAM, respectively. 

Interestingly, it can also be seen from Figure 5.11 and Figure 5.12 that for AMI and ASAM, 

in the low average SNR region, the node lifetime with larger σ turns out to be longer than smaller 

σ cases. Recall that σ represents the standard deviation of the instantaneous SNRs. Under low 

average SNR, a bigger σ indicates both a higher chance of retransmission and a higher chance of 

transmission with a larger data rate. Retransmission incurs additional energy consumption while a 

higher data rate reduces the energy cost by using less transmission time. For AMI and ASAM, the 

retransmission cost is essentially very small. It can be considered that the cost of retransmissions 

is approximately the same between large σ and small σ; hence the energy saving gained from 

higher-rate transmission outweighs the downside, i.e., the larger σ, the longer node lifetime, as 

shown in the plots. For AM cases, on the other hand, a smaller σ consistently yields better 

performance relative to a larger lifetime. Such phenomenon happens because the retransmission 

cost for AM is considerably higher than for AMI/ASAM due to the active power level used when 

retransmission occurs. The disadvantage of having larger σ outweighs the advantage in such 

cases. 

Moreover, under a high average SNR, the node is already transmitting data with a high rate. 

Increasing σ, therefore, might contribute to a small degree to a better transmission speed, but 

would increase the likelihood of having low instantaneous SNR, i.e., a low transmission data rate 

and more energy consumption. As reflected in the figures, a smaller sigma always gives a longer 

node lifetime in the high average SNR region. 
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Figure 5.11: Node lifetime simulation: comparison of 6 stages ASAM, AMI, and AM under 
various Lognormal shadowing channel conditions 

 

 
Figure 5.12: Node lifetime simulation: comparison of 6 stages ASAM, AMI, and AM under 
various Rician fading channel conditions 
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5.4.3 Traffic Intensity 

Traffic intensity is a measure of the average occupancy of wireless resources during a period of 

time. It is normally used to estimate the number of packets in the network to be transmitted. In 

WSNs, the sensor node battery lifetime is heavily affected by the number of transmissions. In 

general, WSNs have low traffic intensity since the information can be stored in memory first and 

is only sent when necessary. Nodes can operate for a longer period of time if packets are not 

frequently sent. However, there are some occasions when the sensor nodes need to exchange 

information, report their statuses, and communicate with the relay nodes very often. During such 

situations, there can be a heavy traffic load in the communication network. Depending on the 

traffic intensity, the energy expenditure in the network can differ considerably.  

In this section, we further investigate energy consumption using AM, AMI, and ASAM with 

different profiles of network traffic intensity, namely 1%, 10% and 100%. The network traffic is 

modeled using Poisson random distribution. A larger intensity indicates more packets that need to 

be transmitted in the same period of communication time.  

Figure 5.13 and Figure 5.14 depict the node lifetime in AM under different traffic intensity 

profiles for Lognormal shadowing and Rician fading, respectively. It is evident from the figures 

that for low and moderate average SNRs, low traffic communications yield higher node lifetime. 

For a given traffic intensity, the node lifetime curves for different fading levels tend to converge 

as the average SNR increases. The converged node lifetime with 1% traffic intensity can be 

roughly 3-5 times as long as the 100% intensity case, depending on the fading type. Also, the 

convergence speed appears to be dependent on the traffic intensity. The heavier the traffic, the 

larger the average SNR that is required for the lifetime curves to reach convergence.  



 

55 

 

Similarly, the impact of traffic intensity on energy consumption is also studied for AMI. 

Figure 5.15 and Figure 5.16 illustrate how the AMI algorithm performs with respect to different 

traffic loads. As shown in the figures, a heavy traffic load in the channel reduces the sensor node 

lifetime in AMI, similar to the AM case. Nodes can operate up to approximately 49 days under 

1% traffic intensity, while the time is reduced to 46 days and 38 days under 10% and 100% traffic 

intensity, respectively.  

The results of ASAM algorithm cases are given in Figure 5.17 and Figure 5.18. As shown in 

the figures, the node lifetime can reach up to 439 days under a low traffic profile, which is almost 

10 times longer than the node lifetime in AM and AMI. When the network traffic load gets 

heavier to 10% intensity, the node lifetime is reduced by nearly half to 220 days. Even under the 

full load (i.e. 100% traffic intensity), the node can still operate over 50 days, which is higher than 

AM and AMI.  

For all the algorithms, it can be concluded that the node lifetime performance is highly 

dependent on the number of transmissions in the network. This results is expected as when the 

network has a heavier traffic load, it implies that more packets are in the queue waiting to be 

delivered. To complete the transmissions of all these packets, the node has to drain more energy 

from its battery, resulting in a shorter lifetime. 
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Figure 5.13: Impact of traffic intensity on node lifetime using AM under Lognormal shadowing. 
Traffic in the channel is 1%, 10% and 100% of the load 

 

 

Figure 5.14: Impact of traffic intensity on node lifetime using AM under Rician fading. Traffic in 
the channel is 1%, 10% and 100% of the load 
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Figure 5.15: Impacts of traffic intensity on node lifetime using AMI under Lognormal shadowing. 
Traffic in the channel is 1%, 10% and 100% of the load 

 

 

Figure 5.16: Impacts of traffic intensity on node lifetime using AMI under Rician fading. Traffic 
in the channel is 1%, 10% and 100% of the load 
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Figure 5.17: Impacts of traffic intensity on node lifetime using ASAM under Lognormal 
shadowing. Traffic in the channel is 1%, 10% and 100% of the load 

 

 
Figure 5.18: Impacts of traffic intensity on node lifetime using ASAM under Rician fading. 
Traffic in the channel is 1%, 10% and 100% of the load 
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5.4.4 Modulation stages  

The link adaptation technique is designed to have multiple modulation schemes built in one 

transmitter. This technique offers the transmitter the freedom to switch to the most appropriate 

modulation scheme according to the CSI [8]. However, the number of stages used in AM varies 

from application to application and is also subject to the complexity of practical implementation.  

In this experiment, we compare the energy efficiency using AM, AMI, and ASAM with 

different numbers of modulation stages. Four scenarios are compared: 1) 3 stages (no 

transmission, BPSK, QPSK), 2) 4 stages (no transmission, BPSK, QPSK, 16QAM), 3) 5 stages 

(no transmission, BPSK, QPSK, 16QAM, 64QAM), and 4) 6 stages (no transmission, BPSK, 

QPSK, 16QAM, 64QAM, 256QAM).  

Node lifetime for the four scenarios is illustrated in Figure 5.19-Figure 5.28. As indicated by 

the figures, with more modulation stages built into the transmitter, the sensor node can operate for 

a longer period of time. This behavior is due to the fact that modulation levels restrict the 

transmission rate. Transmitters that can only choose from low-level modulation schemes have to 

use a smaller data rate even under very good channel conditions, hence increasing the 

transmission duration. On the other hand, when the transmitter is equipped with the possibility to 

choose from higher-level modulation schemes, transmissions benefit from a higher achievable 

data rate under good channel conditions and thus become less energy-expensive. Moreover, it can 

also be observed that transmitters with more modulation stages exhibit an advantage after certain 

SNR thresholds (see Figure 5.19 for example). These threshold values are calculated by the 

discrete rate continuous power link adaptation policy. 

Comparing AM, AMI, and ASAM, it is clearly indicated in the figures that the number of 

modulation stages has the most significant impact on the node lifetime in ASAM, followed by 
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AMI, and has the least important effects in AM. In general, a transmitter equipped with more 

modulation stages has a longer operating lifetime. The most significant improvement is achieved 

by ASAM, as the node lifetime is increased by more than 70 days from 3 stages to 6 stages. The 

node lifetime in AMI also shows a slight improvement when using more modulation stages. More 

stages can increase the node lifetime up to 7 days under good channel conditions. However, the 

number of modulation stages barely affects the node lifetime when AM is used, with less than 

one day improvement gained under the same condition.  

Such behaviors can be interpreted as follows. The major benefit of using more modulation 

stages lies in the increased capability of taking advantage of the good channel conditions to 

reduce transmission time. During the saved amount of time, the node can switch from the most 

power-hungry transmission stage to some other stage, as determined by the specific algorithm. 

Between ASAM and AMI, the former adapts the duration of the sleep stage; while in the latter, 

the node still needs to operate in the idle stage, which consumes an extra portion of idle energy. 

Thus, because ASAM has more modulation schemes to choose from, it therefore can reduce more 

energy consumption by taking advantage of transmitting at a high data rate with a lower power 

level. For AM, however, the node operates in the active stage after the transmission, whose power 

level, although lower than transmission power, is still much higher than the sleep power and the 

idle power levels. As a result, even if the transmitter is able to choose modulation levels with 

higher data rates in AM, the energy saving is relatively insignificant compare to ASAM or AMI.  
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Figure 5.19: Impacts of modulation stages on node lifetime using ASAM, AMI, and AM under 
Lognormal shadowing when σ = 0 
 

 
Figure 5.20: Impacts of modulation stages on node lifetime using ASAM, AMI, and AM under 
Lognormal shadowing when σ = 2dB 
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Figure 5.21: Impacts of modulation stages on node lifetime using ASAM, AMI, and AM under 
Lognormal shadowing when σ = 4dB 

 

 
Figure 5.22: Impacts of modulation stages on node lifetime using ASAM, AMI, and AM under 
Lognormal shadowing when σ = 6dB 
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Figure 5.23: Impacts of modulation stages on node lifetime using ASAM, AMI, and AM under 
Lognormal shadowing when σ = 8dB 

 

 
Figure 5.24: Impacts of modulation stages on node lifetime using ASAM, AMI, and AM under 
Rician fading when K = 20dB 
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Figure 5.25: Impacts of modulation stages on node lifetime using ASAM, AMI, and AM under 
Rician fading when K = 15dB 

 

 
Figure 5.26: Impacts of modulation stages on node lifetime using ASAM, AMI, and AM under 
Rician fading when K = 10dB 
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Figure 5.27: Impacts of modulation stages on node lifetime using ASAM, AMI, and AM under 
Rician fading when K = 5dB 

 

 
Figure 5.28: Impacts of modulation stages on node lifetime using ASAM, AMI, and AM under 
Rician fading when K = 0 
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5.4.5 Discussion of Energy Consumption 

We have evaluated the node lifetime in WSNs using AM, AMI, and ASAM algorithms. Factors 

affecting the node lifetime were investigated, including channel fading, average SNRs, traffic 

intensity, and modulation stages. The impacts of the transmission parameters have been analyzed 

individually in previous sections (Section 5.4.2- Section 5.4.4).  

The experimental results indicate the proposed ASAM algorithm outperforms the AM and 

AMI algorithms by more significantly reducing energy consumption. In general, the impacts of 

transmission parameters on the node lifetime are found to be similar for AM, AMI, and ASAM. 

For all the algorithms, Lognormal shadowing and Rician fading conditions show similar impacts 

on the node lifetime. The node can operate longer when the wireless link is located in a good 

channel condition with minor fading and high average SNRs. A lower traffic load for 

communication and more modulation stages in the transmitter also contribute to lifetime 

improvement.  

However, there are still a few differences, as suggested by the results. Comparing the energy 

consumption under different degrees of fading effects, it can be found that the node lifetime can 

substantially benefit from good channel conditions in AM and ASAM. In AM, less fading in the 

channel can extend the node lifetime by approximately 30 days, compared to the case of deep 

fading, while for ASAM, the maximum increment of the node lifetime can reach up to 20 days. 

For AMI, on the other hand, the impact of channel conditions on the node lifetime is 

insignificant. In addition, for AM, variations in channel fading conditions affect the node lifetime 

considerably under low SNRs. For ASAM, however, the effect of channel fading is basically 

consistent when varying the average SNR; hence both the channel fading and average SNR play 

an important role in the energy consumption in the network.  
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 Furthermore, the number of modulation stages is found to have considerable impact on the 

node lifetime for ASAM. The node lifetime can be improved by up to 70 days when switching 

from 3 stages modulation to 6 stages modulation. For AMI, using more modulation stages in the 

transmitter helps to improve the node lifetime by 7 days. However, the improvement attained in 

AM is trivial. Using more modulation stages slightly increases the operating time by one day 

under good channel conditions; the improvement is even smaller under poor channel conditions. 

Moreover, to build a large number of modulation schemes in one transmitter increases the 

hardware implementation complexity. When designing AM protocols, the tradeoff between the 

energy consumption reduction furnished by using more modulation stages and the practical 

implementation complexity and cost has to be considered. 

Finally, the impacts of traffic intensity on node lifetime have also been studied. Results show 

that lower traffic in the channel gives a longer node lifetime, consistent among AM, AMI, and 

ASAM. In addition, node lifetime for a given traffic intensity tends to converge as the average 

SNR increases. The convergence speed, however, appears to be slower for a higher traffic load. 

Channel conditions are still found to be the dominant factor affecting the node lifetime in the 

same communication process.  

   

5.5 Power Control Adaptation Policies 

In this section, we investigate the adaptive power control policies in single-hop networks. Six 

modulation stages are available to the link adaptation: no transmission, BPSK, QPSK, 16QAM, 

64QAM and 256QAM. The value of BER is set to 10*8, and the average SNR is varied from 

10dB to 36dB.  
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Since the power level increases rapidly only when the transmitter is switching to the next 

modulation stage (Section 3.6.3), the transmit power used in the communication processes does 

not necessarily remain as a constant at the highest level. A power control factor is introduced to 

adjust the value of transmit power within the same level of modulation. Based on equation (3.3), 

the optimal values of the power adaptation control factor are derived as shown in Figure 3.3. 

In this analysis, power and rate are jointly adapted according to channel conditions. Link 

adaptation with an optimal discrete rate and an optimal power control is considered, in order to 

achieve maximal spectral efficiency under a given average BER constraint. The node lifetime is 

compared between the following six cases: 1) Adaptive Sleep combined with Adaptive 

modulation under Power Control (ASAM-PC), 2) Adaptive Sleep combined with Adaptive 

modulation NO Power Control (ASAM), 3) Adaptive Modulation with Idle mode under Power 

Control (AMI-PC), 4) Adaptive Modulation with Idle mode NO Power Control (AMI), 5) 

Adaptive Modulation under Power Control (AM-PC), and 6) Adaptive Modulation NO Power 

Control (AM). Different fading levels are still considered.  

The power control factors for AM, AMI, and ASAM are calculated using optimal power 

adaptive polices. Table 5.2 lists the optimal power control factors obtained for different degrees 

of Lognormal shadowing. Under the same channel conditions, the power control factors for AM 

and AMI are fairly close, although values in AMI are slightly larger than in AM. However, the 

power control factors are considerably larger in ASAM, indicating that the power control 

adaptation policies perform better with ASAM.  

This superior performance is due to the fact that ASAM has very good adaptation capability 

given the algorithm’s ability to dynamically adjust the operating durations for both the 

transmission stage and the sleep stage. However, power control results in insignificant 
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improvements in AM and AMI cases, because nodes only adapt the duration of the transmission 

stage without taking the active and idle stages into consideration. Even though the power control 

algorithm is able to lower the power level of the transmission stage, the portion of active energy 

and idle energy still dominates the total energy consumption in the network. Therefore, in most of 

the cases, the effect of power control would be more noticeable for ASAM than for AM and 

AMI.  

Furthermore, power control factors tend to be smaller under good channel conditions. In such 

conditions, all of the three algorithms can effectively adjust the transmission parameters to save 

energy. Power control adaptation policy in this case does not play an essential role, particularly 

for AM and AMI. However, when severe fading occurs, AM and AMI themselves can barely 

reduce the energy consumption to a satisfactory level. Further improvement can be achieved by 

power control algorithms. The values of the optimal power control factors thus become larger in 

these cases, implying that power control adaptation policy contributes to additional energy 

saving.  

As shown in Table 5.2, for � = 0, optimal power control factors are very small. Specifically, 

for low average SNRs, only 0.107% and 0.117% of the power can be controlled in the case of 

AM and AMI, respectively. For high SNRs, the effects of power control are negligible for both 

algorithms. However, when � is increased to 8dB, power control adaptation policy reduces the 

transmit power by 4.55% in AMI, and 4.35% of the transmit power is controlled when using AM. 

The power control values in ASAM also become smaller under good channel conditions, but are 

still more significant compared to AM and AMI. The power control values for ASAM are 6.21% 

and 19.5% for the best (highest average SNR with the smallest �) and the worst (lowest average 

SNR with the largest �) channel conditions, respectively.  
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Table 5.2: Power Control Factors for Lognormal shadowing channel conditions 

σ 
(dB) 

Method 
Power Control Factor (%) 

SNR=10dB 14dB 18dB 22dB 26dB 30dB 34dB 38dB 

0 

ASAM-PC 14.6 13.1 11.9 11.2 10.3 8.79 7.43 6.21 

AMI-PC 0.117 3.57E-05 3.85E-09 1.70E-12 7.57E-16 7.82E-20 3.08E-23 3.25E-27 

AM-PC 0.107 3.21E-05 3.21E-09 1.60E-12 6.74E-16 6.74E-20 2.73E-23 2.73E-27 

2 

ASAM-PC 15.2 14.5 13.2 12.4 10.9 9.66 7.98 6.87 

AMI-PC 2.11 0.0173 4.41E-05 4.16E-06 7.41E-09 7.91E-10 4.58E-13 1.52E-12 

AM-PC 2.02 0.0138 2.25E-04 1.26E-06 2.28E-07 7.10E-11 5.06E-11 2.78E-14 

4 

ASAM-PC 16.7 15.5 14.7 12.9 11.2 9.97 8.76 7.11 

AMI-PC 3.64 1.81 0.666 0.146 0.0248 0.00365 2.44E-06 7.96E-10 

AM-PC 3.58 1.74 0.661 0.195 0.0264 0.00644 1.73E-07 1.70E-08 

6 

ASAM-PC 18.3 16.9 15.4 13.8 12.7 11.3 9.89 8.04 

AMI-PC 4.17 0.0495 1.39E-05 3.24E-09 1.35E-12 1.78E-16 4.75E-20 2.11E-23 

AM-PC 4.06 0.0522 2.96E-05 3.18E-09 1.33E-12 1.83E-16 7.49E-20 4.13E-23 

8 

ASAM-PC 19.5 17.6 16.3 15.7 13.9 12.4 12.1 11.8 

AMI-PC 4.55 1.24 0.138 0.00413 0.000125 2.09E-10 4.05E-14 1.03E-13 

AM-PC 4.35 1.17 0.111 0.00404 0.00438 6.11E-08 1.46E-12 2.42E-15 

 

 

Node lifetime curves using power control adaptation policy with AM, AMI, and ASAM 

algorithms are shown in Figure 5.29-Figure 5.33 for Lognormal shadowing cases. As 

aforementioned, the power control algorithm is more effective in poor channel condition 

environments. Thus, the improvement of the node lifetime is also more obvious in such 

situations. Additionally, larger improvement is attained when combining power control with 

ASAM than with AM or AMI. Under the same channel condition, using the optimal power 

control in the ASAM algorithm can increase the node lifetime by more than 10 days, while power 

control barely benefits AM, especially under good channel conditions.  
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Figure 5.29: Power control impacts on node lifetime using 6 stages ASAM, AMI and AM under 
the Lognormal shadowing when σ = 0 

 

 

Figure 5.30: Power control impacts on node lifetime using 6 stages ASAM, AMI and AM under 
the Lognormal shadowing when σ = 2dB 
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Figure 5.31: Power control impacts on node lifetime using 6 stages ASAM, AMI and AM under 
the Lognormal shadowing when σ = 4dB 

 

 

Figure 5.32: Power control impacts on node lifetime using 6 stages ASAM, AMI and AM under 
the Lognormal shadowing when σ = 6dB 
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Figure 5.33: Power control impacts on node lifetime using 6 stages ASAM, AMI and AM under 
the Lognormal shadowing when σ = 8dB 

 

 

 Similarly, power control in Rician fading is also found to have comparable effects as in the 

Lognormal shadowing cases. Rician K-factors are varied among �0,5,10,15,20�>�. A higher K-

factor indicates a larger LOS and hence a smaller fading effect. As listed in Table 5.3, the optimal 

power control factor values are larger in poor channel conditions than in good channel conditions. 

Node lifetime performance is shown in Figure 5.34-Figure 5.38. Similar to the Lognormal 

shadowing cases, nodes operate a slightly longer when combining power control policies with 

ASAM than with AM, indicating that the adaptation policy works better with ASAM. 
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Table 5.3: Power Control Factors for Rician fading channel conditions 

K(dB) Method 
Power Control Factor (%) 

SNR=10dB 14dB 18dB 22dB 26dB 30dB 34dB 38dB 

20 

ASAM-PC 14.8 13.6 12.9 12.1 11.4 10.6 9.86 9.03 

AMI-PC 0.417 0.00027 2.04E-07 2.14E-10 8.06E-13 2.12E-15 1.69E-18 9.24E-21 

AM-PC 0.396 0.000313 2.21E-07 1.75E-10 4.77E-13 7.00E-16 1.46E-18 8.45E-22 

15 

ASAM-PC 15.9 15.1 14.9 14.7 14.6 13.2 12.5 11.5 

AMI-PC 3.04 1.86 0.964 0.394 0.121 0.0291 0.000586 0.000299 

AM-PC 2.99 1.88 0.927 0.344 0.13 0.0373 0.0149 6.24E-05 

10 

ASAM-PC 18.7 17.9 16.6 15.7 15.2 14.6 13.8 12.5 

AMI-PC 4.37 0.663 0.106 0.0332 0.0109 0.00565 0.0119 0.00113 

AM-PC 4.15 0.588 0.0985 0.032 0.00633 0.00875 0.00921 0.000132 

5 

ASAM-PC 19.8 19.1 18.3 17.8 16.9 15.6 15.1 14.2 

AMI-PC 4.59 2.26 1.33 0.882 0.645 0.42 0.333 0.259 

AM-PC 4.48 2.21 1.33 0.882 0.673 0.486 0.324 0.298 

0 

ASAM-PC 20.9 19.4 18.7 18.1 17.7 16.4 16.1 15.4 

AMI-PC 4.75 1.62 0.718 0.389 0.257 0.142 0.138 0.103 

AM-PC 4.63 1.62 0.669 0.383 0.229 0.19 0.0857 0.0764 

 

 
Figure 5.34: Power control impacts on node lifetime using 6 stages ASAM and AM under the 
Rician fading when K = 20dB 
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Figure 5.35: Power control impacts on node lifetime using 6 stages ASAM, AMI and AM under 
the Rician fading when K = 15dB 

 

 
Figure 5.36: Power control impacts on node lifetime using 6 stages ASAM, AMI and AM under 
the Rician fading when K = 10dB 
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Figure 5.37: Power control impacts on node lifetime using 6 stages ASAM, AMI and AM under 
the Rician fading when K = 5dB 

 

 
Figure 5.38: Power control impacts on node lifetime using 6 stages ASAM, AMI and AM under 
the Rician fading when K = 0 
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5.6 Two-Link Relay Network Adaptation 

When there are multiple nodes in the network, the communication between nodes can be 

categorized into two types: (1) multi-hop relay networks that transmit the source data to the 

destination through relay nodes, and (2) multiple-link networks where multiple sources and 

destinations exist in the network and each source transmits data to its destination independently. 

Here, we investigate the energy consumption using link adaptation in two-link relay networks.  

Recall the relay network link adaptation control explained in Section 4.4.1. The proposed 

adaptive power allocation policy is employed here. Network lifetime depends on the energy 

consumption of all wireless links along the communication path. Although the total available 

energy in the network is finite, the power allocated to each node can be adjusted to achieve 

optimal transmission quality with minimal energy consumption.  

This simulation considers the simplest relay network with one relay node so that information 

will always be routed through the relay node to the destination. Hence, two links are created in 

the network: source to relay and relay to destination. Due to the wireless single multipath and 

scattering, the two wireless links can have different fading effects. The power allocation policy, 

therefore, is responsible for allotting the optimal power according to the instantaneous fading 

information of the links. The node lifetime is calculated under the following channel conditions: 

σ1 = 2dB, σ2 = {0, 4, 6, 8}dB for Lognormal shadowing and K1 = 10dB, K2 = {0, 5, 15, 20}dB for 

Rician fading. The comparative results of these channel conditions are displayed in Figure 5.39-

Figure 5.46. Other results of the node lifetime are available in Appendix A. The optimal power 

allocation algorithm is compared to the case in which the total energy is evenly divided between 

the links.  
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It can be seen from the figures that for the two-link relay networks, improved node lifetime is 

obtained for all the algorithms with the optimal power allocation. The improvement is more 

notable for the combination of the power allocation algorithm and ASAM. As the node lifetime 

using ASAM is more subject to channel conditions than using AM, wisely allocating the energy 

to each link according to its channel fading is essential for enhancing the energy efficiency of the 

entire network in ASAM.  

Moreover, the results also indicate that a more considerable increment can be achieved under 

more distinct fading conditions between the two links. Also, power allocation with the AM 

scheme is shown to perform better at low SNR regions than at high SNR region; with ASAM, the 

power allocation algorithm is found to improve the network lifetime more at high SNRs. As 

mentioned in Section 5.4.2, at high SNR regions, the node lifetime under different degrees of 

fading tends to converge in AM; hence, variations in channel fading conditions only exert minor 

influence on energy consumption. In the low SNR cases, however, node lifetime is much more 

sensitive to fading conditions; as a result, energy resources need to be more carefully allocated to 

improve energy efficiency. Conversely, for ASAM, the channel fading has more significant 

impacts on the node lifetime under high average SNRs. Therefore, adaptive power allocation is 

more demanding as SNR increases in this scenario.  

The optimal power allocation factors of the two links are calculated and shown in Table 5.4 

and Table 5.5 for cases of Lognormal shadowing and Rician fading, respectively. These values 

also corroborate the previous observations that ASAM benefits more from power allocation than 

AM. In general, the allocated power is biased to the link with inferior channel conditions. This is 

due to the fact that the energy resources must be allocated in such a way that operations of all 

links in the network are maintained simultaneously for the maximal period of time. Normally, the 
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node with the worst channel conditions has low energy efficiency and fails first. Recall equation 

(4.12). Since a network is considered functional only if both links are alive, the minimum of the 

lifetime of the two links needs to be maximized. Such phenomenon will naturally grant more 

energy to the link located in poorer channel conditions with higher energy expenditure so that by 

extending its lifetime, the lifetime of the entire network is extended.  

 

Table 5.4: Optimal Power Allocation Factors for Two links: σ1 = 2dB, σ2 = {0, 4, 6, 8}dB 

Optimal  
Method 

SNR=10dB 14dB 18dB 22dB 26dB 30dB 34dB 38dB 
Allocation 

Factor Two Links Channel Condition: σ1 = 2dB, σ2 = 0dB 

α1 
ASAM 

0.56 0.56 0.55 0.54 0.53 0.51 0.51 0.5 
α2 0.44 0.44 0.45 0.46 0.47 0.49 0.49 0.5 
α1 

AMI 
0.51 0.51 0.51 0.5 0.5 0.5 0.5 0.5 

α2 0.49 0.49 0.49 0.5 0.5 0.5 0.5 0.5 
α1 

AM 
0.56 0.55 0.54 0.53 0.53 0.51 0.5 0.5 

α2 0.44 0.45 0.46 0.47 0.47 0.49 0.5 0.5 
  

 
Two Links Channel Condition: σ1 = 2dB, σ2 = 4dB 

α1 
ASAM 

0.44 0.44 0.45 0.46 0.47 0.49 0.49 0.51 
α2 0.56 0.56 0.55 0.54 0.53 0.51 0.51 0.49 
α1 

AMI 
0.49 0.49 0.5 0.5 0.5 0.5 0.5 0.5 

α2 0.51 0.51 0.5 0.5 0.5 0.5 0.5 0.5 
α1 

AM 
0.33 0.45 0.49 0.49 0.5 0.5 0.5 0.5 

α2 0.57 0.55 0.51 0.51 0.5 0.5 0.5 0.5 
  

 
Two Links Channel Condition: σ1 = 2dB, σ2 = 6dB 

α1 
ASAM 

0.45 0.41 0.39 0.38 0.35 0.32 0.3 0.29 
α2 0.55 0.59 0.61 0.62 0.65 0.68 0.7 0.71 
α1 

AMI 
0.49 0.49 0.49 0.5 0.5 0.5 0.5 0.5 

α2 0.51 0.51 0.51 0.5 0.5 0.5 0.5 0.5 
α1 

AM 
0.32 0.33 0.44 0.49 0.5 0.5 0.5 0.5 

α2 0.68 0.67 0.56 0.51 0.5 0.5 0.5 0.5 
  

 
Two Links Channel Condition: σ1 = 2dB, σ2 = 8dB 

α1 
ASAM 

0.43 0.4 0.36 0.31 0.27 0.23 0.21 0.19 
α2 0.57 0.6 0.64 0.69 0.73 0.77 0.79 0.81 
α1 

AMI 
0.48 0.49 0.49 0.49 0.5 0.5 0.5 0.5 

α2 0.52 0.51 0.51 0.51 0.5 0.5 0.5 0.5 
α1 

AM 
0.27 0.28 0.38 0.45 0.48 0.5 0.5 0.5 

α2 0.73 0.72 0.62 0.55 0.52 0.5 0.5 0.5 
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Table 5.5: Optimal Power Allocation Factors for Two links: K 1 = 10dB, K2 = {0, 5, 15, 20}dB 

Optimal  
Method 

SNR=10dB 14dB 18dB 22dB 26dB 30dB 34dB 38dB 
Allocation 

Factor Two Links Channel Condition: K1 = 10dB, K2 = 0dB 

α1 
ASAM 

0.43 0.4 0.36 0.31 0.27 0.23 0.21 0.19 
α2 0.57 0.6 0.64 0.69 0.73 0.77 0.79 0.81 
α1 

AMI 
0.47 0.48 0.48 0.48 0.49 0.49 0.5 0.5 

α2 0.53 0.52 0.52 0.52 0.51 0.51 0.5 0.5 
α1 

AM 
0.31 0.32 0.37 0.41 0.42 0.44 0.45 0.46 

α2 0.69 0.68 0.63 0.59 0.58 0.56 0.55 0.54 

  
 

Two Links Channel Condition: K1 = 10dB, K2 = 5dB 
α1 

ASAM 
0.47 0.46 0.44 0.42 0.39 0.37 0.36 0.35 

α2 0.53 0.54 0.56 0.58 0.61 0.63 0.64 0.65 
α1 

AMI 
0.48 0.48 0.49 0.49 0.49 0.5 0.5 0.5 

α2 0.52 0.52 0.51 0.51 0.51 0.5 0.5 0.5 
α1 

AM 
0.37 0.4 0.44 0.47 0.47 0.48 0.49 0.49 

α2 0.63 0.6 0.56 0.53 0.53 0.52 0.51 0.51 

  
 

Two Links Channel Condition: K1 = 10dB, K2 = 15dB 
α1 

ASAM 
0.52 0.55 0.56 0.58 0.59 0.6 0.62 0.64 

α2 0.48 0.45 0.44 0.42 0.41 0.4 0.38 0.36 
α1 

AMI 
0.52 0.52 0.52 0.51 0.51 0.51 0.5 0.5 

α2 0.48 0.48 0.48 0.49 0.49 0.49 0.5 0.5 
α1 

AM 
0.61 0.54 0.53 0.51 0.51 0.51 0.5 0.5 

α2 0.39 0.46 0.47 0.49 0.49 0.49 0.5 0.5 

  
 

Two Links Channel Condition: K1 = 10dB, K2 = 20dB 
α1 

ASAM 
0.53 0.56 0.57 0.59 0.61 0.64 0.65 0.68 

α2 0.47 0.44 0.43 0.41 0.39 0.36 0.35 0.32 
α1 

AMI 
0.53 0.53 0.52 0.52 0.52 0.51 0.5 0.5 

α2 0.47 0.47 0.48 0.48 0.48 0.49 0.5 0.5 
α1 

AM 
0.67 0.63 0.59 0.54 0.52 0.51 0.51 0.51 

α2 0.33 0.37 0.41 0.46 0.48 0.49 0.49 0.49 
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Figure 5.39: Power allocation under Lognormal shadowing. Two link channel conditions: σ1 = 
2dB, σ2 = 0dB 

 

 
Figure 5.40: Power allocation under Lognormal shadowing. Two link channel conditions: σ1 = 
2dB, σ2 = 4dB 
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Figure 5.41: Power allocation under Lognormal shadowing. Two link channel conditions: σ1 = 
2dB, σ2 = 6dB 

 

 
Figure 5.42: Power allocation under Lognormal shadowing. Two link channel conditions: σ1 = 
2dB, σ2 = 8dB 
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Figure 5.43: Power allocation under Rician fading. Two link channel conditions: K1 = 10dB, K2 = 
0dB 

 

 
Figure 5.44: Power allocation under Rician fading. Two link channel conditions: K1 = 10dB, K2 = 
5dB 
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Figure 5.45: Power allocation under Rician fading. Two link channel conditions: K1 = 10dB, K2 = 
15dB 

 

 
Figure 5.46: Power allocation under Rician fading. Two link channel conditions: K1 = 10dB, K2 = 
20dB 
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5.7 Commercial Wireless Sensor Model Performance 

The experiments on energy consumption prove that the proposed ASAM algorithm substantially 

increases the node lifetime relative to AM. Here, we further investigate the performance of this 

algorithm when applied to commercial wireless sensor nodes with different transmitter 

conditions.  

Recent research focuses on examining the performance of the IEEE 802.15.4 transceivers and 

measuring the current values drained from the power source for different operating modes [61], 

[62], [63]. Based on these empirical characteristics of battery consumption, the node lifetime is 

calculated as a function of the operating current of the sensor nodes. Three commercial wireless 

transceivers are evaluated here, namely CC2430, CC2520 and MC1322. For the purpose of 

energy saving, the commercial IEEE 802.15.4 transceivers are able to switch between operating 

modes with different current consumptions. Here, we are specifically interested in the current 

consumption of the transmission, active and sleep modes. The functionalities of these operating 

modes have been explained in Section 4.2.   

Table 5.6 displays the current consumption for the three operating modes as provided by the 

datasheets of the transceivers, which is based on the experimental results. Total available battery 

capacity for each node is assumed to be 1200mAhr, and packets are sent every 10 seconds. We 

still consider different degrees of shadowing and fading. For Lognormal  shadowing � takes value 

in �0, 2, 4, 6, 8�>�, and for Rician fading K-factor R is chosen from �0, 5, 10, 15, 20�>�. 
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Table 5.6: Current Consumption of CC2480, CC2520 and MC1322 transceivers 

Transceivers 
Operating  Transmission Active Idle  Sleep 

Voltage (V) Stage (mA) Stage (mA) Stage (mA) Stage (uA) 

CC2430 2.0-3.6 27 12.3 0.19 0.3 

CC2520 1.8–3.6 25.8 10 0.175 0.03 

MC1322 2.0–3.6 32 15 0.9 0.3 

 

Results are presented in Figure 5.47-Figure 5.56. It can be seen from the plots that ASAM 

consistently yields the longest operating time among the three link adaptation techniques. 

Comparing AMI and AM, although the former slightly improves the node lifetime, the 

performances of the both AMI and AM are in general very close. The trends of the node lifetime 

performance using commercial transceivers are very similar to the previous simulated transmitter 

model. This indicates that the proposed ASAM algorithm is a promising technique for improving 

the nodes operating lifetime for commercial IEEE 802.15.4-compliant transceivers. In addition, 

good channel conditions also improve the node lifetime since smaller fading effects hardly cause 

any retransmissions.  

Furthermore, since the transmitters have different current consumptions for the transmission, 

active, idle and sleep stages, these values influence the power levels and, therefore, affect the 

total energy consumption of the nodes. Thus, it is also worthwhile to analyze the node lifetime 

variations which are caused by different current consumption. It is observed that all the 

commercial transmitters have much lower current consumption values than the simulated 

transmitter model (see Table 5.1 for the parameters’ values). As listed in Table 5.6, CC2520 has 

the lowest overall current consumption for all operating modes, while MC1322 has the highest 

consumption.  
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As illustrated in Figure 5.47-Figure 5.56, the node lifetime of all commercial transceivers is 

overall longer than the simulated transmitter model, given the smaller current consumptions in 

these commercial products. The CC2520 transceiver has the longest node lifetime since it 

operates at the lowest overall current consumption. Under good channel conditions, it can operate 

for over 625 days using the ASAM algorithm, while it can still last nearly 200 days and 250 days 

using the AM and AMI, respectively. CC2430 has moderate node lifetime, relatively close to the 

node lifetime of CC2520. For the same channel conditions, CC2430 operates for up to 615 days 

using the ASAM algorithm, almost 245 and 181 days using the AMI and AM techniques, 

respectively. The MC1322 transceiver gives the shortest node lifetime: 510 days, 198 days and 

146 days, using the ASAM, AMI, and AM, respectively. This is expected because both CC2520 

and CC2430 transceivers consume low current in the idle stage. Compared to MC1322, the idle 

mode current consumption can be reduced to nearly 1/5 of the current in CC2520 and CC2430. 

Although CC2520 and CC2430 have very close idle mode current, their current consumption in 

the transmission and active modes is still different. The higher current consumption in CC2430 

leads to a shorter node lifetime relative to CC2520.  

Among current values of all operating modes, the consumption during the idle mode is the 

most significant factor determining node lifetime. However, the current drained for transmission 

and active modes also shows a small impact. Moreover, the current consumption during the sleep 

stage as well has considerable impact on the node lifetime, particularly for the ASAM algorithm. 

Since it adaptively adjusts the duration of the sleep stage, reduced sleep current consumption can 

further improve the node lifetime in ASAM.  
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Figure 5.47: Comparison of the node lifetime of commercial IEEE 802.15.4-compliant 
transceivers using 6 stages ASAM, AMI, and AM under Lognormal shadowing when σ = 0 

 

 

Figure 5.48: Comparison of the node lifetime of commercial IEEE 802.15.4-compliant 
transceivers using 6 stages ASAM, AMI, and AM under Lognormal shadowing when σ = 2dB 
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Figure 5.49: Comparison of the node lifetime of commercial IEEE 802.15.4-compliant 
transceivers using 6 stages ASAM, AMI, and AM under Lognormal shadowing when σ = 4dB 

 

 

Figure 5.50: Comparison of the node lifetime of commercial IEEE 802.15.4-compliant 
transceivers using 6 stages ASAM, AMI, and AM under Lognormal shadowing when σ = 6dB 
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Figure 5.51: Comparison of the node lifetime of commercial IEEE 802.15.4-compliant 
transceivers using 6 stages ASAM, AMI, and AM under Lognormal shadowing when σ = 8dB 

 

 

Figure 5.52: Comparison of the node lifetime of commercial IEEE 802.15.4-compliant 
transceivers using 6 stages ASAM, AMI, and AM under Rician fading when K = 20dB 
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Figure 5.53: Comparison of the node lifetime of commercial IEEE 802.15.4-compliant 
transceivers using 6 stages ASAM, AMI, and AM under Rician fading when K = 15dB 

 

 

Figure 5.54: Comparison of the node lifetime of commercial IEEE 802.15.4-compliant 
transceivers using 6 stages ASAM, AMI, and AM under Rician fading when K = 10dB 
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Figure 5.55: Comparison of the node lifetime of commercial IEEE 802.15.4-compliant 
transceivers using 6 stages ASAM, AMI, and AM under Rician fading when K = 5dB 

 

 

Figure 5.56: Comparison of the node lifetime of commercial IEEE 802.15.4-compliant 
transceivers using 6 stages ASAM, AMI, and AM under Rician fading when K = 0 
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5.8 Summary 

In this chapter, we have evaluated the link adaptive policies explained in Chapter 3 and Chapter 

4. The proposed ASAM technique is compared with AM and AMI schemes in terms of energy 

consumption behaviors. Transmission parameters are investigated for their impact on node 

lifetime using different adaptation techniques. The results show that the channel fading condition 

plays an important role in the node lifetime for AM protocols at the low SNR region, while both 

the channel fading and average SNRs are the dominant factor in ASAM for the energy 

consumption. The number of modulation stages also exhibits a significant impact on the node 

lifetime in ASAM but not for AMI or AM. In addition, the traffic intensity has a comparable 

impact on the three algorithms; lower traffic reduces the energy consumption in the network.   

 Optimal power control and power allocation factors are calculated for single-hop networks 

and multi-hop relay networks, respectively. The power control algorithm slightly improves the 

node lifetime in point-to-point communication. It performs better in poor channel conditions than 

in good channel conditions. Optimal power control factors are observed to improve the node 

lifetime more obviously in ASAM than in AM. In a multi-hop relay network, the network lifetime 

improvement is also more considerable in ASAM when the optimal power allocation algorithm is 

applied to ASAM and AM.  

Finally, ASAM is proved to be able to introduce more effective energy saving than AM when 

evaluated on commercial IEEE 802.15.4-compliant transceivers using the current consumption 

values in their datasheets. In general, idle stage current consumption is the key factor affecting 

the node lifetime, while transmission and active current levels are found to have a slight impact as 

well.  
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Chapter 6 

Conclusions and Future Work 

6.1 Conclusions 

This thesis investigated the PHY layer characteristics and implementation issues of AM and 

ASAM for energy constrained wireless communication networks. We have explained in detail the 

main components of the link adaptation feedback system model and discussed several AM 

techniques. We extended the work done by Goldsmith [8] and investigated the energy 

consumption using link adaptations. The switching level thresholds for the modulation schemes 

and the variable-rate variable-power adaptation polices for the MAC layer protocols were 

computed. The energy consumption of the adaptive protocols in various networks was evaluated. 

An ASAM algorithm was developed and was incorporated into the link adaptation policies. The 

proposed algorithm was compared with the AM scheme. In addition, the optimal power allocation 

values for multi-hop relay networks were computed and the maximum network lifetime was 

compared between several link adaptive protocols.  

 The simulation results indicate that discrete rate continuous power adaptation protocol can 

effectively control the energy consumption in the energy constrained network where all nodes 

share a finite amount of energy available to the system. It is shown that AM is a promising 

technique increasing the data rate while AS notably enhances the power efficiency. The 

combination of the two can achieve optimal energy consumption in the network, thereby 

improving the system’s operating lifetime. The performance of point-to-point communication and 

multi-hop networks was investigated. The proposed the power allocation algorithm was compared 

to other link adaptive protocols for multi-hop relay networks, and promising results are obtained. 
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Furthermore, it has been shown that various transmission parameters had different impacts on 

energy consumption for AM, AMI, and ASAM. Channel fading conditions have a large impact 

on the energy consumption for AM, especially at low SNR regions. However, for ASAM, both 

the channel fading conditions and average SNR values show significant impacts on the node 

lifetime variation. Additionally, a high modulation stage improves the node lifetime more in 

ASAM than in AMI and AM. Traffic intensity in the wireless communication path plays a 

considerable role in node lifetime for AM, AMI, and ASAM; however, its impact on the three 

schemes are similar. We further investigated the two-link multi-hop relay network model and 

explored the relation between power allocation and energy consumption. By employing the 

optimal power allocation algorithm, the network operating lifetime could be substantially 

improved in the multi-hop relay networks. This algorithm performs better when the 

communication paths have more distinct channel fading; and these impacts are more obvious in 

the ASAM case.  

 

6.2 Future Work 

The analysis in this thesis opens several paths for future investigation and research. While the 

studies tried to be as comprehensive as possible, there are still a few issues that can be 

investigated which are outside the scope of this work. Possible future research includes the 

following: 

1. Explore a verity of codes to improve the capacity of the fading channel with transmitter 

adaptation. Due to the simulation and implementation complexity, this analysis has only 

considered uncoded rectangular MQAM constellations. Future research on the network 

performance that combines coding theory with link adaptation is necessary. The coding rate 
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and scheme can be considered as additional parameters and contributed to the energy 

optimization formula.  Other transmission parameter such as the error probability, channel 

capacity and bandwidth could be jointly considered. Such joint optimization of the allocation 

factor for these parameters is an interesting research topic that may yield valuable results. 

2. To achieve accurate simulations with less complexity, this study assumes the perfect receiver 

estimation and error-free feedback links with no delay in the current channel conditions. One 

of the interesting extensions of this work could be to investigate the effect of the overall 

system performance when there is error and mismatch in the system model components. The 

error model can be implemented using MATLAB as a function of the estimation errors and 

the feedback delay. Moreover, the perfect routing protocol is also assumed in the network. 

All sensor nodes have full acknowledgements of their neighbors; therefore, the best relay 

nodes are selected. Future research could work on developing real-time and energy-efficient 

routing protocols. This investigation can be evaluated using OPNET and implemented in 

micro-controllers for realistic network testing.  

3. We have considered a finite total available energy in the network, so the nodes will stop 

operating after the battery limits is reached. A possible future research could be to build a 

renewable energy model for some of the inner-nodes communications. Instead of constantly 

being dead when energy is used up, the node can generate new energy after a certain period 

of time. These regenerative nodes allow the battery to be recharged so that the total available 

energy is not fixed in the network. The renewable energy model can be proposed in addition 

to contribute to the total energy consumption.  The study can investigate network 

performance with different number of regenerative nodes. 
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4. In this analysis, we considered a simple relay network where the nodes form a two-link 

communication system. Future investigation can extend the work to more links. In addition, 

WSNs are newly developed in 3D grid deployment [64]. A future direction would be to test 

the link adaptation techniques in multiple layer environments. Moreover, we analyzed the 

multiple sources and destinations in the network with all the communication paths having 

the same distance and independent transmission. An interesting extension of the work would 

be to study how the system performs in a multiple-links network where the correlated 

shadowing effect exists.  

5. Another possible extension of this thesis would be to implement the power allocation and 

link adaptation policies in actual networks. As ASAM algorithm is confirmed to reduce 

energy consumptions in commercial IEEE 802.15.4-compliant transceivers, it can be 

implemented in microprocessors using C++ programming language, and then the actual 

product can be investigated and evaluated in the realistic sensing environments. 
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Appendix A 

Optimal Power Allocation  

In Section 5.6, we discussed cases of the optimal power allocation for AM, AMI, and ASAM 

when the channel condition for the two links are σ1 = 2dB, σ2 = {0, 4, 6, 8}dB and K1 = 10dB, K2 

= {0, 5, 15, 20}. Here, the results of optimal power allocation under other channel conditions are 

presented in Figure A.1-Figure A.8. We considered the following channel conditions for the two-

link multi-hop relay network. 

• Lognormal Shadowing: σ1 = 0dB, σ2 = {2, 4, 6, 8}dB 

• Lognormal Shadowing: σ1 = 4dB, σ2 = {0, 2, 6, 8}dB 

• Lognormal Shadowing: σ1 = 6dB, σ2 = {0, 2, 4, 8}dB 

• Lognormal Shadowing: σ1 = 8dB, σ2 = {0, 2, 4, 6}dB 

• Rician Fading: K1 = 20dB, K2 = {0, 5, 10, 15} 

• Rician Fading: K1 = 15dB, K2 = {0, 5, 10, 20} 

• Rician Fading: K1 = 5dB, K2 = {0, 10, 15, 20} 

• Rician Fading: K1 = 0dB, K2 = {5, 10, 15, 20} 
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Figure A.1: Power allocation under Lognormal shadowing. Two link channel conditions: σ1 = 
0dB, σ2 = {2, 4, 6, 8}dB 

 

 
Figure A.2: Power allocation under Lognormal shadowing. Two link channel conditions: σ1 = 
4dB, σ2 = {0, 2, 6, 8}dB 
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Figure A.3: Power allocation under Lognormal shadowing. Two link channel conditions: σ1 = 
6dB, σ2 = {0, 2, 4, 8}dB 

 

 
Figure A.4: Power allocation under Lognormal shadowing. Two link channel conditions: σ1 = 
8dB, σ2 = {0, 2, 4, 6}dB 
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Figure A.5: Power allocation under Rician Fading. Two link channel conditions: K1 = 20dB, K2 = 
{0, 5, 10, 15} 

 

 
Figure A.6: Power allocation under Rician Fading. Two link channel conditions: K1 = 15dB, K2 = 
{0, 5, 10, 20} 
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Figure A.7: Power allocation under Rician Fading. Two link channel conditions: K1 = 5dB, K2 = 
{0, 10, 15, 20} 

 

 
Figure A.8: Power allocation under Rician Fading. Two link channel conditions: K1 = 0dB, K2 = 
{5, 10, 15, 20} 
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