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Abstract

Wireless Sensor Network (WSN) is a widely reseaidctezhnology that has applications in a
broad variety of fields ranging from medical, intfied, automotive and pharmaceutical to even
office and home environments. It is composed oétvark of self-organizing sensor nodes that
operate in complex environments without human vmetion for long periods of time. The
energy available to these nodes, usually in then fof a battery, is very limited. Consequently,
energy saving algorithms that maximize the netwdétime are sought-after. Link adaptation
polices can significantly increase the data ratkeffectively reduce energy consumption. In this
sense, they have been studied for power optimizati®/SNs in recent research proposals.

In this thesis, we first examine the Adaptive Miadion (AM) schemes for flat-fading
channels, with data rate and transmit power vaodeachieve minimum energy consumption. Its
variant, Adaptive Modulation with Idle mode (AMI}¥ also investigated. An Adaptive Sleep with
Adaptive Modulation (ASAM) algorithm is then progmsto dynamically adjust the operating
durations of both the transmission and sleep stbgsed on channel conditions in order to
minimize energy consumption. Furthermore, adapiiveer allocation schemes are developed to
improve energy efficiency for multi-hop relay netks.

Experiments indicate that a notable reduction riergy consumption can be achieved by
jointly considering the data rate and the trangiter in WSNs. The proposed ASAM algorithm
considerably improves node lifetime relative to Adhd AMI. Channel conditions play an
important role in energy consumption for both AMIakSAM protocols. In addition, the number
of modulation stages is also found to substantiatfgct energy consumption for ASAM. Node
lifetime under different profiles of traffic inteity is also investigated. The optimal power control

values and optimal power allocation factors arghfr derived for single-hop networks and



multi-hop relay networks, respectively. Resultsgasgy that both policies are more suitable for
ASAM than for AM. Finally, the link adaptation teuljues are evaluated based on the power
levels of commercial IEEE 802.15.4-compliant tramgers, and ASAM consistently outperforms

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

Introduction

1.1 Background and Motivation

Wireless Sensor Networks (WSNs) enable monitoriogntrolling, and analyzing complex
phenomena over a large region for a long peridihwd [1]. Recent advances in research have led
to the development of network infrastructure andivare platform that allow small, cheap and
long-lasting sensor nodes. These sensor nodeotact@ large amount of information about the
surrounding environment such as temperature, htynigiressure, noise level, air quality,
position, direction and so on [2]. The WSN techgglotherefore, engenders a wide range of
applications in habitat and environment monitorihgalth care, military surveillance, industrial
machinery, home automation and smart interactign [1

The inherent requirements for WSNs to work undemmex conditions introduce a

substantial number of constraints. A few essenBalies that still challenge the research
community include:

» Realistic Protocol Design— Many of the current WSN platforms are developéth
assumptions that simplify the wireless communicatiorocess and the operation
environments [3]. The lack of realistic models faystem design often makes the
solutions work well in simulation but not robustegh for actual networks. Research is
needed to focus on developing better models andmetwork protocols for the realistic
sensing environments.

 Power Management —Due to the very limited capacity of the battery powwg the

sensor nodes, energy is a precious resource imetveork. The fact that most sensor
1



network applications require a long operating ilifet emphasizes the importance of
research to improve energy efficiency in WSNs [4].

» Real-Time Operation —WSNs are highly time constrained. In many of thpligptions,
sensing information needs to be collected withghart time frame in order to make the
data acquisition valid and accurate. However, neastent protocols do not meet the
real-time operation requirement satisfactorily. sTtdads to the need for designing real-
time operation protocols that can sufficiently reglthe delay [5].

» Security and Privacy Issues -Sensor nodes are normally deployed over large and
accessible areas. Unencrypted information may t@cepted during transmission. To
ensure privacy in the system, security issues mmeistonsidered and properly addressed
in every component.

Notwithstanding, WSNs are gaining increasing poptylalue to many attractive features in

flexibility, cost-efficiency, high resolution, coepative effort and self-organizing capabilities, [1]
[4], [6]. Although each node is only capable ofraited amount of processing, the coordination

of a large group of sensor nodes can form a WSH tbkense the environment in great detail

[71

1.2 Thesis Contribution

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

contributions of this work are summarized as fodow

1. Different link adaptation policies are evaluateddoergy saving. The goal of this analysis is
to achieve optimal spectral efficiency while minoinig energy consumption in the network,

thus extending the network operating lifetime whslmultaneously meeting the Quality of
2



Service (QoS) requirements. We extend the work ald€nith et al. [8], to compute the
energy performance in the network where the totallable energy constraints are imposed
on all nodes in the communication path. Data ratd teansmit power, the two key factors
determining energy consumption in the network,stnelied.

We propose an Adaptive Sleep with Adaptive ModalatfASAM) algorithm to adaptively
adjust the durations of the node operating stagekéa wireless channels for minimizing
energy expenditure and enhancing the network rifetiRelevant formulas for calculating
energy consumption are derived for different Medidmcess Control (MAC) layer
protocols. The energy consumption of Adaptive Matioh (AM), Adaptive Modulation
with Idle mode (AMI) and the proposed ASAM algoriths evaluated and compared.
Adaptive power control and allocation algorithm® antroduced to analyze the overall
achievable rate and power level in single-hop amdtisnop communications, respectively.
Optimal power control and allocation factors arsoatlerived. An example of a two-link

multi-hop network is explored using different linklaptive transmission protocols.

1.3 Thesis Outline

This thesis is organized as follows:

Chapter 2 provides the necessary background anlytiaab framework for this work.
Relevant parameters and system models are descFbadtions of the system components
are given in detail and fading models are explained

Chapter 3 presents the literature review of linlapdtion and feedback communication
systems. The system model of the adaptive feedibetwork is built. Based on the

feedback system, link adaptation for energy opttiin is discussed. Recent research and
3



designs for energy saving protocols are reviewdek flindamentals of different adaptive
technigues are also explained.

Chapter 4 proposes the ASAM algorithm and adapgioeer allocation policy. It first
describes the composition of energy consumptiot/8Ns. Link adaptation techniques for
single-hop and multi-hop networks are explainedpdrticular, power allocation factors are
introduced to find optimal network energy consumptiThe formulas for calculating energy
consumption are derived using ASAM, AMI, and AM lwiespect to MAC layer protocols.
Chapter 5 presents the simulation results. The lalion parameters, assumptions
procedures and methodologies are described. Wailatdcthe overall achievable data
transmission rates, optimal power allocation fagtand AM switching threshold levels over
Lognormal shadowing and Rician fading channels. dffiects of channel conditions, traffic
intensity and number of modulation stages are iyated. The per-node operating lifetime
for point-to-point communication and multi-hop netks using the link adaptation polices
and ASAM is evaluated and discussed. The performamic AM, AMI, and ASAM
algorithms on commercial transceivers is furthemmaxed, with the node lifetime
comparison.

Finally, Chapter 6 gives concluding remarks andyssts possible future work.



Chapter 2

System Models

2.1 Introduction

This chapter presents the system models for weselemmmunication networks and discusses the
conceptual framework for analysis. The system #&chire and Physical Layer (PHY)
components of a wireless communication system arteoduced. In general, wireless
communication systems are operated in complex emvients. Therefore, the channel may be
easily influenced by reflection, diffraction, seathg and multi-path effects. In this thesis, we
investigate the network performance in flat-fadptienomena. The channel fading models are

explained here with the communication strategy.

2.2 System Architecture

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

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

interests.
Transmitte Receive

:' Adaptive ) \:

: P Demodulatiol '

! Modulation i J

| Cox(t )
Csoure PO F g s

: Channe |

. Powe '

! _ Estimation !

' | Adaptation \ J

\\ \ / ]

Figure 2.1: System architecture for a typical véissl communication system
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2.2.1Information Source and Sink

The communication information datét) are generated by the source unit. In order toaedue
implementation complexity in practice, it is assantieat the data is uniformly distributed and is
generated at a fixed symbol rate (see Section @& 6détails). The communication system
bandwidth is denoted & which in the case of ideal Nyquist pulse is gitsnB ~ 1/T; = R, ,
whereR; is the fixed symbol rate. The data are transmittedugh a flat-fading wireless channel

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

2.2.2Transmitter

One of the most important components in the sysienthe transmitter. Instead of being
responsible only for sending information, the traitter in this model has three main tasks:
» Transmission: The transmitter sends the data thr@ugvireless channel to a receiver
base on the selected modulation schemes and peveds |
» Adaptive Modulation: Unlike in a traditional modtda, the modulation scheme here is
not fixed but varied based on QoS criteria. In thissis an instantaneous Bit-Error-Rate
(BER) requirement is further imposed. Thereforey thata rates and the transmission
durations are determined by different modulatiohesees, which in turn, are selected
according to the performance requirements.
» Power adaptation: The most appropriate Power Atlapt&olicy (PAP) is selected to
optimize power levels according to the ChanneleStatormation (CSI) feedback from
the receiver. Two techniques of power adaptati@ncansidered in this work, namely

power allocation and adaptive sleep, both discussddtail in Chapter 4.



2.2.3Receiver

The Receiver is responsible for receiving data, athrating the received information, and
estimating the CSI after the wireless channel. ldenfeedback channel is further required so that
the estimated CSI can be fed back to the tranamittermally there might be estimation errors
and delays involved in this feedback process, whiegatively affects the transmitter decisions.
In this case, however, we assume that the chamstietaion is perfect for the receiver and the

delay from the feedback channel is negligible.

2.2.4Wireless Channel

During the processes of transmission, reception sigdal propagation, the additive noise is
formed and should be considered in the analysiesidering the channel gain and additive noise,
the output signal can be expressed as:

y=h-x+z (2.1)
wherex is the input signak is the channel gain, ands the AWGN here formed by taking a

zero-mean Gaussian random variable with Power gppéaensity (PSD) o, /2.

2.3 Lognormal shadowing Channel Model
Wireless links experience shadowing and fadingcesfen this thesis, the shadowing effect of the
channel is modeled as a lognormal distribution. Phebability Density Function (PDF) of a

lognormal distribution is represented as [9]:

1 (Inx—p)?
fGm0) = oexp (-5 0) (2:2)



whereu and o are the mean and standard deviation of the natogalrithm. The lognormal
distribution has a mean and a variance which arengby:
Mean; = eH+9°/2 (2.3)

Variance: = (e — 1)e2#+o° (2.4)

The lognromal distribution therefore can be usedescribe the random shadowing effects in
the link burget calcuation. The received power lésdormulated by considering the lognormal

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

A d
P. =P, +20logy, (ﬁ) +10nlogso (22) + X, (2.5)

whereP,. and P, are the receive power and transmit power, respgfid is the signal
wavelengthd, is a reference point distanegjs the distance between the transmitter and the
receiver;X, is a zero-mean Gaussian distributed random variaith standard deviatiam and

n is the path-loss exponent which is highly depehadenthe propagation channel. The typical

values ofn in the range of [2, 5] for common wireless sereorironments [10].

2.4 Rician Fading Channel Model

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

distribution can be denoted as [11]:

flx|v,0) = %exp (_(’;2:21]2)) I, (g) (2.6)

wherego is the standard deviation;is the distance between the reference point andehter of

the bi-variant distribution; angj is the modified Bessel function of the first kinittworder zero.



When analyzing the fading probability distributiofi the wireless channel, Rician PDF is

normally represented as a distribution of the resstiSNRsy) [10]:

_ - (+K)y
Ry = C0 (), (2 /@)y > 0. (2.7)

2
;7 is the Rician K-factor defined as the ratio of diaamt component signal power

whereK =
over the local mean scattered power. In other wdh#sK-factor shows the strength of the Line-
of-Sight (LOS) signal in the channel. By varyinge tK-factor, the mean and variance of the
distribution is changed [11]. In this thesis, lirde® uncorrelated so that the shadowing and fading

effect on one link has no impact on others. Thhs, ¢thannel Rician K-factors can be varied

independently for each link.
The Rician distribution can also be modeleRas VX2 + Y2 whereX~N (v cos §,52) and

Y~N(vsin@,c?) are two independent normal distributions, &risl any real number. The mean

and variance of the distribution is given by:

2

2 2 2
Variance: = 207 + v — T~ 13 (= o) = 202 + v? =13 ;,(=K) (2.9)

whereLv(x) denotes a Laguerre polynomial. For a given K-faatw mean valuey values are
drawn from the Rician distribution as the instartaus SNRg; in each link. The instantaneous

SNRs are used to obtain the received SNRs atrkensides after power allocation.



2.5Summary

This chapter has presented the analytical framevemdk channel fading models used in the
following chapters. The system architecture andrtéevork components are explained. In this
thesis, channel fading condition is an importamapeeter for analyzing the energy consumption
in the communication process. Two fading modelsnelg Lognormal propagation and Rician
distribution, have been examined. Relations betwaamnel fading and node lifetime will be

investigated in Chapter 5.
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Chapter 3

Adaptive Transmission and Feedback Communication Sfem

3.1 Introduction

With the rapidly increasing demand for the radiecdpum in wireless communication systems,
there arises a keen need for developing specfiieleaft networks. In order to use the spectrum
efficiently, the transmission schemes should be &bladapt to channel characteristics through
estimation and feedback. But traditional non-adapfirotocols fix the transmission parameters
regardless of channel conditions. Such systems toeathintain an acceptable performance for
the worst case scenario, which often results inffitgent utilization of the full channel capacity.

Adaptive modulation (AM) or link adaptation, on ttaher hand, allows for dynamic
adjustment of the communication systems (e.g., tanging modulation [12] and coding [13]
schemes and other parameters [14]), accordingai@acteristics of the time-varying channel [15].
This effectively improves spectral efficiency byapting transmission parameters to specific
communication conditions.

The basic concept behind the adaptive transmigsitm maintain a stable level 8f /N, by
varying the transmit power, data rate, coding rateling scheme, or a combination of them. It
takes advantage of favorable channel conditiongdnsmitting data at high speed. In this way,
spectral efficiency is improved with BER requirernemaintained simultaneously. For wireless
communication applications with emphasis on highaliggtof-service (QoS) or minimal
distortions, such as high-speed modems and satkiks, adaptive techniques are of particular

importance [15].
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3.2 Adaptive System Design

In adaptive transmission, both transmitter and ivecein the system will have multiple
functionalities. Figure 3.1 illustrates the systemdel for a typical adaptive transmission system.
Unlike in traditional communication systems, modiola level and transmit power in adaptive
systems are not fixed but dynamically controlledttansmitter. Through the feedback channel,
transmitter exchanges information with the receimad collects the current CSI data. The
transmitter can then make decisions on the prapasiission parameters to use. During the
process, both adaptive modulation control and powdaptation units are functioning
simultaneously to ensure modulation schemes andria power are selected accurately.

The Receiver also has two functionalities: demdihriaand estimation. It cooperates with
transmitter to determine the transmitted informatiand to estimate the CSI. During the
estimation and feedback process, delay and ernorocaur, impairing the accuracy of the

estimates.
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. E gy g <
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and coding

) v x(t .
Demodulatiol x(); Sink

and decoding

A

A

x(t)

Channe
Estimation:
Error: e
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_______________________________
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Feedback Channe
Figure 3.1: Adaptive Feedback System Model
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3.3Link Adaptations

Link adaptation, also known as adaptive modulatiod coding, is an innovative technology in
wireless communications. The goal of the technigu® adapt the system parameters to radio
link conditions such as available power level, cl@npath-loss, signal interference and
sensitivity of the receiver [12]. The parameters ddjustment can include: symbol rdfs],
modulation schemes or constellation size, tranpmiter [17], data transmission rate [12], [18],
[19], [20], and coding parameters [21], [22], [2B4]. These parameters can be varied either
individually or jointly according to application dmperformance requirements. Recent researches
focus on adapting one or two parameters, spedificabwer 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] indicatidhat the Shannon capacity of a flat-
fading channel can be best achieved by jointly warythe data rate and transmit power. In
addition, since the data rate and the transmit poave two parameters for calculating the
network energy, variable-rate variable-power adapgiaechniques become the most interesting
link adaptation policy in research when analyzimg metwork energy consumption. In this thesis,
the link adaptation system performance is evaluasddg variable rate and variable power both
individually and jointly. The objective is to soltke energy optimization problem so that the
maximum node lifetime is achieved under networkst@ints.

Early studies on adaptation techniques were dorgavers [16] and Hayes [17] in the 1960's.
The results showed promising results for adaptahniques to improve the system efficiency
and throughput by supporting various communicapoofiles and multiple transmission rates
according to the link quality. However, due to teedware limitations and difficulties in accurate

estimation of the CSI, link adaptation was congdennfeasible at that time [8]. With advances
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in technology, especially in hardware, the origitahcerns of link adaptation become less
prohibitive. Technologies that incorporate AM inidreless LANs [26], [27], [28], [29], MIMO
communications [30], and 3G/4G cellular networkgeheevived [25], [31], [32], [33], [34].

It has to be noted that the adaptive systems mestlésigned to ensure that consistent
communication requirements are met under the waarsé scenarios. Link adaptation protocols
can avoid the poor utilization of the channel ewéth deep fading. Therefore, it increases the
spectral efficiency by transmitting at desirableegh based on channel conditions. Particularly,
for multi-hop relay networks, communication linkanctransmit at different data rates and power
levels to achieve optimal spectral efficiency anidimum energy consumption.

Having that said, link adaptation still suffersrfra few practical limitations [35]. First, it is
highly dependent on reliable receivers and feedlshekinels to estimate and relay accurate CSI
to transmitters. In addition, the communicationgess requires real-time estimation and error-
free transmission in order to ensure the accurétlyeotransmitter decisions. If the time varying
CSI cannot be received correctly or timely, linlaptation is not possible. Furthermore, most link
adaptation techniques are evaluated mainly in teofsimulations. Actual experiments in

realistic networks are desperately needed.

3.4 Energy Constrained Networks

A network with finite fixed energy budget is defthas energy constrained network. WSN is one
example of energy constrained networks. Sensorsnimdthe network are usually battery driven
devices. The amount of energy available to eacteriedfinite and the operating lifetime is
limited. With advances in research and design, rhoretionalities have been integrated into one

single chip, yet the size and the weight of semmmtes are effectively reduced [2]. In many
14



applications, sensor nodes are designed to haverfdwransceivers and central controllers to
sense, process data, and transmit and receivemafimn at the same time. However, this also
makes the devices more important and difficultéadplaced.

Therefore, nodes must be able to operate for a fmrpd of time without replacing the
battery. Consequently, energy optimization for t@mmmunication processes becomes more
crucial. It is necessary to understand the tradeetffveen the system performance and the amount
of energy that can be used for each process. igatishs of recent researches indicate that to
ensure a long period of network lifetime, the antafrenergy used to deliver each packet has to

be minimized [36], [37]. Energy efficiency is theykin this energy saving problem.

3.5Link Adaptation in Energy Optimization

Applying link adaptation to energy constrained semsgetwork has received a significant amount
of interests in research [38], [39], [40]. Many ides offer optimal energy performance by using
extra low-power components in sensor nodes [31], [42]. However, additional hardware can
introduce noise and errors to the network and émfte the system performance [35]. Some
works also consider using dynamic routing protodotsdelivering the information from source
to destination [43], [44], [45]. The design oftetfises on balancing battery power for all nodes
along the transmission routes.

Recent research in the field of energy constragseor network also proposes the concept of
energy-aware protocols to control the power levklsng transmission [46], [47]. Instead of
being fixed beforehand, the transmit power is dyicalty allotted. Energy-aware protocols
balance the link budget through adaptive variatsmthat each transmission can spend different

amount of energy given the channel conditions [Tfjus, without wasting the power or
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sacrificing BER, the protocol provides high avertigk energy efficiency by taking advantage of
flat-fading through adaptation. No energy will basted during the process, hence maximizing
the node lifetime.

One of the essential ideas in these energy-apratecols is to power down the nodes when
they are not performing any tasks. This is dudéofact that in WSNs, nodes normally need to be
communicating for a short period of time only; tlukigh degree of redundancy usually exists in
network topology [30]. It is possible to design egss communication protocols to minimize
energy consumption by letting the nodes sleephHemtaximum amount of time. Adaptive sleep
(AS) technique, therefore, has been proposed sotites sleep time can be adjusted based on
current fading conditions. Most of the time wheerthare no communication occurring, nodes
are powered down and operated at the minimum ptevet. This stand-by power can be orders
of magnitude lower than the active power. Enerdiciehcy is thereby improved as maximum

sleep time is used in the network.

3.6 Adaptive Techniques

Dynamically adjusting the transmission parametead$ to various adaptive techniques in
research. This thesis investigates the networkggnawnsumption issues by considering the data
rate and the transmit power. For a given BER cairdtr the spectral efficiency has to be
optimized, which applies to all adaptive techniqu&ébe approximations and formulas for

different link adaptation polices are presentethafollowing sections.
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3.6.1BER Approximation for MQAM

The spectral efficiency is the main advantage tgdieed from AM analysis. It is defined as the
average data rate per unit bandwidRiE). The transmission rates are determined by maddulat
schemes, i.er(y) =log,[M(y)] (bits/symbol) [8]. Therefore, the spectral effiuig for

continuous rate adaptation (3.1) and the disciate adaptation (3.2), respectively, is given by
[8l:

= rmpWdy (3.1)

R - i
5= n [ p(dy (3.2)

The adaptive rate(y) is determined by the modulation schemes typicaditricted by an

average transmit pow@: The transmit power constraint in this assumpisogiven by:

I P@p()dy < P 3B

Average BERs in the channel is usually definechasntumber of error bits per transmission

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

m=E[

error bits per transmission] 4}3
total bits per transmission

With Gray bit mapping, the expression for the BERMQAM can be approximated as a

P(y)

function of the receiver SNR(T) and the constellation si2é [8]:

P)

2 1 14
BERuoau(¥) ~ o (1= 757) X erfe| [1535 (3.5)
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As this expression cannot be easily solved fopitwerP(y) and its rat&R = log, M, it can
be considered as a tight approximation of the falhg equation for constellation si2¢ > 2 and

BER less tharl073 [8]:

)
5y

This tight approximation for rate variation and mowadaptation is used in this these for
network lifetime analysis. The constellation siaes taken as 2 or above and the BER constraint

value is set td 07%.

3.6.2Variable Rate

Considering the data transmission rate varied withnnel gain, the network can achieve its
optimal transmission rate by two means: 1) fixing symbol rate and using multiple modulation
schemes or constellation sizes, or 2) fixing thelatation scheme and changing the symbol rates.
Usually, the second method is difficult to implerhdrecause varying symbol rate requires
varying signal bandwidth which is complicated inagtice [23]. In contrast, changing the
modulation types or the constellation sizes is nfieasible. For this reason, it is employed in this
thesis, i.e., the modulation schemes are variegh@ve the optimal rate during transmission.

To formulate the variable-rate modulation problewe consider a family of MQAM
modulation signals with a fixed symbol rdte, with M denoting the constellation size of the

modulation scheme® denoting the average transmit power, AgcandB being the noise and
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bandwidth, respectively. Assuming ideal Nyquist gasl for each constellation, the average

received SNF is expressed as [8]:

)7=‘_: —E (3.7)

Recall that the spectral efficiency is defined asadrate per unit bandwid®/B. For a
fixed M, it becomeRR/B = (log, M)/B bits/symbol. In this case, we are only considettimg
variable rate. The spectral efficiency is therefpegameterized by the average transmit power
and the BER. Rearrange equation (3.6) in termd,ahe expression for the constellation size is

obtained as a function of the received SNR

- ~L5y PW)
M@y) =1+ In (S5BER) P (3.8)

whereP is the average power an@y—) is the normalized transmit power. In rate adapiatthe

sensor node always communicate using the transwmwiepso thafé—” =1.

12

11r Za/*
AM
_1op — — Continuous Rate Adaptation <
el Discrete Rate Adaptatis
S o9t - i
e
€ 4l 256QAM |
o
a7+ e il
ey 64QAM
o O e b
T 5 ]
o
S /lGQAM
4, -
o
; 3 / N
(%)) , - 4QAM
1k _—BPSK |
OJ_J~N0 mis‘sion | | | | |
0 5 10 15 20 25 30 35 40

Received SNR (dB)

Figure 3.2: Symbol rate verification using adaptivedulation when Pe = 10
19



The relation between symbol rates and received SbiRsontinuous and discrete rate adaptation

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

E[r(n)] = E[logz(M()] = [ log, (1 + ") POy (3.9)

with respect to the power constraint in equatiaB)(3

3.6.3Variable Power

The transmit power can be adapted to compensafeNBs. The goal is to maintain a fixed BER
and equivalently, a constant received SNR. In §8h techniques are proposed for fixed-rate
variable-power adaptation: channel inversion ad@ptaand truncated channel inversion.
Although both techniques are aiming to maintainoastant received SNR, the former suffers
from a larger power penalty since most of the ayersignal power is used to compensate for
deep fading channel condition, while the latterviles a cutoff level below which no signal is

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

Py) __ o
5 = (3.10)

whereg is the constant received SNR, ani$ the channel gain.
Using this power adaptation policy, the spectritiehcy is obtained by substituting equation

(3.10) into (3.8):

R -1.5y
B logy (1 + ln(SBER)E[l/y]) (3.11)

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

above a given cutoff,. The power adaptation is [8]:
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g
Z >
PO _ {y V="o (3.12)

Similarly, the spectral efficiency for truncatedacimel inversion is given by:

R _ —-1.5y
7 = Mmaxy, log, (1 + —ln(SBER)EVO[l/y]> (3.13)

By introducing a power control technique to detemnithe power level needed for a
successful transmission, power control values armdlated by rearranging equation (3.6) in

terms of%. We then obtain the expression of the normalizaggp control factor as:

P(y) _ In(SBER)X(M—1) (3.14)
P —1.5y )
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For each received SNR value, the instantaneous mpeabeeP(y) can be calculated as the
product of the power control factgg—) and the average powBr Thus, instead of using a fixed

average power for transmission at all time, théaimtsneous power level can be varied according
to the channel conditions. The power control fextaative to the received SNRs are displayed
in Figure 3.3. As shown in the figure, the powerelas reduced with increased SNR for the same
modulation scheme. Significant power increase acaunly when the transmitter is switching

from the lower modulation levels to the higher ones

3.6.4Adaptive Rate and Power for MQAM modulation scheme

By combining rate adaptation and variable-powehnégue, the spectral efficiency can be further
improved. Optimal spectral efficiency can be detagd for four cases: continuous rate
adaptation with an average BER constraint (C-Ra®ER), continuous rate adaptation with an
instantaneous BER constraint (C-Rate |-BER), discrate adaptation with an average BER
constraint (D-Rate A-BER), and discrete rate adegtawith an instantaneous BER constraint
(D-Rate I-BER). Obviously the instantaneous BERst@ints are special cases of the average
BER constraints; therefore, it has lower specfifadiency under the same conditions [18].

In this thesis, the discrete rate continuous poadaptation (c.f. Section 4.3 for details) is
used to maximize the spectral efficiency with tbegtraints of average power and average BER.
This then becomes a constrained optimization proplghich can be solved using the Lagrange
method. The general Lagrange equation for thistopétion problem subject to the power and

BER constraints is given by:

fovt = fr(¥) + 41 Zizy BER; (¥) + 22 XiZ4 P (v) (3.15)
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wheref, is the energy optimization proble®ER; is the instantaneous BER constraints; Bnd
is the average transmit power constrains subjeeath SNR values. The optimal rate and power
can be satisfied by solving the following equation:

Ofopt _ 9fopt _
) 0 and 3PC) 0 .A8)

wherer(y) andP(y) are the rate and power respectively with additiarmmstraints. Both of

them are non-negative for all SNR

3.7 Summary

This chapter has reviewed the adaptive modulatimh lank adaptation techniques in energy

constrained networks. Adaptive modulation reliesadieedback channel to deliver the estimated
CSI from receiver to transmitter so as to makesieas on appropriate modulation schemes and
transmit power levels to use. Benefited from sudaptive process, the network resources,
especially energy, can be used more wisely. A g energy saving techniques have been
discussed. The fundamental concept of energy-aagaptation protocols for energy constrained
network is also explained. In addition, by consiugrthe BER approximation, the optimization

formulas for variable-rate and variable-power ladaptation 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 riseneoodeployment of small and cheap sensor
nodes in a multitude of environmental monitoringl @ontrol applications [48], [49]. Due to the
small-size, light-weight design and extreme en@gystraints imposed on sensor nodes, energy-
aware protocol design is desirable given its gbibtextend network lifetime for WSNs.

In this chapter, we discuss the energy consumjigiures in energy constrained networks for
WSN design. Single-hop discrete rate continuousepoadaptation policy is first considered.
Link adaptation in multi-hop relay networks is theramined, and adaptive power allocation
algorithms are developed. We proposed an ASAMrilguo that optimizes nodes sleep time to

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

4.2 Energy Consumption with Adaptation Techniques

In energy constrained networks, the total amourdgnafrgy available is fixed and finite. In order
to avoid frequent battery replacement for the sensdes, reducing energy expenditure during
transmission is crucial. The general formula ofrgpeconsumption can be expressed as power
level and transmission time:

E=PxT (4.1)

whereP is the power level anfl is the transmission time determined as the rec#rof the data
rate: T = 1/R. Therefore, energy consumption is also dependanthe communication data

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

e Transmission stage: The packet is transmitted foma node to another. Both radio
transmission and the Central Processing Unit (C&E&active in transmission mode. The
device is able to activate the processor, listethéochannel, wait for receptions, and
transmit the data. This stage has the highest pewel since the transmission requires a
large amount of energy for delivering the packetd #or overcoming the channel noise
to achieve an acceptable SNR.

» Active stage: The node is awake and waiting for jhekets to be transmitted. In this
stage, the transmission is off while the CPU i atitive. The current consumption now
is referred to as “run current”, which supports tigh volume of CPU activities. This
stage spends less energy than the transmissioe. dtigvever, since the node is still
active, it will still be operating at a much highmwer level relative to the idle stage.

» Idle stage: This is also known as the “idle modefs different from the sleep stage (or
hibernation stage) in which all the functionalitizfsthe device are dormant. In this stage,
the CPU can still maintain low activities. The @diansmission is off and the data is
retained. Therefore, the current consumption is thiode is lower than in both the
transmission and the active stage, but higher tiasleep stage.

» Sleep stage: After the data is successfully dedidethe node is hibernating or deep
sleeping. All the components are powered down daced on stand-by to save energy.
To wake up the transmitter and CPU again, it ordeds a clock signal. The current
consumption in this stage is the lowest among dhe $tages.

The energy consumed at each stage is determindéd pgwer level and operating duration.

This work studies the pre-node lifetime during cammication by considering the energy
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consumption of the four different operating stagdsk adaptation technique is analyzed in
point-to-point communication for single-hop netwarkn addition, adaptive power allocation

factors for the multi-hop relay networks are alsoied.

4.3 Single-hop Discrete Rate Continuous Power Adaptatio

We first investigate the single-hop network caseenshthe source directly transmits to its
destination. Here, we consider the discrete ratgirmoous power adaptation with instantaneous
BER adaptation, since it has been proven that ghigocol is a superior candidate to other
protocols [35]. For a given set of discrete rdtgR' ;' = log,(M;), each rate remains a constant
in the regiory;,yi+1), wherei = 1,2,..., N — 1. According to equations (3.15) and (3.16), the

optimal power adaptation is expressed as [8]:

By _ 20w (4.2)
P Y
whereh(r;) = i (_51)35ER) X (M; — 1) andBER(y) = BER in this case.

The optimal rate region boundaries can be foundhaaLagrange optimization method. The

Lagrange equation for a discrete rate continuouwgepprotocol is given by [18]:

Yi+1 Yi+1 h(ri)
T vz e vn) = Z nf p(Y)dy + 1 f p(dy —1
0<isN-1 Vi 0<isN—-1"Yi
(4.3)
Solve the equations:
%:0,0sts1v—1 (4.4)
Therefore, the SNR thresholds of the optimal poveer be found as:
h
Vo = % p (4.5)
and
Yi — h(Ti)_h(Ti—l) p’ 0 S l S N _ 1 (46)

Ti—Ti-1
wherep a constant determined by the average power camtstia equation (3.3).
26



Interpreting this equation in a discrete rate marthe average power can be determined by:

Yi+1 h(ri)

p(y)dy =1
0<isN-1"7i
4.7)
Since source nodes directly transmit to the destimaenergy consumption in the network can be
guantified by the node lifetime. The node lifetinmeturn, is defined as the period of time during
which the node has sufficient energy for transmitinformation to its destination. The objective
of single-hop discrete rate continuous power adigptais then to achieve maximum node

lifetime, by adaptively changing the transmissiaterand power level according to the channel

conditions, based on the discrete rate threshdleesalerived via equations (4.5)-(4.7).

4.4 Multi-hop Relay Networks

In the previous section, the node lifetime in singbp WSNs has been discussed. However, a
typical WSN system usually consists of several so@idese nodes communicate with each other
and form a multi-hop network. In this scenario, widl need to focus on the lifetime of the
overall network instead of the lifetime of a singlede.

In particular, this work concerns in two types ofiltirkhop networks: 1) relay networks in
which source data is transmitted to the destinatiarrelay nodes, and 2) multiple-link networks
in which multiple wireless communication links doemed by several independent sources and
destinations. In both cases, wireless channeldeasasily influenced by each other. As a result,
the shadowing effects between links are normallyetated. This phenomenon will lead to new
research direction in multi-hop correlated shadgwRecent research considers such correlation
effects and proposes more realistic channel mg¢8@]s[51]. In this thesis, however, we consider

a simplified model in which the links are indepemideith no correlated shadowing effects.
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4.4.1Link Adaptation in Multi-hop Relay Networks

Source Q
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Figure 4.1: An gample of nulti-hop relay network

In the same WSNcommunication linksaare usually subject to differenhannel conditions [52].
This is becausewireless links are formed by sensor nc randomly distibuted in the
environment,and channel fading is often varying with time, gegdical position and rad

frequency. Figure 4.dlustrate: an example of a multi-halay network mod. In the figure, the
source node and destination node are located irmbddyood channel conditis, respectively,
with several relaynodes distributecunder differentchannel conditior. Information will be

forwarded to alestination through the chosen re by taking the energy savi routing protocol
into consideration [53]In this scenario, we are interestedanalyzin¢ the behavior of link
adaptation in twdink relay networls. A simplified model forthis twc-link relay network is

shown in Figure 4.2.
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Figure 4.2: Two-link Relay Network Model

In this model, source, relay and destination nodes two wireless channels. The same
packet will be delivered through both communicatioks. However, transmitters in source node
and relay node make independent decisions on wirioHulation type and power level to
employ. The network is constrained by the totailaleée energy. Although the amount of energy
is fixed, the necessary transmit power allottecedsh node is adaptively adjusted to achieve
minimum network energy consumption.

We introduce the power allocation factarlt is defined as the percentage of the total ayer
power allocated to the node; hentcenust satisfy0 < @ < 1. Extending equation (4.3) and
considering the scenario of discrete rate contisymywer adaptation, the optimal problem can be

interpreted as:

Yi+1
Jr1 vz o ¥n) = Z nf p(y)dy + 2
0<isN-1 Vi
(4.8)
The optimal rate and power region boundaries camliained using essentially the same
procedure described by equations (4.4)-(4.6). tmgethe new parameterto equation (4.7), the

transmit power constraint become:

Yi+1 h(Ti)

p(¥)dy = «a
0<isN-1"Yi

(4.9)
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In this two link relay network shown in Figure 4tBg total energy is divided between the
source node and the relay node. Denote their palliaation factors ag; anda,, respectively.
Both a; anda, satisfy the energy constraints in the network: i.e

0<a; <1,0<a, <1 (4.10)

0.’1 + az = 1 (411)

Denote the energy consumption in link 1 and linksZ; andE,, and the link lifetimes &g,
andT,, respectively. In addition, it is assumed that mkiee energy allocated to either node has
been exhausted, the whole network is considerédessl” and reaches the limit of its lifetime.
Define the network lifetime as the period of tinmatt both nodes are alive and able to transmit
data, i.eNetwork Lifetime = min (Link1 lifetime, Link2 lifetime ). The optimal network
lifetime T* is expressed as:

T =T(a")

(4.12)
wherea* = arg max,-(min(Ty (@), To(a))) is the optimal power allocation vector that comsai

the power allocation factors for both links whem tietwork lifetime is maximized. Considering
the energy consumption, we can also formulate thblem by calculating the minimum energy
consumption in the entire network subject to optiptaver allocation:
E*=E(a")
(4.13)
Thus, by solving the optimal network energy constiomp problem, the optimal power

allocation factors are determined.
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4.4.2Link Adaptation Multiple-Link Networks
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Figure 4.3: An Example of Multiple Sources and edtons Network Model

When there are several source nodes and destinatides in the network, data transmission
between nodes establish multiple communicationslinkhis is known as the multiple-link
network. Figure 4.3 depicts a five-link example vehdive source nodes and five destination
nodes are randomly distributed in the network. Esmlrce node can only communicate with its
own destination node and all the links operateviddally. Therefore, energy consumption of
each link could be considered independently. Fiferdint channel fading conditions, the nodes
consume different amounts of energy for delivenragkets successfully. When a source node
exhausts its battery energy, it is no longer ableansmit information and the connectivity of this

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

4.5MAC Layer Adaptive Modulation and Adaptive Sleep

The MAC layer is a sub-layer of the Data Link Laygrecified in the seven-layer OSI model
[54]. It sits directly on top of the PHY layer aadts as an interface between the Logical Link
Control (LLC) sub-layer and the PHY layer in ordermanage access to the shared wireless

medium [55]. At the network level, it provides adslsing and channel access control for nodes or
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terminals to communicate within a multi-hop netw@86]. In wireless standards, MAC layer
protocols deal with collision through contentiosatition algorithms. These algorithms provide
sufficient time intervals between packets whiclteefifzely avoid message overlapping [57]. As
shown in Figure 4.4, the total frame duration cansplit into the actual data transmission time
(labeled as Tx in the figure) and active/idle timken the transmission process has been
completed and no further actions are required. Betwtwo subsequent transmissions, the nodes
can be put to sleep.

It needs to be noticed that the active/idle stagehé MAC layer pre-allocated contention
period which ensures that the previous transmissic@dompleted before the next one happens.
During this contention period, the node can opesdtiger in the active stage with high CPU
activities or in the idle stage with low CPU adii® depends on different CPU functionalities.
Obviously, the active stage requires higher poweell than the idle stage. But since the radio
transmission is off, the power levels are much Emalompared to the transmission stage. In
WSNSs, nodes send acknowledgement (ACK) packets asidtlle channel information, clear to
send (CTS), and request to send (RTS), to indib&te channel status. Based on different ACKs,
the node responds with corresponding actions. Taesens themselves, however, also take time
to be processed, thus incurring delays and sometto#isions. In this sense, the contention
period gives extra room for the channel to deliber pervious packet and prepare the channel for
the next one. After the fixed contention perioddeenters the sleep stage to wait for the next
transmission.

Sleep stage, on the other hand, is the time int&etaeen transmissions. It is also known as
the “hibernation stage”, during which all the compots in the node are not processing to

effectively reduce energy consumption. Since ndad&SNs do not need to operate at all time,
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they can be powered down right after completingcirgtention period. The energy consumption
is minimized in this way because the nodes areatipgr with a much lower power level.
Depending on how frequently the data is transmitttbe sleep time might account for a
substantial portion of the overall communicatiomration. Consequently, the energy saving can
be very considerable in such cases, as also deratmtsin Chapter 5.

The basic MAC layer protocol fixes the time of chahoccupation for one transmission. It
also pre-allocates the durations of the node trasssom, active, and idle stages, giving no
freedom for energy adaptation. As illustrated igure 4.4, every time the node detects a packet
waiting to be transmitted, the protocol wakes up tiode and sets the fixed durations for the
transmission, active and sleep stages. Adaptiveutatidn techniques, on the other hand,
dynamically change the data rates according tactiamnel conditions. This normally varies the
transmission duration to be less than the pre-aémttransmission, hence reducing the amount of
energy consumed by the transmission stage. Fdreiudptimization in energy consumption, the
network can consider employing energy-aware proétfmranter-communication between sensor
nodes, also known as MAC layer adaptive sleep [B8laptive sleep techniques have been
studied recently to ameliorate energy efficiencyWBNs. It uses MAC layer protocols to set the
duty cycle for the contention period and meanwhadaptively adjusts the sleep time according to
current CSI. Therefore, instead of remaining indbtve and idle stage, it can stay in the sleep

stage after the contention period until the nexkptis ready to be transmitted.

Packet Duratio

T > Between
; Fixed packet MAC Controlled Fix(;ed Packets Next
ransmissiu Contention Perio
Tex ah T, —»| Sleep Stage [~ packet —>
X Active/ldle e TX

Figure 4.4: Packet duration in MAC layer protocol
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In the following sections, we explain the operatstgges for Adaptive Modulation (AM),
Adaptive Modulation with Idle mode (AMI) and Adayd Sleep with Adaptive Modulation mode
(ASAM). The total energy E;) is defined as the available battery energy pmendrhe
communication processes consume energy and dudffevedt operation stages the total
consumed energyEf) is consists of: 1) Transmission enerdy.,, 2) Active energy K ctive),
and 3) Idle energyi,,.). The sleep energy(..,) is also considered in the process. In order to
conduct a fair comparison of the energy consumpéorong the three algorithms, the sleep
energy level and the time intervals between padketonsidered the same. However, the sleep
duration is dependent on the traffic intensity he network (explained in Chapter 5). The time
dedicated to one packelt,( ...) and duty cycle of the contention peridy)is pre-determined
by the MAC layer protocols. The energy consumpfmmulas for calculating,. formed based

on equation (4.1).

4.5.1Energy Consumption in Adaptive Modulation Mode (AM)

Adaptive _
Modulation Active MAC Controlled Fixed
Transmissio Stage Contention Period Sleep Stage Next
TY, we M€

— Packet —»

Tidte ESlf-’-‘-’p

Ptx Pactwe > Pldle
Previously
— Fixed ple Ty, —  »
Transmissio
Tex
< Tpacket P

Figure 4.5: Energy consumption in adaptive modatathode
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Combining AM techniques with the MAC layer protocdhe transmission time can be
dynamically adjusted via adapting modulation schenfes mentioned in Section 4.2, energy
consumption is the product of the power level andgmission time. Hence, the less time for the
transmission, the less energy is used during theegs. AM allows the data to be transmitted at
different rates according to the channel conditionsadaptively changes the modulation
constellation size, therefore varying the rate &mdsmission time. Thus, the duration for the
actual transmission process does not necessavigr tioe entire transmission timg.{ as shown

in Figure 4.4).

As illustrated in Figure 4.5, the node firstly sshies to the active stage with a lower power
level after the transmission. It then enters tihe stge which has further reduced the power level
compare to the other two stages. Note that the fiimthe transmission stage is controlled by AM
while the node idle durations is still controllegt MAC layer protocols. The overall energy
consumption is calculated by considering the tiypes of energy expenditure in the network:

Eé4M = Et;x + Etlzctive + Eidle

= Py X Tt,x + Pactive X T(;ctive + Pigie X Tiate
l l
= Py X E + Pactive X (Tpacket - E — Tgq) + Pigre X Tg

(4.19)
whereP,, is the transmit powefl/, = % is the adaptive transmission time witls the packet

length andR being the AM rateE[, = P, X T¢, IS the transmission energy, +ive IS the active
power; T, .ive iS the time for the node operates in active stagech varies in line withT/,;
Ective = Pactive X Tactive 1S the active energy; ;. is the idle power T ;.is the fixed idle time

determined by MAC layer protocak;;;. = Pigie X Tiqie IS the idle energy. Also note that

o l _ ! ! —
Ttx - E aTidle - Td and Ttx + Tactive+ Tidle — Ipacket
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4.5.2Energy Consumption in Adaptive Modulation with Idle Mode (AMI)
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Figure 4.6: Energy consumption for adaptive modloetvith idle mode

In AM, node operates in the active mode after ta@gmission when the CPU still has high
activities, which might include executing back-gggograms and/or storing information to the
memory. However, in WSNSs, there is no need fomibete to maintain a high volume of activities
after each transmission. Instead, it can operaiiénrmode immediately after the transmission to
with minimum CPU activities (see Figure 4.6). Tlifers additional improvement in energy

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

consumption is determined as:

AMI __ ! ]
Ec - Etx + Eidle
—_— ! I
= Pix X Ty + Pigie X Tigte + Piate X Tiate

l l
=PtxXE+Pidlex(Tpacket_E_ Tq) + Pigie X Tq

l l
= Py X E + Pigie X (Tpacket - E)
(4.15)

Similarly, P, is the transmit powef}/, = % is the adaptive transmission tindes the packet
length andR is the AM rate;Ef, = P, X T/, is the transmission energg. is the idle
power; T}y, is the adaptive idle timeT;y,. = Ty is the fixed node idle time; ;. = Pigie X

Tiate + Piaie X Tiase IS the idle energy. In this cas®y + Tige + Tigte = Tpacket
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4.5.3Energy Consumption in Adaptive Sleep with AdaptiveModulation Mode (ASAM)

Adaptive )
Modulation MAC Controlled Fixed Ad?ptlve
Transmissio Contention Period S, eep Sleep Stage Next
Tidte Tsleep Esleep — Packet —»
Sleep

A 4

i< Tpacket

Figure 4.7: Energy consumption for adaptive sle#h adaptive modulation mode

In order to further minimize energy consumption, A&8AM algorithm is proposed, which
combines the adaptive sleep with adaptive modulaltiased on the MAC layer protocol. As
shown in Figure 4.7, the MAC layer still allocatbe same amount of idle period to ensure the
pervious packet is successfully delivered. Howewmtead of staying in the active or idle stage
for a while, node is put into the sleep stage rajter the pre-allocated contention perifg In
other words, the additional active or idle stagadsnecessary for this algorithm. The total time
for completing one packet is adaptively reduceder&fore, not only the transmission time is
adapted by AM, but also the sleep time is varied\By The energy consumption formula in this
case becomes:

E&SS™ = Ef + EiqietEgeep

— !
- Ptx X Tt’x + Pidle X Tidle + Psleep X Tsleep

l
=~ Ta)

l
= Py X E+ Pigie X Tq + Psleep X (Tpacket - R

(4.16)
Notes that in this cas®.,, is the sleep powefy,,, is the adaptive sleep duration;

Egieep = Psieep X Tsieep IS the sleep energy dynamically controlled by A&t@col.
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4.6 Summary

Energy consumption issues have been discussedsirchpter. Network energy consumption
using discrete rate continuous power adaptatioitgmin single-hop networks as well as power
allocation algorithm in multi-hop relay networks shdeen examined. Formulas of energy
consumption in various networks are presented, lemkdadaptation techniques are analyzed.
Moreover, an ASAM algorithm is proposed based andbncept of link adaptation policies and
MAC layer protocols. It can further reduce the giyeronsumption in the network by forcing the
nodes into the sleep stage immediately after teeafpocated contention period. Simulations and

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

Simulation Results

5.1 Introduction

This chapter first explains the simulation stepd en@thodology and then presents the simulation
results. The experimental parameters and assurspémn discussed. Based on the framework
established in Chapter 2, we investigate the eneoggumption in the network under different
degrees of Lognormal shadowing and Rician fadirgnokl conditions. Different link adaptation
policies are studied and used to evaluate the mktifetime. Comparisons are drawn among the
AM method, the AMI scheme and the proposed ASAMoatgm. The impact of different
transmission parameters on node lifetime is andlyFarthermore, we calculate the optimal
power allocation vectors for a two-link relay netlw@nd investigate its effects on the network

lifetime.

5.2 Simulation Objective

The objective of this work is to evaluate the parfance of adaptive modulation polices under
energy constraints for WSNs. By considering thevodt constraints, various link adaptation
protocols are evaluated based on energy optimizatiethods. The joint optimization of rate and
power is performed for point-to-point communicatidime adaptive power allocation algorithm is
further examined for reducing energy cost in midip networks. The second goal is to
investigate the ability of the ASAM algorithms toprove energy saving. The system'’s operating
lifetime is compared by assessing the energy efifimy using different algorithms. Finally, the

performance of AM, AMI, and ASAM on commercial temeivers is compared.
39



5.2.1Simulation Parameters

The simulation parameters are selected such tlatQbhS requirements for the worst case

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

Table 5.1: Simulation Parameters

Parameter Description Value
K Rician K-factor {0, 5, 10, 15, 20}dB
o Lognormal shadowing Variance {0, 2, 4, 6, 8}dB
y Average SNR 10-36 dB
P, BER requirement for QoS 107*
MQAM modulation constellation size {2, 4, 16, &6}
B Channel Bandwidth 200 kHz
n Path-loss Exponent 3
E; Total Battery Capacity 1200mAhr
%4 Operating Voltage 3.6V
Iy Transmit Current 120 mA
Lactive Active Current 100 mA
Liate Idle Current 1 mA
Iieep Sleep Current 0.1mA
Ty Duty Cycle for Contention Period 75%
Thacket Packet Duration 1 unit of time

5.2.2Simulation Assumptions

Trading off the simulation accuracy with complexitiye following assumptions are made:

Both transmitter and receiver have perfect knowdeoligCSI

The transmission parameters remain constant oveframe period

Channel conditions stay the same during transnmissio

No errors are introduced by the feedback channéltlze delay is negligible

The transmission process is reliable and all packetve independently

Perfect routing nodes are selected and all nodeaveare of their position to others




5.3 Simulation Procedures and Methodologies

In this thesis, all the simulations are conducteMATLAB. In this section, the simulation model

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

adaptation behaviors. The evaluation system resp@oadcommunication and considers two

system layers: PHY layer and MAC layer.

* PHY Layer is responsible for:

1.

2.

3.

4,

5.

Generating source data;

Adaptively controlling the modulation schemes andigr levels;
Transmitting data over the fading channel;

Demodulating the received data;

Estimating and feeding back the current CSI.

* MAC Layer is responsible for:

1.

2.

3.

Coordinating the access to the medium;
Allocating time for different stages under MAC lay®otocols for AM policies;

Synchronizing the transmission time.

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

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

consumption and enhancing spectral efficiency, avhtill maintaining the required QoS during

the communication.
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For systematic organization of the results, althaf link adaptation policies analyzed in this
chapter are listed here. We analyzed the energgucoption for the following protocols:
* AM, AMI, and ASAM Comparison (Sections 3.6.4, 4aBd 4.5)
1. Channel Conditions : Lognormal shadowing and Ri¢iading
2. Average SNR
3. Modulation Stages
4. Traffic Intensity
» Single-hop Power Control Adaptation Policies (S#c8.6.3)

*  Multi-hop Link Adaptation (Section 4.4)

5.4 Energy Optimization Methods

The energy efficiency in the network is highly degent on the transmission parameters and
channel conditions. The focus of the simulationtasevaluate different energy optimization
algorithms by adjusting the network parameters.dgiven BER constraint, the optimal energy
in the network is obtained by jointly consideririgg tdata rate and the transmit power. Formulas
for calculating the energy consumption using limlaptation techniques have been explained in
Chapter 4. Since nodes in a network can be diseibamong different channel condition
environments, the channel conditions are modeletbbgidering different fading effects for each
link. Specifically, Lognormal shadowing and Ricitading effects are considered in this study.
Moreover, sensor nodes in the network normally @iocommunicate continuously. It is assumed
that on average each packet is sent at a 10-sdotendal. 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, optimitivegdata rate and the transmit power jointly
contributes to energy cost reduction in transmissinder fading channel conditions. With link
adaptation, a transmitter dynamically makes dewssion the appropriate modulation schemes
and power levels to use, based on the current GiS8én the set of MQAM constellations and
BER constraints listed in Table 5.1, the switchiegels for the discrete rate adaptation can be
calculated using equation (3.8). The transmitteddsigned to automatically switch to the next
level modulation scheme once the average SNR esdhedhreshold. However, within the same
modulation scheme, the transmission rate stayscasstant. Using equations (4.5) and (4.6), the
optimal transmission rates are obtained. Packetthan delivered at the optimal rate to decrease

the transmission time.

5.4.1Energy Consumption in AM, AMI, and ASAM

This section investigates the energy consumptiohMh AMI, and ASAM. Recalling the energy
consumption formulas discussed in Section 4.5,ntide lifetime of AM, AMI, and ASAM is
calculated based on the different operating stagesired by each algorithm. We analyze the
source nodes lifetime for successfully deliveringeatain number of packets using the adaptive
discrete rate continuous power policy. The sourmersends one packet every 10 seconds and is
powered down to the according stage after transonisén each experiment, the same channel
conditions are used in AM, AMI, and ASAM for a faiomparison.

The node lifetime achieved by the three algoritumder different degrees of channel fading
conditions are shown in Figure 5.1-Figure 5.5 foghormal shadowing and in Figure 5.6-Figure
5.10 for Rician fading, respectively. As can bensé®m the figures, the proposed ASAM

algorithm consistently outperforms the AM technigb®des can operate up to 221 days using
43



ASAM while the longest node lifetime using AM is lprd2 days. This translates into an
approximately 80% improvement. In addition, the AM$o slightly improves the node lifetime
compare to AM. At the high SNR region, AMI exterttie node lifetime by approximately 10
days.

In AM, the node is first active after the transnussstage, then switches to the idle stage, and
finally enters the sleep stage. In AMI, the actitage is replaced by the idle stage since the
processor only requires minimum functionality. Téfere, this portion of the energy is reduced
from active energy to idle energy. However, sirfepower level at the sleep stage is the least, it
would be desirable to have the node stay in thagestfor the maximum period of time. The
ASAM algorithm provides an optimal adjustment ofiee sleep duration according to the CSI,
and therefore further enhances the energy effigiehbe main difference between ASAM and
AM is that the former enters the sleep stage ridter the contention period that is pre-allocated
by the MAC layer protocol, while the latter stitlhgs active for a certain period of time before
entering the contention period. The significanfeddnce between the sleep power and active
power can considerably affect node lifetime, asfieerin the figures.

Furthermore, the results also indicate that theeeaanumber of factors that can affect the
node lifetime. The factors investigated in thissikeinclude the following: channel fading
conditions, average SNR levels, traffic intensiétgd modulation stages. They will be discussed

in detail in the following sections.
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Figure 5.1: Node lifetime simulation: comparison ®fstages ASAM, AMI, and AM when
Lognormal shadowing = 0
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Figure 5.2: Node lifetime simulation: comparison ®fstages ASAM, AMI, and AM when
Lognormal shadowing = 2dB
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Figure 5.3: Node lifetime simulation: comparison ®fstages ASAM, AMI, and AM when
Lognormal shadowing = 4dB
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Figure 5.4: Node lifetime simulation: comparison ®fstages ASAM, AMI, and AM when
Lognormal shadowing = 6dB
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Figure 5.5: Node lifetime simulation: comparison ®fstages ASAM, AMI, and AM when
Lognormal shadowing = 8dB
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Figure 5.6: Node lifetime simulation: comparisorbastages ASAM, AMI, and AM when Rician
fading K = 20dB
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Figure 5.7: Node lifetime simulation: comparisorbastages ASAM, AMI, and AM when Rician
fading K = 15dB
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Figure 5.8: Node lifetime simulation: comparisorbastages ASAM, AMI, and AM when Rician
fading K =10dB
48



250

200

0
& 150
=2
]
E
3
)
B 100t —©&— 6 Stages ASAM | |
z —o - 6 Stages AMI
- - -6 Stages AM
50;#70_,—0—/‘0*6’#@4@¥G704 —0- - 96 - o -3
6(}»97’0,;O,ﬁfe-7»94~0*704*—6-*'
-0~
,’/O_//AO’
O 1 1 1 1 1 1 1 1 1 1 1 1
10 12 14 16 18 20 22 24 26 28 30 32 34 36
Average SNR (dB)
Figure 5.9: Node lifetime simulation: comparisorbastages ASAM, AMI, and AM when Rician
fading K = 5dB
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5.4.2Channel Fading and Average SNR

Since sensor nodes are normally deployed to moaitdr analyze complex phenomena over a
large region, the wireless channels can be easflyehced by various fading conditions in

WSNs.[56]. Different channel fading conditions exdifferent influences on per-node energy
consumption, as examined in this section.

The transmission protocol allows the transmittehé&ve the freedom to choose between 6
modulation stages: no transmission, BPSK, 4QAM, ABQ64QAM, and 256QAM. Here we
consider a slowly-varying flat-fading channel. Tdi@nnel changes much slower than the symbol
data rate, so that it remains approximately constaar each transmission period. Lognormal
propagation and Rician distribution are used to ehtioe channel shadowing and fading effects,
respectively (c.f. Sections 2.3 and 2.4 for detafsthe approximation). For Lognormal
distribution, the standard derivationis chosen among, 2, 4, 6, 8}; for Rician distribution, the
K-factorK is taken fron{0, 5,10, 15, 20}.

Figure 5.11 and Figure 5.12 display the node fifetas a function af andK, for Lognormal
shadowing and Rician fading effects, respectivielyiFigure 5.11, it clearly shows that for each
algorithm, under a given average SNR, stronger bogal shadowing (i.e., highe? yields a
shorter node lifetime. In other words, the energstds reduced when the network operates in a
good channel condition. The behavior is similar Rician fading cases (see Figure 5.12). The
node can operate longer when the fading in thelegisechannel is minor (i.e., high€). The
Rician K-factor determines the communication lidesight (LOS) for the point-to-point
communication. Hence, a smaller K-factor gives deefading in the channel and shorter
operating time as a result. Moreover, the figutes demonstrate that the node lifetime is heavily

dependent on the average SNRs in the networkhesame channel fading condition, increasing
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the average SNR extends the node lifetime. Fongtfading cases, a poor average SNR can
substantially degrade node lifetime performance.

Although the figures indicate that for all the afitfims, the sensor nodes can operate longer
with smaller channel fading and larger SNRs, thenclel fading conditions and average SNRs
show very distinct impacts on energy consumptiardftferent algorithms. For AM, the channel
condition has a bigger impact on the node lifetiatdow SNRs than at high SNRs. As the
average SNR increases, the lifetime gap betwederelitt fading conditions becomes smaller.
For instance, in Figure 5.11, the node lifetimevesrroughly overlap with each other for average
SNR greater than 30dB. We can also conclude tieaathrage SNR values become the dominant
factor for the energy consumption when the nodeaips under deep channel fading. However,
unlike in AM where good channel conditions consididy improve node lifetime, the channel
fading conditions and average SNR values can offéctathe energy consumption slightly in
AMI.

Such behaviors are due to the fact that in AM,rafte packet has been successfully
transmitted, the channel still stays active foegain period of time. For nodes operate in a poor
channel condition, there are higher chances ohdésg the packet. This resending incurs more
active power consumption of the node. On the olaexd, AMI puts the node into the idle stage
immediately after transmission. Even under poor nokh conditions where a lot of
retransmissions occur, the node only spends tleegdiver after the retransmission, which is
normally much smaller than active power. The dédfere in energy consumption between various
degrades of channel fading is thus not notableNi. A

The channel fading conditions and average SNRshase significant impacts on the node

lifetime in ASAM. Compared to AM, the performancktbe ASAM algorithm is more notably
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influenced by the average SNR. The difference identifetime is approximately 120 days
between the lowest and the highest SNRs for ASAM|exfor AM, the difference is less than 30
days. In addition, it can also be found that thelendifetime is more susceptible to channel
condition variations in low and high SNR regiores, AM and ASAM, respectively.

Interestingly, it can also be seen from Figure Sad Figure 5.12 that for AMI and ASAM,
in the low average SNR region, the node lifetimghvargers turns out to be longer than smaller
o cases. Recall that represents the standard deviation of the instaoizs SNRs. Under low
average SNR, a biggerindicates both a higher chance of retransmissighaahigher chance of
transmission with a larger data rate. Retransmisisicurs additional energy consumption while a
higher data rate reduces the energy cost by usgsmtfansmission time. For AMI and ASAM, the
retransmission cost is essentially very smallalt be considered that the cost of retransmissions
is approximately the same between lasgand smalls; hence the energy saving gained from
higher-rate transmission outweighs the downside, ihe larges, the longer node lifetime, as
shown in the plots. For AM cases, on the other handmallerc consistently yields better
performance relative to a larger lifetime. Suchmdmenon happens because the retransmission
cost for AM is considerably higher than for AMI/ASRdue to the active power level used when
retransmission occurs. The disadvantage of hawanget o outweighs the advantage in such
cases.

Moreover, under a high average SNR, the node é&aayr transmitting data with a high rate.
Increasingo, therefore, might contribute to a small degreetbetter transmission speed, but
would increase the likelihood of having low instamtous SNR, i.e., a low transmission data rate
and more energy consumption. As reflected in theréis, 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: comparisoh6ostages ASAM, AMI, and AM under
various Lognormal shadowing channel conditions
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5.4.3Traffic Intensity

Traffic intensity is a measure of the average oaagp of wireless resources during a period of
time. It is normally used to estimate the numbepatkets in the network to be transmitted. In
WSNSs, the sensor node battery lifetime is heavifgcéed by the number of transmissions. In
general, WSNs have low traffic intensity since itifermation can be stored in memory first and
is only sent when necessary. Nodes can operata fonger period of time if packets are not
frequently sent. However, there are some occasidren the sensor nodes need to exchange
information, report their statuses, and communigate the relay nodes very often. During such
situations, there can be a heavy traffic load & ¢ommunication network. Depending on the
traffic intensity, the energy expenditure in théweerk can differ considerably.

In this section, we further investigate energy comgstion using AM, AMI, and ASAM with
different profiles of network traffic intensity, mely 1%, 10% and 100%. The network traffic is
modeled using Poisson random distribution. A laigemsity indicates more packets that need to
be transmitted in the same period of communicatioa.

Figure 5.13 and Figure 5.14 depict the node lifetim AM under different traffic intensity
profiles for Lognormal shadowing and Rician fadingspectively. It is evident from the figures
that for low and moderate average SNRs, low traffimmunications yield higher node lifetime.
For a given traffic intensity, the node lifetimerees for different fading levels tend to converge
as the average SNR increases. The converged rfetimdi with 1% traffic intensity can be
roughly 3-5 times as long as the 100% intensityecdepending on the fading type. Also, the
convergence speed appears to be dependent oratfie ititensity. The heavier the traffic, the

larger the average SNR that is required for theditife curves to reach convergence.
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Similarly, the impact of traffic intensity on engrgonsumption is also studied for AMI.
Figure 5.15 and Figure 5.16 illustrate how the Adtjorithm performs with respect to different
traffic loads. As shown in the figures, a heavyfitdoad in the channel reduces the sensor node
lifetime in AMI, similar to the AM case. Nodes caperate up to approximately 49 days under
1% traffic intensity, while the time is reduced4i® days and 38 days under 10% and 100% traffic
intensity, respectively.

The results of ASAM algorithm cases are given iguFé 5.17 and Figure 5.18. As shown in
the figures, the node lifetime can reach up tod@@ under a low traffic profile, which is almost
10 times longer than the node lifetime in AM and WMWhen the network traffic load gets
heavier to 10% intensity, the node lifetime is me&hliby nearly half to 220 days. Even under the
full load (i.e. 100% traffic intensity), the nodarcstill operate over 50 days, which is higher than
AM and AMI.

For all the algorithms, it can be concluded tha ttode lifetime performance is highly
dependent on the number of transmissions in theankt This results is expected as when the
network has a heavier traffic load, it implies timadre packets are in the queue waiting to be
delivered. To complete the transmissions of als¢hpackets, the node has to drain more energy

from its battery, resulting in a shorter lifetime.
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Figure 5.16: Impacts of traffic intensity on nodfetime using AMI under Rician fading. Traffic
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5.4.4Modulation stages

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

transmitter. This technique offers the transmitter freedom to switch to the most appropriate
modulation scheme according to the CSI [8]. Howgetlse number of stages used in AM varies
from application to application and is also subjedihe complexity of practical implementation.

In this experiment, we compare the energy effigiensing AM, AMI, and ASAM with
different numbers of modulation stages. Four sdesaamre compared: 1) 3 stages (no
transmission, BPSK, QPSK), 2) 4 stages (no trarsams BPSK, QPSK, 16QAM), 3) 5 stages
(no transmission, BPSK, QPSK, 16QAM, 64QAM), and64¥tages (no transmission, BPSK,
QPSK, 16QAM, 64QAM, 256QAM).

Node lifetime for the four scenarios is illustratedrigure 5.19-Figure 5.28. As indicated by
the figures, with more modulation stages built ithte transmitter, the sensor node can operate for
a longer period of time. This behavior is due te fact that modulation levels restrict the
transmission rate. Transmitters that can only chdasm low-level modulation schemes have to
use a smaller data rate even under very good chasomitions, hence increasing the
transmission duration. On the other hand, whenrtdresmitter is equipped with the possibility to
choose from higher-level modulation schemes, tréssons benefit from a higher achievable
data rate under good channel conditions and theenbe less energy-expensive. Moreover, it can
also be observed that transmitters with more moidulatages exhibit an advantage after certain
SNR thresholds (see Figure 5.19 for example). Theseshold values are calculated by the
discrete rate continuous power link adaptationgyoli

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

modulation stages has the most significant impacthe node lifetime in ASAM, followed by
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AMI, and has the least important effects in AM.deneral, a transmitter equipped with more
modulation stages has a longer operating lifetifie most significant improvement is achieved
by ASAM, as the node lifetime is increased by mihian 70 days from 3 stages to 6 stages. The
node lifetime in AMI also shows a slight improverharen using more modulation stages. More
stages can increase the node lifetime up to 7 daglsr good channel conditions. However, the
number of modulation stages barely affects the rideligme when AM is used, with less than
one day improvement gained under the same condition

Such behaviors can be interpreted as follows. Th@mbenefit of using more modulation
stages lies in the increased capability of takidgaatage of the good channel conditions to
reduce transmission time. During the saved amofitime, the node can switch from the most
power-hungry transmission stage to some other stgeetermined by the specific algorithm.
Between ASAM and AMI, the former adapts the duratid the sleep stage; while in the latter,
the node still needs to operate in the idle stadich consumes an extra portion of idle energy.
Thus, because ASAM has more modulation schemdsoimse from, it therefore can reduce more
energy consumption by taking advantage of transmwitit a high data rate with a lower power
level. For AM, however, the node operates in thevastage after the transmission, whose power
level, although lower than transmission power tils much higher than the sleep power and the
idle power levels. As a result, even if the trantniis able to choose modulation levels with

higher data rates in AM, the energy saving is et insignificant compare to ASAM or AMI.

60



250

200+ / .

150 ® ® ® & S
3 Stages ASAM
——%—— 4 Stages ASAM
—&—— 5 Stages ASAM
—+—— 6 Stages ASAM

: — —— — 3 Stages AMI
e / : x — 4t ; AMI

—_—x — ages _
100 — — 5 Stages AMI
—+ — 6 Stages AMI

AM — — — — 3 Stages AM

— —X— - 4 Stages AM
Enlargement — O~ - 5 Stages AM

— —+— - 6 Stages AM

Node Lifetime (days)

50 =
_ . — @ B — BN ® = =W =¥= ==
o=—F - F - - T e - -e-= T e Sap:

10 122 14 16 18 20 22 24 26 28 30 32 34 36
Average SNR (dB)

Figure 5.19: Impacts of modulation stages on nddérhe using ASAM, AMI, and AM under
Lognormal shadowing when= 0

— — 5 Stages AMI
—+ — 6 Stages AMI

250

200+
—
EY
g 150
~ 3 Stages ASAM
g ——%—— 4 Stages ASAM
= —O— 5 Stages ASAM
:9_3 ——+— 6 Stages ASAM
3 & —— — 3Stages AMI
[} X -
3 100" X — 4 Stages AMI B
(=}
z

— — — - 3 Stages AM
— —X— — 4 Stages AM
— -0~ - 5 Stages AM
— —+— - 6 Stages AM
[ e ~@_@—@—®;®—;@——@-7@ ® E
— BT BT B 8 8- - --8--8---B--B -G -9

50

&

4

0 |
10 12 14 16 18 20 22 24 26 28 30 32 34 36
Average SNR (dB)
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Figure 5.21: Impacts of modulation stages on nifdérhe using ASAM, AMI, and AM under

Lognormal shadowing when= 4dB

250

200

150

Node Lifetime (days)

3 Stages ASAM
——=—— 4 Stages ASAM
—O— 5 Stages ASAM
—+—— 6 Stages ASAM
—— — 3 Stages AMI

100+ —x — 4 Stages AMI i
— — 5 Stages AMI
—+ — 6 Stages AMI
— — — - 3 Stages AM
— —X— - 4 Stages AM
— <O - 5 Stages AM
50 — —+— - 6. Stages AM
[ _ —_ — e —® — & —%= —B= —P- =9 = =9
$— -o— -o— B— D= i_-_®———@——%——%=——®:::®:::%::%9
/"®”—
&
.
69”‘@’
0 1 1 1 1 1 1 1 1 1 1 1 1
10 12 14 16 18 20 22 24 26 28 30 32 34 36
Average SNR (dB)

Figure 5.22: Impacts of modulation stages on nddérhe using ASAM, AMI, and AM under

Lognormal shadowing when= 6dB
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Figure 5.23: Impacts of modulation stages on nifdérhe using ASAM, AMI, and AM under
Lognormal shadowing when= 8dB
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Figure 5.24: Impacts of modulation stages on nddérhe using ASAM, AMI, and AM under

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

Rician fading when K = 15dB
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Figure 5.26: Impacts of modulation stages on nifdérhe using ASAM, AMI, and AM under

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

Rician fading when K = 5dB
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Figure 5.28: Impacts of modulation stages on nddérhe using ASAM, AMI, and AM under

Rician fading when K =0
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5.4.5Discussion of Energy Consumption

We have evaluated the node lifetime in WSNs usiiy AMI, and ASAM algorithms. Factors
affecting the node lifetime were investigated, inithg channel fading, average SNRs, traffic
intensity, and modulation stages. The impacts eftthnsmission parameters have been analyzed
individually in previous sections (Section 5.4.2cfon 5.4.4).

The experimental results indicate the proposed AS#brithm outperforms the AM and
AMI algorithms by more significantly reducing engrgonsumption. In general, the impacts of
transmission parameters on the node lifetime anaddo be similar for AM, AMI, and ASAM.
For all the algorithms, Lognormal shadowing andi&idading conditions show similar impacts
on the node lifetime. The node can operate londenwthe wireless link is located in a good
channel condition with minor fading and high avera§NRs. A lower traffic load for
communication and more modulation stages in thasimétter also contribute to lifetime
improvement.

However, there are still a few differences, as sstgf by the results. Comparing the energy
consumption under different degrees of fading é$feit can be found that the node lifetime can
substantially benefit from good channel condition®&AM and ASAM. In AM, less fading in the
channel can extend the node lifetime by approxime&6 days, compared to the case of deep
fading, while for ASAM, the maximum increment oftinode lifetime can reach up to 20 days.
For AMI, on the other hand, the impact of channehditions on the node lifetime is
insignificant. In addition, for AM, variations irhannel fading conditions affect the node lifetime
considerably under low SNRs. For ASAM, however, #ffect of channel fading is basically
consistent when varying the average SNR; hencethetlchannel fading and average SNR play

an important role in the energy consumption inrteevork.
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Furthermore, the number of modulation stages imdoto have considerable impact on the
node lifetime for ASAM. The node lifetime can bepraved by up to 70 days when switching
from 3 stages modulation to 6 stages modulation. ARdl, using more modulation stages in the
transmitter helps to improve the node lifetime bgtag/s. However, the improvement attained in
AM is trivial. Using more modulation stages slighthcreases the operating time by one day
under good channel conditions; the improvemenvénesmaller under poor channel conditions.
Moreover, to build a large number of modulation esoks in one transmitter increases the
hardware implementation complexity. When designitidd protocols, the tradeoff between the
energy consumption reduction furnished by using enmrodulation stages and the practical
implementation complexity and cost has to be cansil

Finally, the impacts of traffic intensity on nodtelime have also been studied. Results show
that lower traffic in the channel gives a longedadifetime, consistent among AM, AMI, and
ASAM. In addition, node lifetime for a given traffintensity tends to converge as the average
SNR increases. The convergence speed, howeverarapioebe slower for a higher traffic load.
Channel conditions are still found to be the dominfactor affecting the node lifetime in the

same communication process.

5.5 Power Control Adaptation Policies

In this section, we investigate the adaptive pow@ttrol policies in single-hop networks. Six
modulation stages are available to the link adagtaho transmission, BPSK, QPSK, 16QAM,
64QAM and 256QAM. The value of BER is setl® *, and the average SNR is varied from

10dB to 36dB.
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Since the power level increases rapidly only whes transmitter is switching to the next
modulation stage (Section 3.6.3), the transmit pawged in the communication processes does
not necessarily remain as a constant at the hidgest A power control factor is introduced to
adjust the value of transmit power within the sdevel of modulation. Based on equation (3.3),
the optimal values of the power adaptation corfralor are derived as shown in Figure 3.3.

In this analysis, power and rate are jointly addpgecording to channel conditions. Link
adaptation with an optimal discrete rate and am@btpower control is considered, in order to
achieve maximal spectral efficiency under a givearage BER constraint. The node lifetime is
compared between the following six cases: 1) AdaptSleep combined with Adaptive
modulation under Power Control (ASAM-PC), 2) AdaptiSleep combined with Adaptive
modulation NO Power Control (ASAM), 3) Adaptive Mddtion with Idle mode under Power
Control (AMI-PC), 4) Adaptive Modulation with Idlenode NO Power Control (AMI), 5)
Adaptive Modulation under Power Control (AM-PC),daf) Adaptive Modulation NO Power
Control (AM). Different fading levels are still ceidered.

The power control factors for AM, AMI, and ASAM amalculated using optimal power
adaptive polices. Table 5.2 lists the optimal poe@ntrol factors obtained for different degrees
of Lognormal shadowing. Under the same channelitiond, the power control factors for AM
and AMI are fairly close, although values in AMkaslightly larger than in AM. However, the
power control factors are considerably larger inANG indicating that the power control
adaptation policies perform better with ASAM.

This superior performance is due to the fact th&AM has very good adaptation capability
given the algorithm’s ability to dynamically adjushe operating durations for both the

transmission stage and the sleep stage. Howevewerpaontrol results in insignificant
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improvements in AM and AMI cases, because nodeg atdpt the duration of the transmission
stage without taking the active and idle stages @éansideration. Even though the power control
algorithm is able to lower the power level of thensmission stage, the portion of active energy
and idle energy still dominates the total energyscanption in the network. Therefore, in most of
the cases, the effect of power control would beemuoticeable for ASAM than for AM and
AMI.

Furthermore, power control factors tend to be ssnalhder good channel conditions. In such
conditions, all of the three algorithms can effeslly adjust the transmission parameters to save
energy. Power control adaptation policy in thisecdees not play an essential role, particularly
for AM and AMI. However, when severe fading occubd/l and AMI themselves can barely
reduce the energy consumption to a satisfactomi.léwurther improvement can be achieved by
power control algorithms. The values of the optipadver control factors thus become larger in
these cases, implying that power control adaptagiolicy contributes to additional energy
saving.

As shown in Table 5.2, far = 0, optimal power control factors are very small. Sfieally,
for low average SNRs, only 0.107% and 0.117% ofptbeer can be controlled in the case of
AM and AMI, respectively. For high SNRs, the effedf power control are negligible for both
algorithms. However, whem is increased to 8dB, power control adaptationgyoteduces the
transmit power by 4.55% in AMI, and 4.35% of thensmit power is controlled when using AM.
The power control values in ASAM also become smalteder good channel conditions, but are
still more significant compared to AM and AMI. Thewer control values for ASAM are 6.21%
and 19.5% for the best (highest average SNR witsthallest) and the worst (lowest average

SNR with the largest) channel conditions, respectively.
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Table 5.2: Power Control Factors for Lognormal shadwing channel conditions

o Power Control Factor (%)
Method
(dB) SNR=10dB 14dB 18dB 22dB 260B 30dB 34dB 38dE
ASAM-PC 14.6 13.1 11.9 11.2 103 8.79 7.43 6.21
0 | AmrPc 0.117 3.57E-05| 3.85E-09 1.70E-12  7.57E-16 82E-20 | 3.08E-23| 3.25E-2]
AM-PC 0.107 3.21E-05| 321E-09 1.60E-12 6.74E-l6 4B:20 | 2.73E-23| 2.73E-21
ASAM-PC 152 145 13.2 12.4 10.9 9.66 7.98 6.87
2 | AmIPC 211 00173 | 4.41E-0§ 4.16E-0p 7.41E-09 7-90E| 458E-13| 1.52E-12
AM-PC 2.02 00138 | 225604 126E-06 2.28E-07 7.10E} 5.06E-11| 2.78E-14
ASAM-PC 167 155 14.7 12.9 112 9.97 8.76 7.11
4 | AmIPC 3.64 1.81 0.666 0.146 00248  0.00365  2.48E0 7.96E-10
AM-PC 3.58 174 0.661 0.195 00264 000644  1.73E/02.70E-08
ASAM-PC 183 169 15.4 13.8 127 113 9.89 8.0
6 | AMI-PC 417 00495 | 139E-0§ 3.24E-00 1.35E-12 1.I8E| 4.75E-20| 2.11E-23
AM-PC 4.06 00522 | 296E-0§ 3.18E-00 1.33E-12 1.88E| 7.49E-20| 4.13E-23
ASAM-PC 195 17.6 16.3 15.7 13.9 124 12.1 114
8 | AmIPC 455 1.24 0138 | 000413 0.000135 2.09E-10 0SE:14 | 1.03E-13
AM-PC 435 117 0111 | 000404 000438 6.11EP8 E-2B | 2.42E-15

Node lifetime curves using power control adaptatmlicy with AM, AMI, and ASAM
algorithms are shown in Figure 5.29-Figure 5.33 fasgnormal shadowing cases. As
aforementioned, the power control algorithm is meféective in poor channel condition
environments. Thus, the improvement of the nodetitife is also more obvious in such
situations. Additionally, larger improvement isaitied when combining power control with
ASAM than with AM or AMI. Under the same channelndiion, using the optimal power
control in the ASAM algorithm can increase the ntifdgime by more than 10 days, while power

control barely benefits AM, especially under gobdmnel conditions.
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Figure 5.29: Power control impacts on node lifetiumsang 6 stages ASAM, AMI and AM under
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Figure 5.31: Power control impacts on node lifetimang 6 stages ASAM, AMI and AM under
the Lognormal shadowing when= 4dB
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Figure 5.32: Power control impacts on node lifetmsing 6 stages ASAM, AMI and AM under

the Lognormal shadowing when= 6dB
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Figure 5.33: Power control impacts on node lifetimseng 6 stages ASAM, AMI and AM under
the Lognormal shadowing when= 8dB

Similarly, power control in Rician fading is aléound to have comparable effects as in the
Lognormal shadowing cases. Rician K-factors aréeedaamond0,5,10,15,20}dB. A higher K-
factor indicates a larger LOS and hence a smalldinf) effect. As listed in Table 5.3, the optimal
power control factor values are larger in poor cteugonditions than in good channel conditions.
Node lifetime performance is shown in Figure 5.3guFe 5.38. Similar to the Lognormal
shadowing cases, nodes operate a slightly longenwadombining power control policies with

ASAM than with AM, indicating that the adaptatioaligy works better with ASAM.
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Table 5.3: Power Control Factors for Rician fadingchannel conditions

Power Control Factor (%)
K(dB) Method
SNR=10dB 14dB 18dB 22dB 26dB 30dB 34dB 38di
ASAM-PC 14.8 13.6 12.9 121 114 10.6 9.86 9.0
20 AMI-PC 0.417 0.00027 | 2.04E-07 2.14E-1 8.06E-13 2E:15| 1.69E-18| 9.24E-2]
AM-PC 0.396 0.000313| 2.21E-0f 1.75E-] 477E{13 OH-06 | 1.46E-18| 8.45E-2p
ASAM-PC 15.9 15.1 14.9 14.7 14.6 13.2 12.5 11.
15 AMI-PC 3.04 1.86 0.964 0.394 0.121 0.0291 0.000586.000299
AM-PC 2.99 1.88 0.927 0.344 0.13 0.0373 0.0149 B8
ASAM-PC 18.7 17.9 16.6 15.7 15.2 14.6 13.8 12.
10 AMI-PC 4.37 0.663 0.106 0.0332 0.010¢4 0.00565 011 0.00113
AM-PC 4.15 0.588 0.0985 0.032 0.00633 0.008f5 @009 0.000132
ASAM-PC 19.8 19.1 18.3 17.8 16.9 15.6 151 143
5 AMI-PC 4.59 2.26 1.33 0.882 0.645 0.42 0.334 0.299
AM-PC 4.48 221 1.33 0.882 0.673 0.486 0.324 0.248
ASAM-PC 20.9 194 18.7 18.1 17.7 16.4 16.1 154
0 AMI-PC 4.75 1.62 0.718 0.389 0.257 0.142 0.13 8.1(
AM-PC 4.63 1.62 0.669 0.383 0.229 0.19 0.0857 0107p
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Figure 5.34: Power control impacts on node lifetingng 6 stages ASAM and AM under the
Rician fading when K = 20dB
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Figure 5.35: Power control impacts on node lifetmsing 6 stages ASAM, AMI and AM under
the Rician fading when K = 15dB

250
200+
2
glEOf
@
£
S —+— ASAM-PC
7‘?—: eg// - -+ -ASAM
3 100 —&—AMI-PC *
z -t -AMI
—+—AM-PC
-+ -AM
i T +
| | | | | | | | | |

0 1 1
10 12 14 16 18 20 22 24 26 28 30 32 34 36
Average SNR (dB)

Figure 5.36: Power control impacts on node lifetinseng 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 lifetimseng 6 stages ASAM, AMI and AM under

the Rician fading when K = 5dB
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Figure 5.38: Power control impacts on node lifetmsing 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, tbenraunication between nodes can be
categorized into two types: (1) multi-hop relayweitks that transmit the source data to the
destination through relay nodes, and (2) multipi&-Inetworks where multiple sources and
destinations exist in the network and each soussgsmits data to its destination independently.
Here, we investigate the energy consumption usitkgadaptation in two-link relay networks.

Recall the relay network link adaptation contropleined in Section 4.4.1. The proposed
adaptive power allocation policy is employed he¥etwork lifetime depends on the energy
consumption of all wireless links along the comneation path. Although the total available
energy in the network is finite, the power allochte each node can be adjusted to achieve
optimal transmission quality with minimal energynsamption.

This simulation considers the simplest relay nekweith one relay node so that information
will always be routed through the relay node to dlestination. Hence, two links are created in
the network: source to relay and relay to destimatDue to the wireless single multipath and
scattering, the two wireless links can have diffiefading effects. The power allocation policy,
therefore, is responsible for allotting the optinpalwer according to the instantaneous fading
information of the links. The node lifetime is aallated under the following channel conditions:
o1 = 2dB,c2 = {0, 4, 6, 8}dB for Lognormal shadowing and ¥ 10dB, k = {0, 5, 15, 20}dB for
Rician fading. The comparative results of thesennbhconditions are displayed in Figure 5.39-
Figure 5.46. Other results of the node lifetime available in Appendix A. The optimal power
allocation algorithm is compared to the case inchtihe total energy is evenly divided between

the links.
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It can be seen from the figures that for the twd-lielay networks, improved node lifetime is
obtained for all the algorithms with the optimalwar allocation. The improvement is more
notable for the combination of the power allocatagorithm and ASAM. As the node lifetime
using ASAM is more subject to channel conditiorentlusing AM, wisely allocating the energy
to each link according to its channel fading iseesial for enhancing the energy efficiency of the
entire network in ASAM.

Moreover, the results also indicate that a moresiclemable increment can be achieved under
more distinct fading conditions between the twdkdinAlso, power allocation with the AM
scheme is shown to perform better at low SNR regthan at high SNR region; with ASAM, the
power allocation algorithm is found to improve thetwork lifetime more at high SNRs. As
mentioned in Section 5.4.2, at high SNR regions, rthde lifetime under different degrees of
fading tends to converge in AM; hence, variatiamghannel fading conditions only exert minor
influence on energy consumption. In the low SNResatiowever, node lifetime is much more
sensitive to fading conditions; as a result, eneegpurces need to be more carefully allocated to
improve energy efficiency. Conversely, for ASAM,etlthannel fading has more significant
impacts on the node lifetime under high average SNRerefore, adaptive power allocation is
more demanding as SNR increases in this scenario.

The optimal power allocation factors of the twadkbnare calculated and shown in Table 5.4
and Table 5.5 for cases of Lognormal shadowing Ricthn fading, respectively. These values
also corroborate the previous observations that M®»@nefits more from power allocation than
AM. In general, the allocated power is biased wlthk with inferior channel conditions. This is
due to the fact that the energy resources mustideated in such a way that operations of all

links in the network are maintained simultaneotishthe maximal period of time. Normally, the
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node with the worst channel conditions has low gnefficiency and fails first. Recall equation

(4.12). Since a network is considered functiondy @nboth links are alive, the minimum of the

lifetime of the two links needs to be maximizedc®yphenomenon will naturally grant more

energy to the link located in poorer channel caod# with higher energy expenditure so that by

extending its lifetime, the lifetime of the entimetwork is extended.

Table 5.4: Optimal Power Allocation Factors for Twolinks: o1 = 2dB, 62 = {0, 4, 6, 8}dB

Optimal SNR=10dB| 14dB 18dB 22dB 26dB 30dB 34¢4B 38UB
Allocation | Method
Factor Two Links Channel Conditiors: = 2dB,s2 = 0dB
o1 ASAM 0.56 056 055/ 054 058 051 051 05
o2 0.44 0.44| 045 0.4 047y 049 049 0|5
o1 AMI 0.51 0.51| 0.51] 0.5 0.5 0.5 0.% 0p
o2 0.49 0.49| 049 0.5 0.5 0.5 0.5 0p
o1 AM 0.56 055 054/ 053 0583 051 05p (0] 3
o2 0.44 0.45| 046 047 047 049 0p (0] 5]
Two Links Channel Conditiors: = 2dB,c2 = 4dB
o1 ASAM 0.44 0.44| 045/ 0.4 047y 049 049 0.p1
o2 0.56 0.56| 055 054 058 051 051 O0.49
o1 AMI 0.49 0.49| 0.5 0.5 0.5 0.5 0.5 0.p
o2 0.51 0.51| 0.5 0.5 0.5 0.5 0.5 0.pb
o1 AM 0.33 0.45| 0.49| 0.49 0.5 0.5 0.5 op
o2 0.57 0.55| 0.51| 0.51 0.5 0.1 0.5 0p
Two Links Channel Conditiors: = 2dB,c2 = 6dB
o1 ASAM 0.45 041 0.39] 038 035 032 08 0.p9
o2 0.55 0.59| 061 062 065 068 O0Jf 0.y1
o1 AMI 0.49 0.49| 049 0.5 0.5 0.5 0.% 0p
o2 0.51 0.51| 051 0.5 0.5 0.5 0.5 0p
o1 AM 0.32 0.33| 0.44| 0.49 0.5 0.9 0.b 0p
o2 0.68 0.67| 0.56| 0.51 0.5 0.5 0.b (0] )
Two Links Channel Conditiors: = 2dB,c2 = 8dB
o1 ASAM 0.43 04| 036/ 031 0.27Y 028 0.21 0.9
o2 0.57 0.6 | 0.64 069 0783 0.7/ 0719 0.1
o1 AMI 0.48 0.49| 0.49| 0.49 0.5 0.5 0.5 op
o2 0.52 0.51| 0.51| 0.51 0.5 0.5 0.5 0p
o1 AM 0.27 0.28( 0.38/ 043 048 0% 0.b (0] )
o2 0.73 0.72| 062 053 052 05 0.pb (0] §)
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Table 5.5: Optimal Power Allocation Factors for Twolinks: K1 =10dB, K- ={0, 5, 15, 20}dB

Optimal SNR=10dB| 14dB 18dB 22dB 26dB 30dB 34dB 38HB
Allocation | Method
Factor Two Links Channel Conditionak 10dB, K = 0dB
oL ASAM 0.43 0.4 0.36) 0311 0.27Yy 0.283 0.21 0.9
o2 0.57 06| 064, 069 073 077 079 0.1
o1 AMI 0.47 0.48| 048 048 049 049 0p (0]
o2 0.53 0.52| 0.52] 0.52 051 051 0.5 015
o1 AM 0.31 0.32| 0.37{ 0.41 042 044 045 0.p6
o2 0.69 0.68| 0.63] 059 058 056 055 0.p4
Two Links Channel Condition: K= 10dB, kK = 5dB
oL ASAM 0.47 0.46| 0.44| 0.4Z 039 037 0.36 0.p5
o2 0.53 0.54| 0.56| 0.58 061 063 0.64 0.5
o1 AMI 0.48 0.48| 049 0.49 049 0.5 0.b 0p
o2 0.52 0.52| 0.51] 0.51 0.51 0.5 0.b (0] )
oL AM 0.37 0.4 0.44) 047 047 048 049 049
o2 0.63 06| 056 053 053 052 0531 0p1
Two Links Channel Condition: K= 10dB, k2 = 15dB
oL ASAM 0.52 0.55| 0.56| 0.58 0.59 0.6 0.62 0.p4
o2 0.48 0.45| 0.44] 0.42 0.41 0.4 0.38 0.p6
o1 AMI 0.52 0.52| 052 051 051 051 0p (0] 5}
o2 0.48 0.48| 048 049 049 049 0p 0|5
oL AM 0.61 0.54| 0.53| 0.51 051 051 0.b (0] 5)
a2 0.39 0.46| 047] 0.49 049 049 0p 0|5
Two Links Channel Condition: K= 10dB, k2 = 20dB
o1 ASAM 0.53 0.56| 0.57/ 059 061 064 0.65 0.p8
o2 0.47 0.44| 0.43] 0.41 039 036 035 0p2
o1 AMI 0.53 0.53| 052 052 052 051 0p (0]
o2 0.47 0.47| 0.48] 0.48 0.48 0.49 0.6 015
o1 AM 0.67 0.63| 059 054 052 051 051 0.p1
o2 0.33 0.37| 041 0.4 048 049 049 0.9
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Figure 5.39: Power allocation under Lognormal skddg. Two link channel conditionss: =
2dB,c2 = 0dB
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Figure 5.40: Power allocation under Lognormal skadg. Two link channel conditionss: =
2dB,c2 = 4dB
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Figure 5.41: Power allocation under Lognormal skddg. Two link channel conditionss: =

2dB,c2 = 6dB
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Figure 5.42: Power allocation under Lognormal skddg. Two link channel conditionss: =
2dB,c2 = 8dB
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Figure 5.43: Power allocation under Rician fadifigo link channel conditions: K= 10dB, ke =
0dB
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Figure 5.44: Power allocation under Rician fadifigo link channel conditions: K= 10dB, ke =
5dB
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Figure 5.45: Power allocation under Rician fadifigo link channel conditions: K= 10dB, K =

15dB

Figure 5.46: Power allocation under Rician fadifigo link channel conditions: K= 10dB, ke =

20dB
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5.7 Commercial Wireless Sensor Model Performance

The experiments on energy consumption prove tleaptbhposed ASAM algorithm substantially
increases the node lifetime relative to AM. Here, farther investigate the performance of this
algorithm when applied to commercial wireless sensodes with different transmitter
conditions.

Recent research focuses on examining the perfoemainthie IEEE 802.15.4 transceivers and
measuring the current values drained from the pawearce for different operating modes [61],
[62], [63]. Based on these empirical charactesst€ battery consumption, the node lifetime is
calculated as a function of the operating currdrthe sensor nodes. Three commercial wireless
transceivers are evaluated here, namely CC243058C2nd MC1322. For the purpose of
energy saving, the commercial IEEE 802.15.4 tramece are able to switch between operating
modes with different current consumptions. Here, ake specifically interested in the current
consumption of the transmission, active and sleedas. The functionalities of these operating
modes have been explained in Section 4.2.

Table 5.6 displays the current consumption forttitee operating modes as provided by the
datasheets of the transceivers, which is basetieexperimental results. Total available battery
capacity for each node is assumed to be 1200mAldr packets are sent every 10 seconds. We
still consider different degrees of shadowing aawdirfg. For Lognormakhadowings takes value

in {0, 2,4, 6,8}dB, and for Rician fading K-factdt is chosen fror§0, 5, 10, 15, 20}dB.
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Table 5.6: Current Consumption of CC2480, CC2520 ahMC1322 transceivers

. Operating | Transmissiop Active Idle Sleep
Transceivers
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 5156an be seen from the plots that ASAM
consistently yields the longest operating time agnahe three link adaptation techniques.
Comparing AMI and AM, although the former slightiynproves the node lifetime, the
performances of the both AMI and AM are in generly close. The trends of the node lifetime
performance using commercial transceivers are sienjlar to the previous simulated transmitter
model. This indicates that the proposed ASAM atbariis a promising technique for improving
the nodes operating lifetime for commercial IEER.86.4-compliant transceivers. In addition,
good channel conditions also improve the nodeitifetsince smaller fading effects hardly cause
any retransmissions.

Furthermore, since the transmitters have diffecemtent consumptions for the transmission,
active, idle and sleep stages, these values irftuéime power levels and, therefore, affect the
total energy consumption of the nodes. Thus, #l$® worthwhile to analyze the node lifetime
variations which are caused by different currenbstonption. It is observed that all the
commercial transmitters have much lower currentsoamption values than the simulated
transmitter model (see Table 5.1 for the paramietaiges). As listed in Table 5.6, CC2520 has
the lowest overall current consumption for all @tierg modes, while MC1322 has the highest

consumption.
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As illustrated in Figure 5.47-Figure 5.56, the ndifitime of all commercial transceivers is
overall longer than the simulated transmitter modelen the smaller current consumptions in
these commercial products. The CC2520 transceiasr the longest node lifetime since it
operates at the lowest overall current consumptioraler good channel conditions, it can operate
for over 625 days using the ASAM algorithm, whilean still last nearly 200 days and 250 days
using the AM and AMI, respectively. CC2430 has nratienode lifetime, relatively close to the
node lifetime of CC2520. For the same channel ¢, CC2430 operates for up to 615 days
using the ASAM algorithm, almost 245 and 181 daging the AMI and AM techniques,
respectively. The MC1322 transceiver gives the telsbmode lifetime: 510 days, 198 days and
146 days, using the ASAM, AMI, and AM, respectivenhhis is expected because both CC2520
and CC2430 transceivers consume low current irdiieestage. Compared to MC1322, the idle
mode current consumption can be reduced to ne#&lpflthe current in CC2520 and CC2430.
Although CC2520 and CC2430 have very close idle anoatrent, their current consumption in
the transmission and active modes is still differ@ime higher current consumption in CC2430
leads to a shorter node lifetime relative to CC2520

Among current values of all operating modes, thesomption during the idle mode is the
most significant factor determining node lifetinhkdowever, the current drained for transmission
and active modes also shows a small impact. Moretive current consumption during the sleep
stage as well has considerable impact on the nfadienle, particularly for the ASAM algorithm.
Since it adaptively adjusts the duration of theglstage, 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 ooencial IEEE 802.15.4-compliant
transceivers using 6 stages ASAM, AMI, and AM undegnormal shadowing when= 0
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Figure 5.48: Comparison of the node lifetime of ooencial IEEE 802.15.4-compliant
transceivers using 6 stages ASAM, AMI, and AM undegnormal shadowing when= 2dB
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Figure 5.49: Comparison of the node lifetime of ooencial IEEE 802.15.4-compliant
transceivers using 6 stages ASAM, AMI, and AM undegnormal shadowing when= 4dB
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Figure 5.50: Comparison of the node lifetime of ooencial IEEE 802.15.4-compliant
transceivers using 6 stages ASAM, AMI, and AM undegnormal shadowing when= 6dB
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Figure 5.51: Comparison of the node lifetime of coencial IEEE 802.15.4-compliant
transceivers using 6 stages ASAM, AMI, and AM undegnormal shadowing when= 8dB
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Figure 5.52: Comparison of the node lifetime of cooencial IEEE 802.15.4-compliant
transceivers using 6 stages ASAM, AMI, and AM un@aran fading when K = 20dB
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Figure 5.53: Comparison of the node lifetime of ooencial IEEE 802.15.4-compliant
transceivers using 6 stages ASAM, AMI, and AM undaian fading when K = 15dB
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Figure 5.55: Comparison of the node lifetime of coencial IEEE 802.15.4-compliant
transceivers using 6 stages ASAM, AMI, and AM un@aran fading when K = 5dB
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Figure 5.56: Comparison of the node lifetime of ooencial IEEE 802.15.4-compliant
transceivers using 6 stages ASAM, AMI, and AM undarian fading when K =0
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5.8 Summary

In this chapter, we have evaluated the link adappelicies explained in Chapter 3 and Chapter
4. The proposed ASAM technique is compared with Al AMI schemes in terms of energy
consumption behaviors. Transmission parametersirasestigated for their impact on node
lifetime using different adaptation techniques. Tasults show that the channel fading condition
plays an important role in the node lifetime for AWbtocols at the low SNR region, while both
the channel fading and average SNRs are the domiiaaitor in ASAM for the energy
consumption. The number of modulation stages akhibiés a significant impact on the node
lifetime in ASAM but not for AMI or AM. In additionthe traffic intensity has a comparable
impact on the three algorithms; lower traffic reesithe energy consumption in the network.

Optimal power control and power allocation factare calculated for single-hop networks
and multi-hop relay networks, respectively. The powontrol algorithm slightly improves the
node lifetime in point-to-point communication. knforms better in poor channel conditions than
in good channel conditions. Optimal power contattbrs are observed to improve the node
lifetime more obviously in ASAM than in AM. In a ridhop relay network, the network lifetime
improvement is also more considerable in ASAM wttenoptimal power allocation algorithm is
applied to ASAM and AM.

Finally, ASAM is proved to be able to introduce m@ffective energy saving than AM when
evaluated on commercial IEEE 802.15.4-compliamsdceivers using the current consumption
values in their datasheets. In general, idle stageent consumption is the key factor affecting
the node lifetime, while transmission and activerent 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 characiessand implementation issues of AM and
ASAM for energy constrained wireless communicatietworks. We have explained in detail the
main components of the link adaptation feedbackesysmodel and discussed several AM
techniqgues. We extended the work done by Goldsrf8ih and investigated the energy
consumption using link adaptations. The switchieggl thresholds for the modulation schemes
and the variable-rate variable-power adaptatioricesl for the MAC layer protocols were
computed. The energy consumption of the adaptigtopols in various networks was evaluated.
An ASAM algorithm was developed and was incorpatatgo the link adaptation policies. The
proposed algorithm was compared with the AM schdmaddition, the optimal power allocation
values for multi-hop relay networks were computedi ghe maximum network lifetime was
compared between several link adaptive protocols.

The simulation results indicate that discrete @gtinuous power adaptation protocol can
effectively control the energy consumption in threergy constrained network where all nodes
share a finite amount of energy available to thetesy. It is shown that AM is a promising
technigue increasing the data rate while AS notadaijances the power efficiency. The
combination of the two can achieve optimal energymsomption in the network, thereby
improving the system’s operating lifetime. The periance of point-to-point communication and
multi-hop networks was investigated. The proposedoower allocation algorithm was compared

to other link adaptive protocols for multi-hop ngleetworks, and promising results are obtained.
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Furthermore, it has been shown that various trassiam parameters had different impacts on
energy consumption for AM, AMI, and ASAM. Channalding conditions have a large impact
on the energy consumption for AM, especially at IBWR regions. However, for ASAM, both
the channel fading conditions and average SNR safimw significant impacts on the node
lifetime variation. Additionally, a high modulatiostage improves the node lifetime more in
ASAM than in AMI and AM. Traffic intensity in the eless communication path plays a
considerable role in node lifetime for AM, AMI, a®dSAM; however, its impact on the three
schemes are similar. We further investigated the-limk multi-hop relay network model and
explored the relation between power allocation enérgy consumption. By employing the
optimal power allocation algorithm, the network opieng lifetime could be substantially
improved in the multi-hop relay networks. This algun performs better when the
communication paths have more distinct channehtgdand these impacts are more obvious in

the ASAM case.

6.2 Future Work

The analysis in this thesis opens several pathdufare investigation and research. While the

studies tried to be as comprehensive as possib&e tare still a few issues that can be

investigated which are outside the scope of thiskw®ossible future research includes the

following:

1. Explore a verity of codes to improve the capacitythee fading channel with transmitter
adaptation. Due to the simulation and implementatomplexity, this analysis has only
considered uncoded rectangular MQAM constellatidhsture research on the network

performance that combines coding theory with lideation is necessary. The coding rate
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3.

and scheme can be considered as additional pamsmete contributed to the energy
optimization formula. Other transmission paramsigch as the error probability, channel
capacity and bandwidth could be jointly considef®ach joint optimization of the allocation
factor for these parameters is an interesting rebdapic that may yield valuable results.

To achieve accurate simulations with less completiiis study assumes the perfect receiver
estimation and error-free feedback links with ntagén the current channel conditions. One
of the interesting extensions of this work couldtbanvestigate the effect of the overall
system performance when there is error and misniatttfe system model components. The
error model can be implemented using MATLAB as racfion of the estimation errors and
the feedback delay. Moreover, the perfect routimgqeol is also assumed in the network.
All sensor nodes have full acknowledgements ofrtheighbors; therefore, the best relay
nodes are selected. Future research could worlewgl@ping real-time and energy-efficient
routing protocols. This investigation can be eveddausing OPNET and implemented in
micro-controllers for realistic network testing.

We have considered a finite total available eneémgyhe network, so the nodes will stop
operating after the battery limits is reached. Agiole future research could be to build a
renewable energy model for some of the inner-nedesmunications. Instead of constantly
being dead when energy is used up, the node carajemew energy after a certain period
of time. These regenerative nodes allow the battebe recharged so that the total available
energy is not fixed in the network. The renewalvlergy model can be proposed in addition
to contribute to the total energy consumption. Tdtady can investigate network

performance with different number of regenerativdes.
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4,

In this analysis, we considered a simple relay ngtwwhere the nodes form a two-link

communication system. Future investigation canrektbe work to more links. In addition,

WSNs are newly developed in 3D grid deployment .[@4future direction would be to test

the link adaptation techniques in multiple layervieanments. Moreover, we analyzed the
multiple sources and destinations in the networth il the communication paths having
the same distance and independent transmissiomtémesting extension of the work would
be to study how the system performs in a multipled network where the correlated
shadowing effect exists.

Another possible extension of this thesis wouldtdoémplement the power allocation and
link adaptation policies in actual networks. As A@Aalgorithm is confirmed to reduce

energy consumptions in commercial IEEE 802.15.4ql@mt transceivers, it can be

implemented in microprocessors using C++ progrargnianguage, and then the actual

product can be investigated and evaluated in thiestie sensing environments.
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Appendix A

Optimal Power Allocation

In Section 5.6, we discussed cases of the optiroakep allocation for AM, AMI, and ASAM
when the channel condition for the two links are= 2dB,s2 = {0, 4, 6, 8}dB and K = 10dB, k
= {0, 5, 15, 20}. Here, the results of optimal pavedlocation under other channel conditions are
presented in Figure A.1-Figure A.8. We considetedfollowing channel conditions for the two-
link multi-hop relay network.

* Lognormal Shadowings: = 0dB,c2 = {2, 4, 6, 8}dB

* Lognormal Shadowings: = 4dB,c2 = {0, 2, 6, 8}dB

* Lognormal Shadowings: = 6dB,c2 = {0, 2, 4, 8}dB

» Lognormal Shadowings: = 8dB,c2 = {0, 2, 4, 6}dB

* Rician Fading: K=20dB, Kk ={0, 5, 10, 15}

* Rician Fading: K= 15dB, Kk ={0, 5, 10, 20}

» Rician Fading: K=5dB, K2 = {0, 10, 15, 20}

* Rician Fading: K= 0dB, K2 = {5, 10, 15, 20}

102



Two Links channel conditions: g, = 0 dB, and a,= 2dB
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Two Links channel conditions: 0, = 6 dB, and g,= 0dB
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Two Links channel conditions: K1 =20dB, and K2 =0dB
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Two Links channel conditions: K, =5 dB, andK, = 0 dB
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Figure A.7: Power allocation under Rician FadingioTlink channel conditions: K= 5dB, ko =
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Two Links channel conditions: K, = 0 dB, and K, =5 dB
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Figure A.8: Power allocation under Rician FadingioTlink channel conditions: K= 0dB, ko =
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