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Abstract

Wireless communication is a rapidly growing fieldttwmany of its aspects undergoing
constant enhancement. The use of cross-layer d€€igD) in current technologies has
improved system performance in terms of Qualitysefvices (QoS) guarantees. While
multimedia transmission is difficult to achieve, [Clis capable of incorporating techniques
to achieve multimedia transmission without high ptewity. Many systems have

incorporated some form of adaptive transmissionnadgng a cross-layer design approach.

Various challenges must be overcome when transmitthultimedia traffic; the main

challenge being that each traffic type, namely @pionage; and data, have their own
transmission QoS; delay; Symbol Error Rate (SER)oughput; and jitter requirements.
Recently cross-layer design has been proposeddoasege information between different
layers to optimize the overall system performarCerrent literature has shown that the
application layer and physical layer can be useadequately transmit multimedia over
fading channels. Using Reed-Solomon coding at gpdication layer and Rate Adaption at
the physical layer allows each media type to aehiex QoS requirement whilst being able

to transmit the different media within a single lpaic

The following dissertation therefore strives to noye traffic through-put by introducing an
unconventional rate adaption scheme and by usingipadaption to achieve Symbol Error

Rate (SER) QoS in multimedia transmission.

Firstly, we introduce a system which modulates tseparate sets of information with
different modulation schemes. These two informats®is are then concatenated and
transmitted across the fading channel. The receises a technique called Blind Detection
to detect the modulation schemes used and then diéates the information sets
accordingly. The system uses an application lalyat €ncodes each media type such that
their QoS, in terms of SER, is achieved. Simulakesllts show an increase in spectral
efficiency and the system achieves the requiredi®ymarror Rate constraint at lower Signal

to Noise Ratio (SNR) values.

The second approach involves adapting the inputepaathe system rather than adapting
the modulation scheme. The two power adaptive sebethat are discussed are Water-
Filling and Channel Inversion. Channel Inversiotows the SER requirement to be

maintained for low SNR values, which is not possivith Rate Adaption. Furthermore, the



system uses an application layer to encode eacharhgze such that their QoS is achieved.
Simulated results using this design show an impraré in through-put and the system

achieves the SER constraint at lower SNR values.
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Chapter 1

| ntroduction

In the last decade wireless communications has veglolto provide resourceful
communication, mobile networks shifted from GPRERGE to 3G and more recently, 4G
has become available. In wireless networks thexeanstant amendments being made to the
IEEE standards, for example, |IEEE 802.16, IEEE.BDANnd IEEE 802.15. These rapid
changes stem from the constant increase in the @nodulata that is required from the user.
Essentially, the system cannot satisfy the demasmdse the resources are scarce and
unreliable channels decrease performance. Thentission of multimedia requires diverse
Quality of Service (QoS) and most systems tenatisfy at least one of these requirements.
The use of cross-layer design has opened up vadppsrtunities for systems to achieve
QoS requirements whilst simultaneously increasiegfggmance in areas where it was
previously impossible. However, these new techriebbgneed constant revision and
improvement to ensure that users experience qusdityices that are robust, adaptable and

reliable.

Cross-layer design (CLD) has recently sparked atgteal of interest, particularly using the
physical, data-link and application layers of ti80Il protocol stack. As a result, various
studies on its application have been conductedsamdral design approaches have emerged
from this research. The classifications of thessigies are discussed in [9] and [10]. They

include:

* Top-down approach — In these designs, the higher layer protocolsnope its
parameters and consequently, the strategies dybe below it. For example, this
occurs where the application layer informs the Mp&ameters and strategies and
thereafter the MAC determines the parameters aategies of the layers below it.

* Bottom-up approach — In these designs, the lower layers attempt tdept the
higher layers from losses and channel variatiohgs $olution is not always optimal
since the resulting delays and throughput variationpact the performance of
multimedia transmission.

» Application-centric approach — This approach makes use of the application layer

to optimize each lower layer parameter consecutiviel either a top-down or



bottom up manner, based on the application reqeintsn This solution is not
always efficient as the application layer operateslower timescales and coarser
data granularities than the lower layers and isald¢ to instantaneously adapt its
performance.

e MAC-centric approach — In this design, the higher layers send the itraff
information and requirements to the MAC layer, whietermine the parameters of
the lower layers based on the available channefnmdtion.

* Integrated approach — The strategies of the various OSI layers arerdehed
jointly in this design. However, trying all possbétrategies and parameters in the
interacting layers in order to choose a compogittesyy is impractical due to the

complexities in cross-layer optimizations.

The above cross-layer design approaches each aiveotvn advantages and disadvantages
for wireless multimedia transmission. The optimaluion depends on the complexity;
power requirements; and the application of the imeltlia transmission system. The authors
in [9] discuss optimizing the parameters that affedy the layer in which they appear and
the optimization of parameters that affect two arenlayers. Sighaling amongst the various
layers is crucial for CLD to be improved. Some led signaling approaches presented in [9]
mention some service that collects the parametens éach layer and makes them available
to the other layers in order to perform CLD. Anathpproach uses packet headers as a form
of in-band signaling over the network; where anptbees extra packets as out-band
signaling over the network. The ultimate purposeCbaD is improving QoS, and the next
section discusses some designs where QoS provigiasiperformed within the protocol

layers.

1.1 Cross-Layer Designs and QoS Requirements for

Multimedia Transmission

The cross-layer design models discussed here usmiyaombinations of the application,
network, data-link and physical layers. Althougsearch has been done on each of these
layers independently, it is necessary for morentitie to be given to the coordination of the
layers in terms of optimizing specific QoS requigsts. Cross-layer designs, in general,
define an achievable target requirement that mesimiet before optimizing other QoS
parameters. In this section, a cross-layer deggnoach focuses on use of the physical layer
and its integration with the other protocol layelss is followed by a discussion on multiple

systems that consider multimedia transmission usiags-layer design.



The system model considered in [1] takes into agtthe data arrival statistics and buffer
conditions from the higher protocol layers when mgldecisions in the physical layer. The
model is a single-user system with a limited buffize and a varying data arrival rate. All
packets have the same size and if a packet amities the buffer is full, it is dropped and
considered lost. Communication is done over a éisetime block-fading channel with
Additive White Gaussian Noise (AWGN) and the fadjmgcess is represented by a finite
state Markov chain (FSMC). The optimal strategiesppsed improve some QoS whilst
relaxing others. In this model, throughput, whisldependent on an average transmit power
constraint, is maximized whilst the Bit Error R&eelaxed. The disadvantage of this system

is that it only takes into account one type of geheaffic class.

The following systems all consider multimedia traission however each vary in their
approach and consider different QoS requirementse Tross-layer scheduler design
proposed in [6] and [7], considers a system whieeestheduler depends on both the queue
state at the data link layer and the channel saatéhe physical layer when reserving
bandwidth to users. In this system, multiple useesconnected to the gateway over wireless
channels where the gateway is the transmitter laadiser is the receiver, in this system the
focus is placed on the downlink operation. The wateimplements a finite-length buffer for
each user and each buffer operates in a firstét-fiut (FIFO) mode. If a packet arrives
when the buffer is full, the packet is then consddost. Communication is carried out over
a frequency flat fading channel which is modele@a$SMC and it only varies from frame
to frame. The authors propose a multi-user scheauléhe medium access control (MAC)
sub layer of the data link layer adopting an ad&pthodulation and coding (AMC) at the
physical layer. A cross-layer scheduler design @getbped which accounts for channel
variations and status of users’ queues, and insluimission control and scheduling
policies with different QoS requirements. In thistem, the multimedia applications are
classified into two categories: QoS-guaranteedidrdfvhich includes voice, video/audio
streaming and conferencing), and Best-Effort teaffihich includes applications such as
web-browsing, email and file transfer protocol (FTPhe scheduler's aim is to guarantee
QoS per user and utilize bandwidth efficiently. §8 done by classifying the users by the
type of multimedia application they are using. Tikerence between the users is that the
users that are QoS-guaranteed reserve a certainnarabbandwidth while the best-effort
users do not. The advantage of this system isttieascheduler is compatible with separate
layer designs since the scheduler can be impleméntesimply adding the corresponding

functions for cross-layer information exchange. Thgadvantage of this model is that it



groups voice and video under the same category wheyndo not always have the same

QoS requirements.

The work in [11] considers a system which separaifssmation into two categories: real
time traffic and non-real time traffic. The applica layer classes this traffic into high
priority and low priority respectively, with strigtriority levels. By solving the steady state
probabilities of a discrete Markov modulated Paispoocess, it enables the investigation of
some QoS performance metrics. These QoS metridadigic packet error rate due to
transmission errors; packet drop rate due to buftew; and network impairments. The
physical layer implements AMC to handle the timarying nature of fading channels and
considers the data link layer's queuing effectse Tisadvantage of this system is that it

concentrates on delay as the main constraint winderror rate is not optimized.

The system model proposed by [3] has multiple usach connected to a central unit. The
assumption is made that the uplink would be sinmitathe downlink and thus only the
downlink is considered. Communication is made oaeblock fading model where the
channel between users is frequency flat and invariuring each frame transmission.
Channel state information (CSI) is available atréneeiver and channel feedback is assumed
to be error free and instantaneous. In the systexdem an AMC module follows and
precedes the buffer at the transmitter and theiwexeespectively. The AMC module
provides some error protection in the system. Aterasting CLD implementation is
presented here whereby a physical layer and applicédayer adaptation mechanism are
used to overcome previous limitations. One suclitditon is the inability to insert more
than one class of traffic in the physical layemiea The objective of this mechanism is to
enable transmission of multimedia within a singienfe and while still achieving specific
QoS requirements. This is done at the applicatyerl since it controls what information
gets placed into the packet. Using feedback inftonaon the channel gain, certain
parameters are adjusted to improve overall systemiopnance. Spectral efficiency is
improved with the assistance of rate adaption ia physical layer. However, the
disadvantages of this system are that QoS requimsnzan only be met when the channel
conditions are favorable; and only an Additive Whibaussian Noise faded channel is

considered.

1.2 Motivation

Multimedia transmission requires cross-layer dedmgmeworks to focus on optimizing

services within the protocol layers. The above-mometd designs apply several different



adaptive techniques in order for CLD to be achievBuese adaptive techniques provide
significant improvement on the QoS performance taedefore motivate systems that aim to
enhance the service process. In [3] a variant ¢& Raaption is used in the physical layer
with the aim of maximizing the spectral efficienapilst maintaining a target BER. In the
application layer [3] applies a coding techniquéhwwarameters for each media type, which
enables the system to transmit multimedia on thlemtidal channel. To the best of the
author’s knowledge, there have been no publicatiorgate reporting the extension of this
proposed scheme by incorporating power adaptionthm physical layer. The first
contribution of this dissertation is to adapt thatd&RAdaption used in [3] for a Rayleigh
fading channel and improve the overall spectratiefficy using a partial packet technique.
However, in this dissertation the error rate caists are measured in symbols and thus the

system will be subject to SER.

The Power Adaption techniques discussed in [4] miea spectral efficiency while
satisfying the target SER constraint. Integratingse techniques to the system used in [3]
allow for the system to achieve greater spectfaiency at highly faded areas. The second
contribution of this dissertation is to integratat® Adaption, Power Adaption and an
application layer coding to allow the system tosmait multimedia traffic. The QoS metric
of interest in this dissertation is SER, given ttfas is the only QoS that has no delay
restrictions when transmitting multimedia. To comtmlize the improvement of each
adaption technique, a comparison is made withautattaption. Comparisons are also made

of the integrated system with the individual adapschemes.

1.3 Outline of dissertation

The remainder of this dissertation is organizetbbsws:

Chapter 2 introduces the cross-layer design systeatel, which exploits the relationship

between the physical and application layer. Thi®liewed by a detailed description of the

system’s adaption methods within the physical |gpamely, power and rate adaption); and
a description of application layer coding. A Ragleifading channel approximation is then
derived which will be used throughout this dissiota

Chapter 3 discusses the conventional method inhwiaite adaption is used. Calculations are
performed on the channel approximation using nurakdnalysis and simulated results are
used to validate this approach. The method usé2ili) which aims to improve throughput

of the system whilst maintaining QoS constraindsfliscussed. Thereafter a new method is



proposed which aims to achieve a similar perforreatoc[21] with less complexity. The

chapter is then concluded with simulation resulid a discussion.

Chapter 4 begins with discussing two techniqueadaipting power; the Channel inversion
technique; and the Water-Filling technique. Eaathmégue is discussed thoroughly and
simulated results are presented with comparisonsriior rate performance as well as in

transmit power.

Chapter 5 introduces the cross-layer design approaavhich an application layer coding
and its integration with the previous chapters’ pidgn techniques are discussed. Each
technique is discussed and implemented individuatlgt performance results are presented.
First Power Adaption is added to each of the twchméues discussed; and then Rate
Adaption is added. The chapter is then concludeth wa discussion of multimedia

transmission and the implementation of these agiapdichniques.

Chapter 6 concludes this dissertation and discyssesible future work on this topic.



Chapter 2

Background

2.1 Introduction

This chapter will be used to introduce the systendeh which implements cross-layer
design, and provide a detailed discussion of ttegnated layers and their role in providing
QosS.

This chapter is outlined as follows: in Section the& system model is presented showing a
cross-layer design where different layers in theé Bxgtocol stack are used. Section 2.3 and
2.4 discuss the identification and implementatioin cooss-layer design. Section 2.3
elaborates on the physical layer, while Sectiond&sdusses the application layer. In Section
2.5 a Rayleigh fading channel approximation is\amtithat will used throughout the rest of

this dissertation.

2.2 System M od€l

The system model that will be used throughoutdigsertation is shown in Figure 2-1.

TRANSMITTER RECEIVER
st Application
Application Application Layer
Layer Coder
Layer Decoder
Data-Link Buffer
Layer
w
AMC Mode Fading Channel
Demodulator
Controller
A
Physical
Layer !

Channel
Estimator

Power
Controller

Channel State Information feedback

Figure 2-1 Block diagram of the system model used



The system modeled illustrates nodes in a wirdldds, the central command station can be
represented as the transmitter and the mobile asdke receiver. In this downlink transfer
operation error correction coding is performed be application layer data. These coded
blocks are sent to the data link layer at a comsdaival rate where they are divided into
packets. The packets are then stored in the igfitiansmitter buffer. There after the frames
are converted into bits which are streamed intoptinsical layer. In the physical layer the
adaptive modulation module is used to choose tienaptransmission mode and the power
controller chooses a transmit power level to haigrove the Symbol Error Rate

performance and to reduce power consumption.

At the receiver side the reverse operation ocdnfgrmation received is demodulated at the
physical, and is fed to the data link layer andhtkent to the application layer to be decoded.
In addition, at the receiver side, the channelnesior is used to estimate the channel and
feedback the estimated CSI to the transmitter émpéve modulation. Using the CSI, the
adaptive modulation module adjusts its parametpgrapriately to determine the best
transmission mode. The CSl is also sent to the poaetroller where it adjusts the power

level according to the implemented power adaptoep.

The rest of this chapter discusses the physical lagd the application layer in terms of their
responsibilities and adaptive methods used for avgment. A Rayleigh fading channel

approximation is then derived which will be usembtighout this dissertation.

2.3 Physical Layer

The physical layer is responsible for low levelnsmission of data between nodes. This
layer allows for optimization in amplifier efficiegy, packet size, rate control and energy per
bit (power control) of the system [8]. This sectibescribes Adaptive modulation and Power

adaptive policies.

2.3.1 Adaptive Modulation

Understanding adaptive modulation requires the kedge of data modulation and how the
adaption occurs. A modulation scheme modulatesrrimdition bits into a single symbol.

Depending on the modulation scheme the numberfafriration bits per symbol varies.

Adapting the data rate of the system can be doirey us/o possible methods. The first
method is to adapt the number of symbols per frahig s very difficult practically because
varying the signal bandwidth is impractical [8],).[4he second method is to keep the

symbol rate constant but vary the modulation schetrieh is used in current systems today



such as EDGE (Enhanced data for global evolutionj &PRS (General packet radio
service) which are used in cellular systems. Thénngpes of modulation schemes are
BPSK (Binary Phase Shift Key), PAM (Pulse Amplitusli®dulation), QAM (Quadtrature
Amplitude Modulation) which comprises of 4-QAM, 8A®I, 16-QAM, 32-QAM and 64-
QAM and can be extended further and is usually teh®-QAM. Each of these modulation
schemes has a different spectral efficiency whickdfined as the number of information

bits per symbol.

One of the performance metrics when discussing dutation scheme is its Bit Error Rate
(BER) in terms of Signal-to-Noise Ratio (SNR). AghiSNR value provides a low BER
value. Using channel feedback an estimation ottremnel gain is found. This estimation is
used to determine which modulation scheme shouldskd. There are many considerations

when choosing a modulation scheme, according tthgle are:

» High spectral efficiency

* High data rate

» High power efficiency

* Robustness to channel impairments

e Low cost

While these are conflicting requirements the traffefor adaptive modulation technique

used in [3] is spectral efficiency vs. bit erroter@robustness to channel impairments).

2.3.2 Power Adaptive Modulation

Adaption in terms of power can effectively take aobage of favorable channel conditions
[4]. The selection of the transmit power level lné tsystem is vital as the rest of the system
adapts according to the channel conditions anttramsmit power level. Usually the transmit
power is selected according to some policy andliamnel conditions but the main objective

is to obtain a constant received SNR or to impremain QoS constraints such as BER.

The work proposed by [1] adapts the transmit poaveet rate so that the system throughput
is maximized; subject to an average transmit paeestraint. They propose a transmission
policy which selects the power and rate subje@ fixed BER requirement. They compare
this policy to one where the transmission rate éptkconstant where it calculates the
necessary power to achieve the required BER giverchannel gain. A comparison is also

made with a policy that maximizes the transmisgie under a certain power constraint.



They make an interesting observation that at a raglge of SNR, if power is only adapted

to the channel, the performance is worse than oiogdany rate adaption at all.

The work in [2] adapts both power and rate, ainiagnaximize throughput subject to a

given delay QoS constraint. Similar to [4] and 3%y discuss three adaptive power policies,
the first being the optimal power policy (Waterlifig scheme) which assigns more power
when the channel is in a good condition and lesgepavhen the channel is in a worse
condition. In this case, as soon as the chanr®lmv a certain threshold no information is
transmitted. The second policy is the total chaimedrsion policy which is opposite to that

of the Water-Filling policy since it assigns morewgr when the channel is in a poor
condition and less power when the channel is i@dgstate. This is done to maintain a
constant SNR which then allows the system to hasenatant service rate. The third policy
is the truncated inversion policy which maintaihe toncept of the total channel inversion
policy but combines the idea of having a channeliuthreshold which is used by the

Water-Filling policy. The Water-Filling structuresed in [4] and [5] offers the system a
higher spectral efficiency than the total inversmolicy but does this offer a greater QoS,

specifically in terms of BER?

2.4 Application L ayer

Understanding the reasoning behind multimedia trésson and the reason behind its
relevance for QoS guarantees requires some bacdkd@jranformation. When the term
multimedia is mentioned it refers to the threeatight types of traffic classes, these being
voice, video and data. The work proposed in [6],did [11] uses the application layer to
classify the different multimedia into high prigrifQoS guaranteed) or low priority (best-
effort) traffic. This information is then sent tioet data-link layer or MAC layer such that the
QoS requirements are met. The work done in [22¥ides some insight into using block
coding within an adaptive system, which is use{Bjnat the application layer to allow for

improved overall system performance.

Each of these types of traffic classes each haswits QoS requirement. Usually QoS
guarantees are in terms of delay, BER or throughpien trying to achieve certain QoS
requirements the system provides these requirenagysfor the overall system therefore
the requirements can only be met for each inditigaaket. This then only allows for one

type of media class to be transmitted within alsimpgcket.

Figure 2-2 shows a packet that contains data, \ancdevideo data types. The overall system

may have a SER requirement of 1@hich is applied to the packet, this is sufficiéot
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voice but not for data or video. With the use ahedform of error correcting coding on the

data block the SER is reduced to 18nd similarly for the video block. Therefore, aliogy
the system to transmit multimedia traffic whilstisiying the BER constraint for each data

traffic.

DATA VOICE VIDEO

Figure 2-2 Data Packet

2.4.1 Application Layer Coding
The type of coding that was done in [3] is the R8etbmon (RS) Coding and is a type of

error correcting coding that can deteatumber of errors and corred® errors. The general
formula for RS coding is R8(k) where n is the number of symbols and k beingdsgn
parameter. The method in which they implement theirg is to first evaluate the frame
error rates for RS(12%) and RS(63k) codes usingr = 1,2,3 and 4 over an AWGN
channel. In [3] the channel gain information isgeakto the application layer coder and this
is where the value af is chosen. Thé& is selected depending on which type of traffic is

being transmitted.

2.4.2 Received Signal

The system model proposed above provides somehinisitp the overall operation of the
system although this system model is a high-ldiedtration it is necessary to show the low-
level operation of the model. Figure 2-3 represdmdow-level signal model for the system
receiving information that is coded in the appimatlayer as well as modulated in the

physical layer.
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The channel encoder receives the CSI and determinieti parameters must be used in the
application layer. The AMC modulator decides whadnstellation size to apply and the
Power controller decides the power gain to appliteduation to the signal follows the
Rayleigh fading distribution and the distortiordise to the AWGN. These disturbances can

be expressed as follows:

y=ax+n

wherey is the received signat, is the transmitted signat, is the attenuation due to fading

andn is the Additive White Gaussian Noise. The sigeahen demodulated and decoded.

2.5 Rayleigh fading channel approximation

The discussions in the previous sections providgemeral understanding of the system
model and the different layers that will be usedhia cross-layer design, in order to validate
these adaptive techniques an expression of thedaiannel is required. To obtain a closed-
form expression for a Rayleigh fading channel is a@imple task and in this section an
exact approximation is introduced which will be diseithin this dissertation to validate the
simulations results found for each of the adaptianiques. This approximation is similar

to the Nakagami channel approximation found in [3].
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The general expression for SER coherent M-QAM with-dimensional Gray coding over
the AWGN channel is given by [8, egn 6.23]

_ 1 3y 1? 3y
Pawen(v) = 4(1_\/_M)Q =) 4<1 ——) Q? TEnIk (2.1)

whereP,y,cn 1S the symbol error probability in an AWGN chanridlis the size of M-QAM
andy is the SNR. Th&@(x) andQ?(x)functions are defined as [13]:

2

1 [™/2 —x
0w = 1| ewigapdo 22)
1 /4 _x2
00 = - jo xp(5—7)d0 (2.3)
(2.2) or (2.3) cannot be evaluated in a closed-férowvever the integration can be computed
using a numerical integration. The trapezoidal fatenumerical integration from is given as

follows:

fabf(x)dxzb;a f(a);f(b)+zz:f(a+kb;a)

wherep is the number of summations. Applying the trapgabrule to equation (2.2) the

following expression is derived [14]:

- -1
Qp(x) = exp( ) pz: <25m29 > @9

wheref); = —

Q?(x) can also be derived using a similar process agivés by [14]:

—y2 —
Q2 (x) = %px)-i_ %z exp( .x > (2.5)
1 L

where ; = —

It is shown in [14] that applying & larger than 6 results in a perfect match betwéen t
exact simulation and the numerical computation(2at). Applying (2.4) and (2.5) into (2.1),
and after some simplification, the SER for M-QAMARVGN is given by:
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exp (_—by) X exp(—by) = b
a a X exp(—by —by
Pawen(¥) = = 2/ _ + (1-a) 2 exp (_>
p 2 2 - Si
1=
(2.6)
2p-1 b
+ ), e ()
i=p
— (1LY p= 3 .¢ —oen2(i® —E
wherea = (1 JM) b= L S; = 2sin (4;;) andy = N
Using this expression, a Rayleigh fading approxiomatan be calculated as
RO = [ Pawon) x peiy
0
(2.7)

(o0} 1 —Z
= f PAWGN(V)X?exp Ydy
0

Wherey is the average SNR ampg is the probability density function for a Rayleifgding
channel. However this expression has no closed sauation.

By substituting (2.6) into (2.7) produces

©q,lexp (—_by) a X exp(—by) = —by
po = [ ST + -0y ()
i=1 t

o P 2 2
(2.8)
2p-1
¢ Y erl @) e e
ex —_— —ex
/ p s, 7 p ray
i=p
For a Rayleigh fading channel we assume the facltiedficient isa, and thus
E E E E E
= 2—;_=E =E[ 275 =F Z_S:_Q_S:_S
vty [¥] L [a ]No N, N,
The SER is given as
p—1 2p—-1
Py = 21 @1 + (1 )Z S +z S (2.9)
() = plbv+2 2 by+1 . £ by +S; & by + S; '
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Symbol Error Rate

To confirm the close match of this theoretical appmation, Figure 2-4 compares 4-QAM,
16-QAM and 64-QAM simulations in a Rayleigh fadimpannel with the theoretical

approximation for each modulation constellation.
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Figure 2-4 showing the theor etical expression derived compared to smulationsfor 4-
QAM, 16-QAM and 64-QAM in a Rayleigh fading channel

2.6 Chapter summary

In this chapter, the adaptive system model is pteseand a detailed description of the
interaction between the transmitter and receiver discussed. In this interaction the
particular OSI protocol layers that will be usedhis dissertation are highlighted. This is
followed by a discussion on the physical layer, rehee literature survey is presented on rate
adaptive modulation and power adaptive modulaterhniques. The application layer is
then discussed with a mention on previous work kizegt been done in this area as well as
application layer coding. Finally a theoretical apgmation of a Rayleigh fading channel is
derived and validated to ensure that the approximas a close match to the simulated
results. In the next chapter, the discussion caesrwith rate adaptive modulation with more

attention given to the implementation within theygibal layer.
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Chapter 3

Rate Adaptive M odulation

3.1 Introduction

Modern systems are designed to achieve certaint@)olService (QoS) specifications such
as delay, Symbol Error Rate (SER), throughput atter.] The system proposed in this
dissertation is designed to achieve a target SERir@ment throughout the communication
period, although this is sometimes difficult to iesle because these QoS are highly
dependent on the conditions of the wireless charfle® objective of this system is to
achieve a pre-defined SER and concurrently optirthizedata rate, power consumption or
bandwidth-usage. One of the solutions to improvtirgydata rate of the system is to utilize a
concept called rate adaption. The previous chdptesduced the different protocol layers
within the adaptive system model, this chapter tegiith the introduction of rate adaptive
modulation and a discussion on related work inatea of rate adaptive modulation. This is
followed by a revision of the system model with #tgention being placed on the Adaptive
Mode Controller in the physical layer. This leadsa discussion on conventional rate
adaptive modulation followed by a new proposednéege called the Partial Packet scheme
which takes advantage of transmitting packets with different modulation types and
blind-detection to improve throughput. Simulatiazsults are presented for both schemes
with a discussion on the comparisons made. Thetehdpaws to a close with a conclusion

of the work proposed.

3.2 Related Work

Conventional rate adaption has been researchetbugly since the 1980’s and there has
been a great deal of investigation dedicated t® tibpic. Current cellular systems such as
GSM implement rate adaption in EDGE and GPRS datesinission. An informal definition

of rate adaption is that the system changes thesrission data rates as the channel
conditions change. Thus as the channel conditi@m®rbe more favorable the data rate
increases. The channel information is gained frbe gystem feedback which allows the

system to make a decision and adapt parameterslaugly.
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In general, systems implement rate adaptive modualato maintain a constant

predetermined error rate by either varying the taladion size, coding rate/scheme or
symbol transmission rate [4]. In [2-4] use the apph of varying the constellation size to
provide guaranteed error rates. The system ing8% wate adaptive modulation to maximize
throughput subject to a given QoS constraint wiaar¢he system proposed in [3] uses this
technique to allow for multimedia transmission. ¥ag the constellation size is also used in
[4] where it combines this technique with a varapbwer scheme to achieve high speed
data transmissions. The system proposed in thisedation aims to use rate adaptive

modulation to maximize the throughput while guayarg a predetermined error rate.

3.3 System M od€l

The system model used in this chapter is simildh¢osystem proposed in Chapter 2, where
a general operation of the model was discussed gydgtem model, shown in Figure 3-1,

illustrates the downlink of a node in a wirelessNLvhere the central command station can
be represented as the transmitter and the mobile as the receiver. A typical transmission
begins at the application layer of the transmitiiee, data then moves down to the physical
layer where it is modulated and sent across thdachannel. The data then arrives at the
receiver side, the physical layer demodulates #te dnd sends it to the higher layers to be
processed. In this chapter the focus is placedusi@ly on using the physical layer, more

specifically the AMC mode controller. The applicatilayer is assumed to operate without
any error correcting coding and the power contraieconsidered inactive. This provides an

opportunity to analyze the system performance wifingle adaptive component active, this

component being rate adaptive modulation.
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Figure 3-1 A representation of the system model used in this chapter.

The channel model assumed for this system is &idlmting model where the channel is
frequency flat and varies from frame to frame, isuinvariant for the duration of a single
frame. This model is suitable for slowly varying&less channels [7]. The adaptive schemes
at the different protocol layers are adjusted drame-by-frame basis. There is perfect CSI
available at the receiver and the feedback chamedssumed to be error free and
instantaneous, therefore the determined SNR vaued back to the transmitter without

error and latency [3].

3.4 Conventional Rate Adaption

In conventional rate adaptive modulation the ptyors to maintain a signal quality of a
specific target SER thereafter it is to increasecspl efficiency. In future this target SER
will be referred to a®,. Rate adaption is achieved by changing the madulacheme or

constellation size depending on the channel camditAs the channel conditions improve,
the system can then increase the constellation wtdeh allows for more data to be

transmitted whilst maintaining thg, requirement set by the system.

In order to switch from one constellation sizelie bther the system first requires the SNR
values at which each of the various constellataxisevesP,. Using numerical analysis of
the expression derived in Chapter 2 the SNR vahasachieve &, can be calculated for

each M-ary Constellation. For convenience, we tegguation (2.9),
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a1 a1 ia )Z S +Z S (3.1)
p|lb7+2 2 by +1 YL+, L b7+, '

Ky) =

Table 3-1 shows the results of the numerical aimlysr the targetP,. Using this
information the system now knows at which SNR vahle modulation must adapt. After
anaylzing this information it was found that thene several areas in which the system
exceeds theé, requirement. In the next section a new scheme dpgzed that takes

advantage of these areas.

Table 3-1 Numerical results of each M-QAM achieving an SER requirement of 1073
for a Rayleigh fading channel

Modulation(M)| BPSK | 4-QAM | 8-QAM | 16-QAM| 32-QAM| 64-QAM

SNR(dB) 23.95 29.57 34.24 38.11 41.59 44.89

3.5 Partial Packet Scheme

The conventional rate adaptive modulation schenseudsed in the last section, allows for
the P, requirement to be achieved whilst improving sp@afficiency. Although theéb, is
always met, there are SNR ranges where this scheetea constellation size which exceeds
the performance requirement due to the next greatestellation size not being able to meet
the P, requirement. In the Partial Packet scheme thesatmfirst meet the targé} and then

to increase spectral efficiency specifically indbareas.

An approach used in [21] uses a set of optimumchivig levels, which are derived based a
closed-form expression of the average BER, to aeh@eeBER requirement with the aim to
maximize spectral efficiency. By rewriting the aage BER expression in terms of the
average throughput and equating it to the targeR Biey were able to derive a set of
optimum switching formulae using the Langrangianitiplier for the optimization. Finally
the Adaptive mode and channel parameters are ubstiin these formulae the optimum
switching levels were calculated. The system pregos this section uses a different
approach to achieve the constaft performance required, using a packet structured
technique that adapts instantaneously instead timiging the switching levels as [21]

showed.
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Conventionally the system would make a full traositfrom one M-ary constellation to the
next. Thus each packet would only contain data teaM-ary modulated. Figure 3-2
represents a simplified illustration of the ParBalcket scheme. The packet is first split into
two parts, modulated with different M-ary constitias and concatenated before being

transmitted across the fading channel.

N bits of data
|
[ |
A*N bits of data (1-A)*N bits of data
I I
Modulated A*N bits of Modulated (1-A)*N bits
data using M1-QAM of data using M2-QAM

Concatenated segments of modulated data

Figure 3-2 Block diagram showing how data is modulated separ ately

In order to locate areas where to apply the Pdptaket scheme the modulations boundary
points for each constellation found in Table 3-4 mquired. These boundary points are used
to calculate the ratio in which the packet musisplt into. This ratio is dependent on the
SNR value and the SER values of both constellatiosig (3.1) we derive the expression

to find this ratio.

We introduce a variabld that determines what portion of the packet will rhedulated
using the M, constellation size, the remaining portion will beodulated withM; 4
constellation.

p—-1 2p-1

Aal 1 alx 1 n (1 )2 SL + 2 Sl
B = “p\by+2 2 b+l WLbyrs Lby+s

(3.2)
1 1 & s s
as as i i
FA-DZ - Ex i (Uma) Y i Y
p|by+2 2 by+1 2) Liby+Si & b7+
whereq,, = (1 - \/%k) b, = (M,f—1) and A is the ratio of modulation.

Solving numerically the ratio for each SNR value#culated and thus the amount of bits

that is modulated with théf, ., constellation can be calculated. The number afrinftion
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bits per symbol transmitted is determined by theduhation constellation size. Once the
system achieves the targRt the system throughput improvement is based omtihaber of
bits that are modulated usird, ., constellation. Table 3-2 and Table 3-3 show thHeesm

of A required to meet a SER targetl®f3 for each of the modulation combinations.

Table 3-2 showing the ratios (4) indicating how the data should be split for BPSK with
4QAM and 4-QAM with 8QAM for atarget SER of 1073

BPSK — 4-QAM 4-QAM — 8-QAM

SNR
(dB)
A | 109|077 |062|042]017 |09 |086 071057036008

24 | 25| 26 27 28 29 30 3] 32 33 34 35

Table 3-3 showing the ratios (A) indicating how the data should be split for 8QAM with
16QAM, 16-QAM with 32QAM and 32-QAM with 64QAM for atarget SER of 1073

8-QAM — 16-QAM 16-QAM — 32-QAM 32-QAM — 64-QAM
SNR(dB)] 36 37 38 39 40 41 42 43 44
A 079 | 048 | 005 | 082 | 06 | 022 | 094 | 066 | 037

On the receiver side a technique called Blind deted16] is used. Blind detection detects
which constellation size is used by the systemfanavhich data sets. The order in which
the process occurs is as follows; types of modutatire detected, the packet is then split
accordingly and demodulated. Once the sections bae® demodulated the sections are
concatenated and then sent to the higher protaymrs. Figure 3-3 is a simplified

illustration of this process.
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Figure 3-3 Block diagram showing detection and demodulation of data

3.6 Simulation Results

The conventional rate adaptive modulation and &aRacket schemes were simulated in
order to verify the theoretical expressions disedsfor each modulation scheme. The
simulator used was MATLAB v7, with M-QAM modulatiaand a Rayleigh fading channel

model. The packet size for both the conventiontd emlaptive scheme and Partial Packet
scheme contained 200 symbols each and the chandeh@ise parameters used were as
described in Section 2.4.2. The channel statenmition was assumed to be perfect with no
delay or errors. The number of summatignperformed in expression (3.1) was 20. The
SNR values used refer to the ratio between symbdl revise energies. The performance

targetP, set for the following simulations was a SERL6f 3.
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Symbol Error Rate
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Figure 3-4: Average SER of adaptive M-QAM over a Rayleigh fading channel

Figure 3-4 shows the conventional rate adaptiveutaidn scheme as the fading conditions
improve. Simulated results confirm that the nunarenalysis was correct and show how
the system adapts the constellation size to achieeesystem performance requirement
where possible.

Figure 3-5 shows the areas, indicated by red sirétewhich each of the constellation sizes
performs greater than thg required since the next greater constellation canmeet this

requirement.
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Symbol Error Rate
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Figure 3-5 Average SER with adaption showing areas whereimprovement is possible

The aim of Partial Packet scheme is to increasetispesfficiency by introducing a scheme
that modulates a packet of data with two differmmmstellation sizes. The constellation size
determines the amount of information that is tratteeh per symbol, the lower the number
of information bits per symbol the better the sysigerforms. Therefore as the system uses
two different constellation sizes the amount ofoinfiation bits per packet increases,
although the system performance worsens the tgygstachieved. Figure 3-6 shows the

system using the Partial Packet scheme comparée mmnventional system.
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Figure 3-6 Average SER using Partial Packet Schemein Rayleigh fading channel

Now that the SER performance improvement has béemwrs in the simulations, it is
important to calculate the throughput of the Phifiacket scheme and compare it to the

conventional rate adaptive modulation.

The equation to determine the data rate of theesy§tom [4] is

R(y) = Blog, M(), (3.3)

whereB is the number of received symbols. In order tcwalke the entire throughput of the
Partial Packet scheme, the throughput for eachtelsison size is required. Using the
information given from Figure 3-3 and equation {3t2s noted that a portion of the received
symbols will be a certain constellation size and tither portion will be a different
constellation size. This portion is defined as a&bbyA4, therefore the throughput of the

Partial Packet scheme is defined as

R(¥) = ABlog, My () + (1 — A)Blog, M1 (¥) (3.4)

Using Table 3-2 and Table 3-3 for the values of ¢bastellation size and. Throughput
here is measured in bits per symbol. Figure 3-Tvsthtbroughput improvement compared to

conventional rate adaption.
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Figure 3-7 Through-put using Partial Packet Scheme in Rayleigh fading channel

Figure 3-7 shows the increased number of informabits per symbol per packet using the

Partial Packet scheme when compared to the coovehtadaptive modulation.

3.7 Chapter Summary

In this chapter, rate adaptive modulation was thiced with a look at some related work,
this lead to a discussion on conventional rate @aapvhich highlighted areas in which
improvement was possible. The proposed method usgtl] was examined. This method
for rate adaption calculates the optimal switcHeagels between constellations to achieve a
constant symbol error rate. A system was then meghowhich instead of using the optimal
switching levels, used a technique that combinesdifferent constellations within a single
packet and requires lower computation. This teaitpgether with a method called blind
detection on the receiver side, provides improveroarthe overall spectral efficiency of the
system compared to conventional rate adaption. I8tioa results were presented showing
the conventional rate adaptive modulation as waell the Partial Packet scheme. A
comparison was made to show that both schemeshmatetjuired performance target of
SER of1073. Spectral efficiency of the system was discussetlam equation was derived
to determine the entire throughput of the systetre Tmprovement of the Partial Packet
scheme was shown when compared to the throughgheafonventional rate adaption. The
following chapter continues the focus on the phaldiayer and discusses the use of constant

rate - variable power techniques to achieve a req8ER.
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Chapter 4

Power Adaptive Modulation

4.1 Introduction

In modern technological devices, power efficienstsyns are a necessity to combat high
processing requirements in day to day usage. Inpitewious chapter, rate adaptive
modulation within the physical layer was descripeth an emphasis on spectral efficiency,
the focus remains on the physical layer howevéhnisichapter power adaptive modulation is
discussed with the aim of varying the SER perforeeaby providing variable power. This
discussion begins with a look at related work rdmay power control in the physical layer
which is then followed by a discussion on the systeodel that will be used in this section.
The Rayleigh fading channel is presented as wethasmplementation of power adaptive
modulation within this fading channel is presentgtich is followed by a discussion on the
different power adaptive techniques with specifit@ples discussed for each technique.
The simulation results are presented and discuskedchapter is then concluded with a

chapter summary.

4.2 Related Wor k

Power adaptive modulation can be described asiadape transmit power of the system in
order to achieve a specific performance taBgefThe method that this adaption occurs is
dependent on the adaption policy or scheme. Invthré proposed in [4] two power adaptive
schemes are discussed, these being the Channetimvand Water-Filling schemes, each
have their own benefits and shortfalls. Channeletsion counteracts severe fading by
applying more power to the signal, this providetidseperformance in high fading levels.
Water-Filling takes advantage of low fading areasl @applies more power to further

improve performance and disregards severely fackeka

The work presented in [2] is a QoS driven systeat tises rate and power adaptive schemes
to maximize throughput subject to a given delay @oBstraint. The analysis done on this
system provide an interesting insight to the tréiddmetween throughput and QoS
provisioning: when the QoS constraint becomes |dbe& optimal power control strategy

converges to the Water-Filling scheme where onother hand when the QoS constraints
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are gets stringent the optimal policy convergethéototal channel inversion scheme. In this
section these two power adaptive schemes are igatsd and are used to obtain the main

objective of our system, which is to maintain aerma target SERR,).

4.3 System Model

The system model used in this chapter is similath&osystem used in Section 3.3. In the
previous system the AMC in the physical layer inyg®the system performance using rate
adaptive modulation, Figure 4-1 represents thiseayanodel. In this chapter the focus is
once again placed exclusively on using the physagar, with attention placed on the Power
controller. The application layer is assumed torafee without error correction and the

adaptive mode controller is treated as being imecti

TRANSMITTER RECEIVER

Application
Layer
Decoder

Application Application
Layer Coder

Layer

Data-Link Buffer
Layer

Buffer

A
AMC Mode Fading Channel
Demodulator
Controller %

k.

Physical
Layer

Power
Controller

Channel
Estimator

Channel State Information feedback

Figure4-1 A representation of the system model used in this chapter

The channel model used in this chapter is the sethe model presented in Section 3.3. A

theoretical expression for a Rayleigh fading chaimeiscussed in the next section.

4.4 Fading Channed

In this section the theoretical expression is ihticed for the implementation of power
adaptive modulation in a Rayleigh fading chanrtag expression will be referenced in the
rest of this chapter. For convenience the SER exjuat a Rayleigh fading channel that was

presented in Chapter 2 is restated,
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The expression (4.1) is used to describe a conptamer system, in order to allow for
variable power the transmit SNRbecomes? (y)y from [4], whereP(y) is the transmitted

power of the signal. Therefore the variable-powgration is
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4.5 Channel Inversion Power Adaption

The objective of Channel Inversion power adapt®moi supply increased power when the

channel conditions are severe and less power wherchannel conditions are favorable.

This allows for a constant Symbol Error Rate (SER)e achieved. Using the equation (9.1)
from [8]

P() _ o

P Y

whereP(y) is the transmit power according to the receiveR$Nalue, P is the average

(4.3)

transmit power and is the constant received power required to satiySER requirement.
In order to implement this power adaptive schemes ifirst necessary to calculate the
required constant received power required to mieettarget SER, it is then required to
calculate the Peak and Average power to ensure thieme is an upper bound to the

maximum amount of power transmittable.

45.1 Constant Received Power

To calculate the transmit pow@(y) it first necessary to calculate the constant xexki
power ¢. This discussion begins with a look at how thik@iation would be performed in
an AWGN fading channel. Since equation (2.1) is eedily inversed an approximation is

used to perform the calculations. Using the appnakions found in Table 6.1 in [8], the
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constant received SNR is the SNR value that achieue required target SER. In this case

the approximation for 4QAM is used.

P, ~ 2Q(\[7) (4.4)
Using numerical analysis on equation (4.4) it wasfi that for a target SER Bf = 1073 it
was found thag = 10.8dB. Therefore our constant received power requirgd4iQAM
iso = 10.8dB. In [4] the average power used wAs= 1, using this information it now

possible to calculate the required transmit paf\@) using (4.3).

Table 4-1 Constant received power o valuesfor the different modulation typesfor an
AWGN faded channel given atarget SER of 1073

Modulation Constant Received SNR(dB)
BPSK 6.7
4QAM 10.8
16QAM 17.1
64QAM 23.4

Similarly to the AWGN fading channel, numerical bsés was used on equation (4.1) to
determine the constant received poweén a Rayleigh fading channel. Table 4-2 shows the

constant received powerfor the different modulation types.

Table 4-2 Constant received power o valuesfor the different modulation typesfor a
Rayleigh fading channel given atarget SER of 1073

Modulation Constant Received SN&R(dB)
BPSK 23.9
4QAM 29.5
16QAM 30.0
640QAM 38.0

4.5.2 Peak Power and Aver age Power

The transmit poweP is constrained by equation (4.5), the average poamestraint [4]. The
reason for this constraint is to prevéhfrom reaching impractical values. To satisfy this

average power constraint the maximum allowablestrahpower is
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0

where the power allocation is

o
=Y >
Py) = { 14 } (4.6)
BnaxY <7
The integral for a Rayleigh Fading channel thusohess
f”l P 1 ;Yd ®o1 ;Vd B
—eV Y + f ——eVY Y =
o max 7 " Yy
Prax g 4 "o . 4 5
— (—ye 14 ) + — Expint (T) =P 4.7)
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. wet oP
whereExpint(x) = [_ —dtandy, = .—.

Table 4-3 shows respecti?g,,, values for each modulation type, usihg 1 for the

average transmit power [4] and= 7dB for the average SNR [8] in a Rayleigh fading
channel.

Table 4-3 showing the maximum power P,,,, for each modulation in a Rayleigh fading

channel
Modulation Scheme Prax (dB)
BPSK 23.51
4QAM 28.98
16 QAM 37.56
64 QAM 44.35

These calculations as well as the information ihatovided by the CSl in the system model
are vital in allowing the Channel Inversion scheraa adapt as channel conditions change.

In the next section the Water-Filling scheme amdittplementation is discussed.

4.6 Water-Filling Power Adaption

Channel Inversion discussed previously utilizesarmower when the channel conditions are

severely faded while the main property the of Wiitling scheme is to supply less power to
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the system when the channel is severely faded @pplys more power when the channel is
favorable. This scheme is defined by following dora[4].
Py) 1 1 (4.8)

—-=——= y2xy
P "y v 0

wherey, is the cut-off value, if the received SNR valu¢esss thary, then the channel is too
severely faded to transmit data hence no datamsmnitted. In [4] they have optimized this
equation further by introducing a valdesuch that the optimum cutoff fade depth is
nowy,/K . Therefore the scheme now becomes

Py) 1 1 (4.9)

—_ > K
P Vo 7K Y = 7o/

-1.5

whereK = YT

and P, is the target SER required [4].

In order to implement this power adaptive schemis first required to calculatg, after
which it is possible to calculate the transmit powige next section discusses each of these

calculations which are later confirmed with simidatresults in a Rayleigh fading channel.

4.6.1 Cut-Off Value

To calculate the cut-off value the transmit powerpolicy for Water-filling must be

substituted into (4.5) and subsequently using nigaleanalysis to solve far, [4].

LOO (%_%,) pr(V)dy =1 (4.10)

For a Rayleigh fading channel the distributigs(y) is:

4
pr(y) ==eV

<i| =
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Which finally reduces to:

1 % 1

Yo )4
Using the same parameters as in the previous eewith y = 7dB for the average power

_ (4.11)

. (Yo
Expint (T) =1
14

[8] and after numerically solving fof, in equation (4.11) the solution found wgg = 0.66.
The integral changes when solving for the optimizewff value thus by using a target SER
required of B, = 1073, the value o from (4.9) was calculated and similarly the newotfu

valuey,was found.

Table 4-4 showing the cutoff value y, and optimal cutoff value K in a Rayleigh fading

channel
Fading Yo (dB) ¥o/K (dB)
Rayleigh -1.7607 1.7199

4.6.2 Transmit Power

The transmit power varies depending on the comditib the channel (SNR), the cut-off
value as well as the average transmit power. Inptieeious section the cut-off value was
determined, in this section the transmit powerakwated by using (4.9) which is shown
restated for convenience.

PG 1 1 (4.9)

—_— = > y,/K
3 — Y =0/

Solving for the transmit powdt(y) the equation becomes

P(V)=P<y_10_yi1() (4.12)

Using the values aof, andK which was calculated in the previous sections ipdssible to

calculate the transmit power pvaries.

4.7 Simulation Results

The power adaptive policies were simulated in ontdeverify the theoretical expressions
discussed for each power adaptive scheme. The aionulsed was MATLAB v7, with M-
QAM modulation and a Rayleigh fading channel modiéle packet size for the both power

policies contained 200 symbols each and the chasmélnoise parameters used were as
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described from Section 2.4.2. The channel statanmdtion was assumed to be perfect with
no delay or errors. The number of summatipmeerformed in expression (4.2) was 20. The
SNR values used refer to the ratio between symbdl revise energies. The performance

targetP, set for the following simulations was a SERL6f 3.

The Channel Inversion discussed above suppliesased power to the signal when channel
conditions are not favorable. Using the theoreticplation (4.12), Figure 4-2 shows how the

transmit power reduces as the channel conditioogrbe favorable.
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Figure4-2 Transmit Power versus SNR in a Rayleigh fading channel for BPSK, 4QAM,
16QAM and 64QAM

Figures 4-3 to 4-6 show simulations using the dated constant received power from Table
4.2 and thepP,,, values found in Table 4.3 in a Rayleigh fadingrstel using BPSK,
40QAM, 16QAM and 64QAM, respectively. Each of thguies shows the comparison of
using the Channel Inversion power scheme versasiaption.
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Figure 4-4 Channel Inversion adaption in a Rayleigh fading channd with 4QAM

modulation with target SER of 1073
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Figure4-5 Channel Inversion adaption in a Rayleigh fading channe with 16QAM
modulation with target SER of 1073
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Figure 4-6 Channel Inversion adaption in a Rayleigh fading channd with 64QAM
modulation with target SER of 1073

Each of these simulations show the Peak Padiygr impacting the performance of the
system at SNR values below 3dB. For values lowatr 3aB the transmit powé required

to achieve the SER requirement is too high. Figu6ehighlights this area with a green oval.
These simulations confirm the theoretical calcalai made and also confirm that the
Channel Inversion power scheme utilizes the mostepdn severely faded channels and

least power when the channel is favorable, thih@wvn in Figure 4-7.
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Although each modulation type is able to achiewettliget SER, the system must be able to
supply sufficient power to the power controller.eféfore obtaining the different levels of
spectral efficiency depends on the system'’s abitityllocate enough power to the power

controller.

Water-Filling power scheme takes advantage of faver channel conditions by increasing
the transmit power. Figure 4-7 shows the Transmivd? P(y) using the calculation results
from Table 4-4 and expression (4.12), with= 7, K = 0.2831 asy varies with the channel
feedback.

*——a——bo ® * — *——=o — " ]
| | |
[ i e B e e el T === == === == === R |
| | |
| | |
| | |
A iy Al B e [
| | |
| | |
~6Fr-f--———""f-"4+-"—""""""="=—"="—"———————— — === === === === = == —
% | | |
~ | | |
@ | | |
gS [ [ Y
g | | | | |
- | | | | |
CH-————f—- 4 - - - — - — = - - - —— - — = 4 - - — - — = e —_ - —— — = -4
g | | | | |
| | | | |
N N A Ml _______ S I
) | I | ]
| | | | |
| | | | |
,,,,,,,,, [y
| | | | |
| | | | |
| | | | |
I o- - - - - -0~ T - - - - -0~ | T
I I I I =~ Optimized Water-Filling
0 | | | | —&— Water-Filling
0 10 20 30 40 50 60
Es/No, dB

Figure4-7 Transmit Power versus SNR for a Water -Filling Power schemein a
Rayleigh fading channel

The optimized Water-Filling scheme uses less ov@@ler since its cut-off point is at a

higher SNR value than the non-optimized Water4fgllscheme.

The Figures 4-8 to 4-11 are simulations using aldtgly fading channel using BPSK,
40QAM, 16QAM and 64QAM respectively. Each figure slsothe comparisons of using the

Water-Filling power scheme, Optimized Water-Fillipgwer scheme and no adaption.
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Figure 4-8 Water-Filling adaption and Optimized Water-Filling adaption in a Rayleigh
fading channel with BPSK modulation
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Figure 4-9 Water-Filling adaption and Optimized Water-Filling adaption in a Rayleigh
fading channel with 4QAM modulation
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Figure 4-10 Water-Filling adaption and Optimized Water-Filling adaption in a
Rayleigh fading channe with 16QAM modulation

10°

Simulation-Conventional
®  Theory-Conventional
Simulation-Optimized

® Theory-Optimized
== Simulation-Pwr Adaption

Symbol Error Rate
[
o
T
|
|
|
|
|
|

4  Theory-Pwr Adaption

Es/No, dB

Figure 4-11 Water-Filling adaption and Optimized Water-Filling adaption in a
Rayleigh fading channel with 64QAM modulation

Each of the simulations shows the performance ef @ptimized Water-Filling scheme
compared to the non-optimized Water-Filling schexsavell as non-adaptive transmissions.
At high SNR there is no performance improvementbeh the two Water-Filling schemes
but at low SNR the cut off value is clearly showhe SER improvement when comparing
the conventional non adaptive performance with\Weter-Filling adaptive modulation is

significant, at some points there is a 4dB improgeinThe target SER is not constantly

achieved using this power scheme although at ce®i&lR values the target can be met.
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4.8 Chapter Summary

This chapter investigates the use of constantwaiable-power schemes to provide constant
SER rates. Channel Inversion attempts to inverge félding effect on the channel by
increasing the power applied to the system, whetbasWater-Filling scheme applies
increased power when the channel conditions arerdée. Derivations of these two
techniques are calculated for a Rayleigh fadinghobh with the simulations confirming
these theoretical calculations made. A comparisbrthe two systems shows that the
Channel Inversion scheme achieves the required 8BR 3 at a much lower SNR value
than the Water-Filling scheme. However, Channefelsion requires higher power to
achieve this. The optimized cut off values, derivedhe Water-Filling scheme, improves
the power usage at low SNR but the amount of imgmmant varies depending on the
constellation size used. In the next chapter, asclayer design approach is presented that
applies an application layer coding technique tovafor multimedia transmission using the

information obtained from this chapter and in thevfipus chapters.
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Chapter 5

Cross-Layer Design for Multimedia

Transmission

5.1 Introduction

The adaptive techniques discussed in Chapters 3 amgrove the system performance, in
terms of SER and throughput, but are still onlfisighnt for the transmission of a single type
of data. In this chapter the system combines tlaglsgtive schemes used in the physical
layer with an error correcting code performed ia #pplication layer to transmit multiple
types of data. The discussion begins with a cragsrldesign approach that will be applied,
along with an overview of the requirements for nmtdia transmission. Thereafter related
work of systems that use application layer codiggdiscussed. This is followed by a
discussion on the system model that will be usetthiznchapter which utilizes the physical
layer as well as the application layer. An intraitut to a block code technique in the
application layer is presented with theoretical regpions that will be used to validate
simulations results. The combination between tloekbtoding in the application layer and
the power adaptive modulation in the physical laigeimplemented with simulations to
show the improvement in the system. This is folldw®y the addition of rate adaptive
modulation to the system in the physical layer #nd is where the complete cross-layer
design is presented, simulation results are showim 8NR ranges in which multimedia
transmission occur. The chapter is then concludé avdiscussion on the performance of

the system.

5.2 Specifications of M ultimedia Transmission

Cross-layer design attempts to utilize differernyels in the protocol stack to achieve better
performance which conventional usage of the prdtegers is not able to achieve. Research
has shown that cross-layer design has the potedotiahprove various QoS however there
exists a fundamental trade-off between QoS delblesaand throughput [2]. The ability to
use the protocol layers inter-dependently lesseasmpact due to this trade-off whilst still

increasing overall performance and allowing eaghr#o obtain their maximum potential.
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With the inter-dependent protocol layer approachmmd, the current system design
objective is for the system to have the abilityrEmsmit different types of media within a
single packet of information. However a problensesi when attempting to simply transmit
a packet containing different media types. Eachiabds a different degree of performance
required (SER constraint). Usually systems stateir tloverall QoS per packet, the
performance target for the approaches in Chapted34 was a SER a0 ~3. This error rate

is only sufficient for the transmission of a singyg@e of media, for example voic&,{).
Video and data require a greater system performanteP,; = 107%andP,; =

1077 respectively.

The work done in [9] discusses the adaptable paeamor each protocol layer, the physical
layer adapts the signal modulation, the MAC laysesuARQ and FEC to deliver QoS
requirements and the application layer uses cotkobniques to encoding parameters to
achieve SER improvement. The work done in [11] i@sph strict priority approach to

classify real-time and non-real-time traffic andysions QoS deliverables appropriately,
specifically delay. The work presented in [3] applian adaptive mode controller in the
physical layer and a block coding technique atapglication layer which adapts according
to the channel conditions as well as accordinghéorhedia type transmitted, this approach
provides a system performance based, in terms mbglyerror rate, on the media type.
Similarly in Chapters 3 and 4, the focus has beeadahieving the target SER performance
set, in order to provide for multimedia transmissibhe system will be required to adapt
block coding parameters in the application layqresheling on the media type. The authors in
[3] implement a CLD system using Reed-Solomon blatdding to provide system

improvement in terms of SER. The authors in [22bremend Reed-Solomon coding as it is
low in complexity and is useful in practical applions. In the next section the system

model is presented where the multimedia transmidsiconsidered.

5.3 System M od€

The system models used in Section 3.2 and Sect®rméke partial use of the model
discussed in Chapter 2, in Section 3.2 the systedeifocuses on rate adaptive modulation
where as the system model in Section 4.2 focusepower adaptive modulation. Both
systems apply the adaptive schemes in physical yg assume that the application layer
operates without error correction codes. In thst firalf of this chapter the system model
concentrates on the application layer with no adapichemes applied in the physical layer.
The second half of the chapter uses cross-layegrdéy combining the application layer

and physical layer to enable the system to transmitimedia. A transmission from this
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cross-layered approach begins at the applicatiger laf the transmitter, the data is then
coded using the application layer coder, and thdingpparameters depend on the type of
media the data belongs to. This data is passed dowme physical layer where the AMC
modulates the data depending on the channel conslitirovided by the CSI. The power
controller applies the power adaptive policy and tlata is sent across the fading channel.
The data then arrives at the receiver’s side, thesipal layer demodulates the information
and sends it to the higher layers where the datkeéeded and processed. Figure 5-1 is a

block diagram representing the system model.

TRANSMITTER RECEIVER
L Application
Application Application Layer
Layer Layer Coder Decoder
Data-Link Buffer Buffer
Layer
-1 A
N 4 S I
Fading Ch 1
—» AMC Mode ading hanne Demodulator
Controller
A
Physical
Layer v S IR
Power Channel
Controller Estimator

Channel State Information feedback

Figure 5-1 Block diagram representing the system model used in this chapter.

The channel model used in this chapter is the sentke model presented in Section 3.3. An

application layer coding technique is discussethénnext section.
5.4 System Design

5.4.1 Reed-Solomon Coding

Reed-Solomon (RS) coding is a form of block codiidch uses parity symbols within the
transmitted message to detect erroneous symbtiie atceiver. The Figure 5-2 illustrates an

example of a coded message using RS coding.
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DATA Parity

Figure 5-2 Data information concatenated with the parity makes up a Reed-Solomon
codeword

A message of length symbols is encoded amd— k parity symbols are applied to the end

to form a packet containing symbols. The correcting potential of this typedlafck coding

is given byt = NT_k . The message error probability is defined as [3],

N

Py= ) (N)a—RIVRE (5.1)

k=t+1

whereN is the number of code symbols per messagiee number of code symbols that the
code can correcE; the symbol error probability aridthe number of data symbols. Channel

Symbol Error Rate i8y. Then,P; can be expressed as

P=1—(1-P)t (5.2)

wherePy, is the bit error rate anidis the number of bits per code symbol.

The system model applied in this section is the ehtitiat concentrates on the application
layer coding only, the physical layer though usih@AM is non adaptive in this model. The
aim of this section is to calculate the performamprovement from using Reed-Solomon

coding, the equation to calculate the channel S&ERbe written as follows:

2M—1

__1 2m—1 2m—_1-k pk

k=t+1

where2™ is the number of bits in each code symbol. By 8tulisig equation (2.9) fop,
into (5.3) the Channel Symbol Error Ratg for a Rayleigh fading channel can be found.

The number of correctable code symbolis directional proportional to the encoding and
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decoding complexity of Reed-Solomon [17] hence gisaw t values allows for sufficient

performance increase with a marginal increasestegy complexity.

The simulations shown in Figures 5-4 to 5-6 shosvithplementation of RS(12E) with no
use of adaptive techniques. The correcting capisilsimulated were= 1, 2, 3 and 4. The
packet size used was 127 code symbols and chaadiegf model used is as described in
Section 2.3. At low SNR values the performance 8fdding worsens, this is due to the
intense fading that causes errors not only in ymeb®ls but in the parity bits as well which
in turn causes more decoding errors. Figure 5-3vsho flow diagram of the simulation

process:

Encode transmit message with RS
Codes
Il

Modulate encoded message with QAM
Il

Transmit via Rayleigh fading channel

[

’ Demodulate received information ‘

[

’ Decode information with RS Codes ‘
l

Detect and correct errors with various ¢
in decoder

[

Calculate SER by comparing decoded
message with original message

Figure5-3 Block diagram showing the smulation process
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The simulations presented in Figures 5-4 — 5-6asgnt RS coding with= 1, 2, 3 and 4 in

4-QAM, 16-QAM and 64QAM respectively. The SER fa@ch modulation size reaches the
targets forP,, = 107% andP,; = 10~7 at very high SNR values (above 26dB). Using the
adaptive techniques discussed in the previous etsplte system will be able to achieve

these performance criteria at lower SNR valuestdulee SER improvements they provide.

5.4.2 Reed-Solomon Code with Power Adaptive M odulation

Using the Power adaption schemes discussed in &hdfib increase performance over all
channel conditions enables the system to successimémit different media types by
varying the number of code symbol that can be ctetk In this section the Power adaptive
techniques discussed previously, namely Channekrénn and Water-Filling, are

implemented in the physical layer whilst at thelegapion layer the information is encoded

using Reed-Solomon coding.

Using the derived equation for Power adaption (4r&) substituting it into equation (5.3)

the general SER performance of the system canfressed as

st (7

2Mm—1-k
S 1 e _ i 2p-1__ S
<1 {p {bP(]7h7+2 2 bP(y)y+1 + (1 a) Zl 1 bP(y)y+S + Zi:p bP(y)y+Si}}> X (5-4)

k
a 14y _ 1_ S 2p-1_ Si
{p {bP(7)7+2 2 bP(y)y+1 +d-a Zl 1 pp(P)7+S; + Zi:p bP(y)y+Si}}
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where the symbols for equation (4.2) can be foun@hapter 4 and the symbols used in to

describe the Rayleigh fading channel can be foarhapter 2.

The following discussions will use equation (5.4)aatheoretical expression to represent the

adaptive system.

5.4.2.1 Channd Inversion

In Chapter 4, this adaptive technique successélibpved the system to transmit information
at the targePy, which is equal taP,,, and was able to achieve this for values abovBR S
of 3dB in a Rayleigh fading channel, this can kenge Figures 4-3 to 4-6. In this section the
effect of the combining RS coding with Channel Irsien is discussed. Now that the SER
requirement forP,, can be met without error correcting coding, theaids to change the

such that the different target SER requirementsiaiaP,; andP;, can be met.

Appling the sameP,,,, calculated in Table 4-1 and substituting it inguation (5.4) the
SER performance can be determined for Channel siorerTheP (y) for Channel Inversion
is defined by (4.3) and discussed in Chapter 4.ditmellations using Reed Solomon coding
on its own reached the required SER targBis, P,; and P, by varying the correcting
capabilities of the code. These simulations wensukited in a Rayleigh fading channel
using 4-QAM, 16-QAM and 64 QAM modulations. The leypentation of RS(12%) with

correcting capabilities af= 1, 2, 3 and 4 in the application layer.

Using the theoretical expression for RS coding asthg the Channel Inversion power
adaptive policy, the SER values for each codingupatert can be determined. The Table
5-1 shows the SER achieved for each valug efith a base SER of073. From this
information, using = 3 will satisfy the performance requirements Pgr and usingt = 4
will satisfy the performance requirements Ryr These simulations are limited to an SER of
107S.

Table 5-1 Showing the Perfor mance improvements from Reed-Solomon Coding

RS Coding Parametet)(| No RS 1 2 3 4
SER 1073 | 107* | 0.7x1075 | 0.3x107°| 09x 1078

In the Channel Inversion simulations presenteddntiBn 4.7, each modulation type used

achieves1073. In this section the application layer is comgdietindependent from the
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physical layer, thus the performance increase duReted-Solomon coding is completely

independent on the modulation type used.
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==Theory - RS(127,123)
¥ Sim-RS(127,123)

Symbol Error Rate
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Figure5-7 Symbol Error Ratefor 4QAM in a Rayleigh fading channel using Channel
Inversion power adaption
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Figure5-8 Symbol Error Ratefor 16QAM in a Rayleigh fading channel using Channel
Inversion power adaption

49



10
Fo-----FE=c-==sFo-coocE oo cE oo oo E oo s cE S = e Theory - No RS
******* C------C----7] ™ Sim-NoRS

TF

7777777 e il Theory - RS(127,125)
——————— F------r----- A Sim-RS(127,125)
! ! = Theory - RS(127,123)

=
o
Fed

Al

Symbol Error Rate
o

N
(6]

Es/No (dB)

Figure5-9 Symbol Error Ratefor 64QAM in a Rayleigh fading channel using Channel
Inversion power adaption

The Figures 5-7 to 5-9 show the performance imprearg of using RS coding within a
Rayleigh Fading channel. For 4, 16 and 64QAM the &48ling improves system
performance from a SER df0~3 to10~* fort = 1, a SER ofi0~> for t = 2, from Table 5-
1 the SER improves to a valueldf~® for t = 3 and10~2 fort = 4.

Using Channel Inversion power adaption in the ptgisiayer and RS coding in the
application layer allows the system to maintain thitial SER of 1073 and improve

performance td0~° for video andl0~8 for data when required to.

5.4.2.2 Water-Filling

When channel conditions are favorable the Watdngiladaption scheme transmits the
information with the most power possible thus iedh areas RS coding will be able to
improve performance even further. The system SERomeance can be determined by
using the information for the cut off value foundTable 4-4 and substituting it into (5.4).
The P(y) for Water-Filling is defined by (4.8) and discudse Chapter 4. Using the

Optimized cut off value the system will preventngsunnecessary power at low SNR since

the SER requirements for voice, video and dataadpa achieved.

The results shown if Figures 5-10 to 5-12 are peréa using a CLD approach with
RS(127k), with correcting capabilities af = 1, 2, 3 and 4 in the application layer and 4-
QAM, 16-QAM and 64 QAM modulation over a Rayleigiding channel in the physical

layer. The simulations are limited to an SER 0f°.
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Figure5-12 Symbol Error Ratefor 64QAM in a Rayleigh fading channel using Water -
Filling power adaption

The Figures 5-10 to 5-12 show the system performasing RS coding with Water-Filling

power scheme, although the simulations were linitat® there is a clear indication that the
more favorable the fading channel is the lowerdbheecting capability needs to be in order
to meet the performance targets. However, wheizint Water-Filling power adaption the

more favorable the channel conditions are the hitfeconstellation size (modulation type)
can be whilst still satisfying the system requiratsefor multimedia transmission. The
simulations shown in Figures 5-10 to 5-12 confihattit is possible to transmit the different

media types using this Water-Filling power adapsoheme and RS coding combination.

In the next section rate adaptive modulation iseddtb the system with power adaptive
modulation and Reed-Solomon coding. Using WatdimEjilscheme it is possible to adapt

the rate modulation and thus improve the througbpthe system.

5.4.3 Rate Adaptive Modulation, Power Adaptive Modulation
and Reed-Solomon Coding

Having satisfied the SER criteria for each medietyn the previous sections using Power
adaption and RS coding, this section will includateRAdaption and attempt to improve
spectral efficiency (throughput) of the system.c8ihannel Inversion cannot be adapted by
rate, the Water-Filling power adaption will be us&te boundary points in Figures 5-13 to
5-15 represent the different media’s requirementsiadicate in which areas the system is

able to adapt the rate.
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In order to calculate the points where the systeith mvake the transition from one
modulation type to the other, numerical analysistie performed on (5.4). Tables 5-2 to
5-4 show the boundary points calculated for eactiangype and the SER criteria that need

to be satisfied.

Table 5-2 Showing SNR values that satisfy SER for voice which is 1073

Modulation 4QAM 16QAM 64QAM

SNR (dB) 17.10 25.46 32.24

Table 5-3 Showing SNR valuesthat satisfy SER for video which is10~¢

Modulation 4QAM 16QAM 64QAM

SNR (dB) 23.90 32.39 39.18

Table 5-4 Showing SNR valuesthat satisfy SER for datawhichis10~7

Modulation 4QAM 16QAM 64QAM

SNR (dB) 25.97 34.48 41.26

The Reed-Solomon code used in the Tables 5-2 -albused RS(127,119) since the idea is

to adapt the rate to improve spectral efficienbyaquighput) not to lower complexity.

5.5 System Performance

The simulated results confirm the numerical analgsid calculated results in Tables 5-2 to
5-4. The Figures 5-13 — 5-15 show the transiti@mflone modulation to the next and each
satisfy the SER for the specific media type. Thegpm used was MATLAB v7, with M-

QAM (M = 4, 16 and 64) modulation and a Rayleigtifig channel model. The packet size
for the all the simulations in this chapter was mbols and the channel and noise
parameters used were as described from Sectio®. Zhe channel state information was
assumed to be perfect with no delay or errors. Almaber of summationg performed in

expression (5.4) was 20.
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Figure 5-13 showing Rate adaption for voice media in a Rayleigh fading channel using
Water-Filling power adaption and R§(127,119)

Figure 5-13 shows the simulated rate adaptive nadidul for media requiring the
performance target of voice medi® /), shown in blue. Figure 5-14 and Figure 5-15 show
the theoretical rate adaptive modulation, showneid, for performance targets of video
mediaP,; and data medi&,; respectively. The simulations shown in this chapte limited

to a symbol error probability of0~¢ thus the theoretical rate adaptive modulation was
shown to provide a visual representation of the mdaptive modulation for media that
requires SER performance lower th&®~°. Furthermore the simulations confirm that the
performance targets shown in Table 5-3 and Tableae attainable when using RS coding

in the application layer combined with rate adaptivodulation in the physical layer.
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Figure 5-15 showing theor etical Rate adaption for data media in a Rayleigh fading
channel using Water -Filling power adaption and RS(127,119)

Combining the rate adaption with the Water-Fillipgwer adaptive policy in the physical
layer and Reed-Solomon coding in the applicatigeraeveals the great potential that cross-

layer design system have. These adaptive techngjims the system to transmit different
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types of media whilst achieving each of their resipe performance targets by constantly

adapting their parameters depending on the chaonelitions.

5.6 Chapter Summary

In this chapter, Reed-Solomon coding was invesaat the application layer and
introduced to the system model presented in Ch&pt€he first section in this chapter dealt
with the implementation of RS at the applicatiopelawithout any adaption in the physical
layer. The SER performance expression was derigatyuhe work done in [3], [17] and

[18]; and simulated results show the SER improvenoérihe system, specifically at high

SNR. The second section investigated a CLD appridgchdding power adaption at the
physical layer. The aim was to utilize the physitayer and the application layer
interdependently to increase system performancéeims of SER. Using the Channel
Inversion and Water-Filling schemes, simulationuhss showed that both adaption
techniques were able to transmit multimedia. Inithatd it was found that it was possible to
adapt the modulation rate whilst using the Watdimgi power adaption and RS coding of
RS(127,119). The performance targets for each media set using the boundary points
calculated by means of numerical analysis, theséonmeance targets were used in the
simulations to provide a comparative referencetfa@ system performance. Simulations
confirmed the numerical analysis and provided gi@ghconfirmation that the QoS were

achieved for each media type.
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Chapter 6

Conclusion and Future Work

One of the criteria in determining the success wiiraless communication is how well the
guality of services is satisfied. Multimedia trarission requires certain Quality of Service
requirements if performance is to be considerefaatory. For voice, video and data the
guality of service requirements differ. For voigedavideo, delay is a more important factor
to consider than for data. Furthermore, error imlewer for data and video than for voice.
Thus it is essential for the system to constantlgpa its parameters, which depend on the
traffic type, channel conditions, and network inmpgants in order to achieve satisfactory
performance. cross-layer design utilizes differayers in the protocol stack to optimize
parameters that impact performance, which the attiosgal protocol structure is not able to.
Different cross-layer design approaches providiediht advantages and disadvantages and
the more integrated the layers are the more conipksystem becomes, examples of these
approaches were discussed with specific attentisengto the approaches that took into
account both the physical and application layerkis Tinvestigation began with an
examination of the physical layer and discussidrnh® types of adaption were considered.
Rate adaption and power adaption were then coratedton and the different techniques
and schemes were analyzed. This was followed bgausiion considering the application

layer and multimedia transmission in general.

A closed-form solution for a Rayleigh fading chahnisedifficult to obtain, in Chapter 2 an
expression of the Symbol Error Rate in a Rayleiatlirfg channel was derived and used
throughout this investigation to prove that thetays simulations performed match the
theoretical expressions. Rate adaption was thecusked and simulations showed the
improvement of spectral efficiency. This was furthelvanced with a technique that split a
packet of information in to two parts and modulagath part with different constellation
sizes. The idea was to improve the spectral effayiein the SNR regions in which the
system over satisfies the quality of service reaints in terms of SER. This was
confirmed with simulations using the values caltedafrom the expression describing the
system performance. Power adaption was discussdatiter highlighting the two main
schemes used in current systems, namely the WiliagFscheme and the Channel

Inversion Power scheme. Derivations of the systemplémentation were shown and
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calculations were performed with the results shawthe various tables. Simulations were

then provided to confirm the theory expressions.

A cross-layer design approach was then implementgdg the application layer and
physical layer. Firstly, the application layer isalissed with the idea that block coding will
ensure that each multimedia traffic type is ables#isfy their own quality of service
requirements in terms of SER. Reed-Solomon blockngpwas implemented and matching
theoretical expressions were used for confirmatibhe cross-layer approach was then
implemented using power adaption in the physica¢dand Reed-Solomon coding in the
application layer. Results show that with the défeé Reed-Solomon parameter settings ,
each traffic type is able to be transmitted welthivi their quality-of-service requirements.
This is further extended using Rate adaption whersystem implemented the Water-Filling
scheme in the power adaption. Results show that madtimedia traffic type is able to meet
guality-of-service requirements at operable sigoatoise values. The ability of transmitting
different types of media when the system utilizes YWater-Filling power adaptive policy
with Reed-Solomon coding shows the true power afgugross-layer designed systems.
With the capability to constantly adapting the eystparameters depending on the channel

conditions permits the system to perform powerfudlyen in less favorable conditions.

The aim of future work should be to design a spdiigat uses its resources more efficiently.
The optimal use of power can be researched suthhghauality-of-service requirements are
not over satisfied. In addition, spatial diversign be implemented on this system to further

improve the error rates.
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