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Chapter 1

Introduction and Motivation

One of the most attractive and hottest topics in commuranatesearch during the re-
cent years has been the wireless technology. This atteistible consequence of the big
success of cellular phones and the growing demand on nevesgsrgervices. Having
a permanent connectivity offers people flexibility, fegliaf security and makes theme
more productive. Internet as well as corporate intranet$acoming increasingly wire-
less and itis inevitable that the demand for high wirelesa dees, reliability and Quality
of Service (QoS) is also growing. Along the history, celiidgstems has been constantly
accompanying these changes in market requirements ancedwecdatisfy customers de-
mand. First-generation wireless networks were targetedie¢ and data communications
at very low rate using analog modulation techniques. Régemt have seen the evolution
of second and third-generation systems offering more @aés and thus a wider range of
wireless services based on digital technologies. The &wolgontinues toward a system
eliminating incompatibilities between previous techigés and becoming a truly global
system.

Evolution of mobile cellular systems

The history of cellular system began during the 1980s withappearance of the First-
generation of mobile devices, also referred to as 1G, whefewasic analogue systems.
The first standardized cellular service is thdvanced Mobile Phone SystdAMPS)
which was made available in 1983. In Europe, the first 1G stahts theNordic Mo-
bile Telephony¥NMT), operating in whole Scandinavia. It has two variarasdd on the




2 1. INTRODUCTION AND MOTIVATION

operating frequency bands. Both AMPS and NMT use the fregguerodulation (FM)
technique for radio transmission.

The main problem of 1G mobile systems is their capabilitydodie a large number of
users due to insufficient channel capacity. 1G also suffers fpoor voice quality, no
security, very limited battery life and poor handover reiidy. The will to overcome
these limitations and the development of digital technpll@gl to the emergence of the
second-generation (2G) of cellular wireless systemsioffeain increase on capacity and
an improvement of security and hand-over. A better recowéradio signal is also pos-
sible using digital vocoders and Forward Error CorrectiéBC). To enhance the spectral
efficiency and to support multiple users, 2G systems use néitipie-access techniques:
Time Division Multiple-access (TDMA) and Code Division Mugle-Access (CDMA)
techniques.

The first European 2G system is t@dobal System for Mobile communicatiof@@SM)
and it is commercialized since 1992 where the narrowband ABdlution was chosen
for the air interface. In North America two standards haveryad. TDMA IS-136 was
first specified in 1994 and is an evolution of AMPS using theesé&mguency band but it
offers enhanced capacity and improved performance. Tlendestandard is CDMAone
which is also known as 1S-95. First designed for voice, it waproved in 1S-95A to
support data transmission at rate up to 14.4Kbps. CDMAorkeadirst generation of
CDMA technology based systems. Developed originally byl@am, CDMA is char-
acterized by high capacity and small cell radius, emplogimgead-spectrum technology
and a special coding scheme. 2G systems are in current usedatioe world and are
offering voice service and low rate data communicationfrsaagcfax and short message
service (SMS) based on circuit switched connection.

Second-plus generation (also known as 2.5G) is an inteateesiblution between 2G with
their low transmission rate and systems that will offer sigfit rate for the transmission
of application such as video and real time application (3G laeyond). 2.5G offers data
transmission rates up to 144Kbps. General Packet RadiacBeGPRS) is the 2.5G sys-
tem derived from GSM. It allows users to be allocated up toretslots in the TDMA air
interface. GPRS then evolved to the development of EnhaDe&alfor Global Evolution
(EDGE) system. It is similar to GPRS, but uses more advancedutation techniques
to support multimedia IP based services at a maximum rate84KBps. This system
allows mobile operators to provide 3G services with only bictzanges on the existent
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GSM infrastructure since it uses the same TDMA frame strectsame logic channel
and the same carrier bandwidth. In north America, an enimecteof CDMAoNe system
toward the 3G resulted on the emergence of 1XRTT standartirasstep of CDMA2000.
1XRTT is also deployed in existent CDMAone spectrum and #isis requires a modest
investment in infrastructure. It provides IP-based s@viat a data rate up to 144Kbps.
During the 1990s, two organizations worked jointly to define third-generation of mo-
bile systems (3G). Their objective was to come with a glolgateam eliminating the in-
compatibilities of previous systems allowing users to haviell inter-operability and
global roaming between different 3G networks. Unfortulyatiee two groups could not
come over their differences and this results on the devetoprof three different stan-
dards. Wideband CDMA (W-CDMA) is backed by the GSM operatorfSurope and the
European Telecommunications Standards Institute (ET3I¢. second standard called
CDMAZ2000 is supported by the north American CDMA communityil the third one,
Time Division-Synchronous CDMA (TD-SCDMA), has won the popt of China. The
three standards uses an air interface based on CDMA tedndG promises increased
data rates up to 128 Kbps when a user is in a moving vehicleKB®4 when stationary
or moving at pedestrian speed and 2 Mbps for fixed applicati®uch capacities will
allow service providers to offer faster and more complexadansmission such as video
conferencing and wireless gaming.

While 2G systems support only circuit switched connectitmgsure voice and short
data transmission, successor systems (2.5G and 3G) iteadgracket based services.
This transmission scheme is used for non real-time apmitatwhile circuit switched
connection still adopted for service with QoS requiremestdor voice and video.This
convergence toward packet based transmissions will berogedion beyond 3G systems
which will be fully packet based for both real and non-readiapplications. This will be
possible through IP packets scheduling over "shared chsihrighe spectral and spatial
dimensions of future wireless systems will offer an incesiasthe granularity of physical
resources allowing thus a finer allocation of the availabs®urces and on users schedul-
ing. The evolution of the connection nature of cellular eyss is summarized in figure
1.1

From Third generation to 4G and beyonBven before 3G systems were deployed, some
research groups and companies have already started wankid@ mobile communica-
tions. In their way toward 4G, working groups defined sever@rmediate improvement
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3.5G/4G Packet-Switched Connection for hoth real and non-real
systems time services

- Circuit-Switched Connection for real time services
- Packet-Switched Connection for non-real time services

Circuit-Switched Connection for both real and non-real
time services

Figure 1.1: Connection evolution in cellular system

of 3G standards. High-Speed Downlink Packet Access (HSD&A)new technology
sometimes referred to as a 3.5G as it is an extension to WCDMAd same way that
EV-DO extends CDMA2000. HSDPA provides high rates up to Mbit/s using Adap-
tive Modulation and Coding (AMC), fast packet schedulingheg base station and fast
retransmissions from base station known as Hybrid AutanReipeat Request (HARQ).
High-Speed Uplink Packet Access (HSUPA) is the dual of HSBétAuplink transmis-
sions. It offers extremely high upload rates up to 5.76 Mlatid is referred to as a 3.75G.
Similarly to HSDPA there will be a packet scheduler, but il wperate on a request-grant
principle. The user send a permission request to send ddttharscheduler in the base
station decides depending in the information fed-back l®ysien when and which users
will be allowed to transmit. A request for transmission wintain information about the
transmission buffer state and user’s available power margi

The Third Generation Partnership Project (3GPP) has belgancansidering the next
major step in the evolution of the 3G, the Long-Term Evolat{€TE). The objective
is to maintain a highly competitive position in wireless\see world market during the
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next 10 years and even in the 4G era. The main aims of this #wolis significant
enhancement on data rates and supporting higher QoS revitecompared to HS-
DPA with significant reduction in latency and delay. To agki¢hese objectives, it is
inevitable to choose new access technologies. The 3GPRtietaunched a Study en-
titled Evolved UTRA and UTRAN. It is anticipated that Ortlawal Frequency Division
Multiple-Access (OFDMA) and Multiple Input Multiple OutpgMIMO) will be adopted
to fulfill the requirements.

The term 4G is broadly used to include several broadbandesseaccess communica-
tion systems, not only cellular systems. 4G mobile commatioa systems are expected
to solve still-remaining limitation of 3G systems. They Mplovide a wide variety of
more demanding new services and finally offer a global stahdEo offer high rate re-
quirements, 4G may use OFDM (Orthogonal Frequency Divisaitiplexing), and also
OFDMA combined with multiple antenna solutions to bettdo@dte radio resources to
users. 4G devices may also use Software-Defined Radio (S&R)vers which allows
better use of available bandwidth as well as making use ofipheilchannels simultane-
ously.

The evolution of cellular mobile systems from very basivszs (audio for 1G) to more
demanding and complex services as high quality video cent@ng and music download
in future systems, shows how wireless systems are in a pemhdevelopment and con-
stantly looking for new efficient technologies in order towvays offer better services and
satisfy customer requirements. Recent researches shoanihaf the keys to success for
future systems comes from a finer allocation of the availeddeurces with inevitably a
cross-layer approach.

Cross Layer design

A fundamental problem in wireless systems is the allocadiimited resources among
active users. Traditional layered networking approach®smze each layer indepen-
dently of the others. This may lead to largely suboptimalvogk designs. Tradition-
ally in multiuser wireless communications, when desigrtimg physical layer, users are
considered symmetrical and having the same data buffetleargl the same delay and
latency constraints. The objective function is to maxinghannel capacity which may
result in a highly unfair system. In the other hand the reseatlocation at higher layers
(multiple access control and network layers) considersdmmunication links as fixed
rate bit pipes. There is a growing awareness that this sibiplape view is inadequate,
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particularly for wireless systems. Recently several &sithas considered cross-layer ap-
proach and showed that this can substantially improve tkeathsystem performance.

1.1 Thesis Outline

The convergence of broadband cellular systems to a widgl@FidMA/ MIMO-OFDMA)
solution and the growing interest on cross layered resaaifoeation approaches moti-
vated the work in this thesis. We consider the interestimipl@m of channel allocation
on multiuser wideband systems wittard Fairnessconstraints.

In order to better understand the physical nature of the umegie begin in chapter 2 with
a brief introductory presentation of basic radio propagatharacteristics and OFDM
modulation principles. The various forms of diversity offé by the wireless medium are
presented as well. Chapter 3 addresses the problem of cesallwcation on wideband
Multiple Access Channels (MAC) under hard fairness conssa It is widely believed
that guaranteeing QoS for a set of users is accompanied witig@ system performance
degradation. We show in this chapter that this belief is na in wideband systems with
intelligently allocated resources. After reviewing thgaatic channel capacity region and
the corresponding optimal resource allocation for widebsiAC, we define the Delay-
Limited capacity of these channels with a Lagrangian charaation of its boundary
surface. An iterative algorithm for resource allocatiombhieve a rate vector target with
minimum power is proposed. We also propose different allgars for resource allocation
when orthogonal signaling is adopted with different haithiess constraints. It is shown
through numerical results that these orthogonal signdéingalgorithms achieve perfor-
mances approaching that of the optimal delay limited sgsat€his result may encourage
the use and research on applicable delay limited rate #hgosifor real systems.

In Chapter 4, we consider the downlink of multiple antenndtiraellular wideband sys-
tems with hard fairness scheduling. We show how the additispatial dimension effects
the system performance in terms of spectral efficiency amdmuim allocated channel
gain. We propose different allocation and transmissiohrigpies based on Space Time
Coding (STC) and Spacial Multiplexing (SM). The presentdtesnes requires the knowl-
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edge of only the channel gain amplitudes. We first considec#se of symmetric users
(i.e. only fast fading is considered so that users are eapeing the average SNR) in a
single cell system. We show through numerical results trstmgple SM system where
no channel gain phase estimation is needed and subjectdddaress constraints can
provide system capacity approaching that of Zero-Forcimty[Paper Coding (ZF-DPC)
scheme. We then extend our study to multi-cellular systemisshow the benefit from
using distributed antennas in terms of both system throwigdupd fairness.

Chapter 5 addresses another important issue of futureesgalystems: Feed-back load.
We propose different feed-back schemes, for MIMO-OFDMAtsys with opportunis-
tic beamforming. The proposed schemes are designed, feratit ranges of number of
users, to considerably reduce the feed-back load whileepriegy channel information
allowing an efficient scheduling and thus high system parérce. We also provide dif-
ferent power allocation algorithms for MIMO-OFDMA systen#spart of this work was
achieved during my summer internship in Samsung Advanc&itute of technology in
South Korea.

We present our conclusions and perspectives in chapter 6.

In the following the list of publications related to this e

- Issam TOUFIK and Raymond KNOPP, "Channel Allocation Aigfams For Multi-
Carrier Multiple-antenna Systems,” EURASIPs Signal Pssoeg Journal, Volume 86
N8, August 2006 , pp 1864-1878.

- Issam TOUFIK and Raymond KNOPP, "Multiuser Channel Alioaa Algorithms Achiev-
ing Hard Fairness,” Globecom 2004, 47th annual IEEE GlobEdommunications Con-
ference, November 29th-December 3rd, 2004, Dallas, USA.

- Issam TOUFIK and Raymond KNOPP, "Channel Allocation Aigans For Multi-
carrier Systems,” VTC Fall 2004, IEEE Vehicular Technold@gnference, September
26-29, 2004, Los Angeles, USA.

- Issam TOUFIK and Hojin KIM, "MIMO-OFDMA Opportunistic Beaforming with
Partial Channel State Information,” IEEE Intern. Conf. con@nunications (ICC), 2006.
- Issam TOUFIK and Marios Kountouris, "Power Allocation dfgledback Reduction for
MIMO-OFDMA Opportunistic Beamforming,” IEEE Vehicular €anology Conference,
(VTC Spring) 2006.
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- Issam TOUFIK and Raymond KNOPP, "Wideband Channel Allmcain Distributed
Antenna Systems” VTC Fall 2006, IEEE 64th Vehicular Teclgygl Conference, 25-28
September 2006, Montreal, Canada.




Chapter 2

Digital Communications Over
Frequency Selective Channels

This chapter introduces the propagation characteristitgpocal mobile radio channels
and the basic background on transmission schemes used itésis. In our treatment,
we first explain the three scale models for the propagatitemaation phenomena on
typical landmobile radio channels. Fast fading is the madely studied effect in the
literature, but since in this thesis we are also considemngi-cellular systems, charac-
terizing the large scale fading effects (path-loss and @vady) becomes primordial. We
also review OFDM and its multiuser variant (OFDMA) prina@pl| since these techniques
are the basic foundation of future cellular systems andiferigorithms proposed in this
material. We finally present the different diversity tecfues used to combat deep fading
effect and thus to improve the channel reliability.

2.1 Fading Channel

Designers of wireless communication systems face an irapbahallenge due to the
varying nature of the wireless radio channel. Charactagitinis medium becomes then
an inescapable task. The exact mathematical channel nsogkrli complicated to derive,
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N

Figure 2.1: Signal Propagation Example

however there exist a range of relatively accurate and sirapipirical models of the
channel depending in the propagation environment.

The signal at a receiver at any given location and time ingtaithe result of su-
perposition of corrupted duplicates of the transmittechaigesulting from reflections,
refractions and diffractions on surrounding objects meféito as scatterers (figure 2.1).
Scatterers may be buildings, trees, mountains or mobikctdbguch as cars or trains. The
changes in the environment and the movement of the tramsgtihd/or the receiving ter-
minals induces a fluctuations of the received signal on tiBecause of the presence of
multiple time delayed replicas of the transmitted signadifig also occurs in the fre-
guency domain (there are some frequencies where the sigihal seceiver is higher than
others). These fluctuations take place for signal with a édtth greater than the channel
coherence bandwidth (see section 2.1.3 for a definitionreoice bandwidth). We talk
then of aFrequency Selective Channel

When talking about fading , one should consider whether tisewvation is made over
long distances or short distances. We distinguish two $eves$ignal fading (Figure 2.2)

e Small-scale fadingis due to the constructive and destructive combinatiorhef t
multiple replicas of the signal arriving from different dations. The randomness
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Path-loss
Shadowing
Small-scale Fading

Figure 2.2: Characteristics of signal propagation

of the phases induces a wide variation of the sum of contabst In small-scale
fading, fast fluctuations on the received signal power maypas the transmit or
the receive station moves, even over very short distan¢ésg@rder of the carrier
wavelength) or also by the movement of surrounding objdeds this reason, it is
called small-scale or fast fading. Since these fluctuatawaseavily frequency de-
pendent, the bandwidth of the transmitted signal is cilititdescribing the effects
of multi-path.

e Large-scale fadingis due to two phenomena: path loss and shadowing. Propaga-
tion path loss depends on the distance covered by the sigmalthe transmitter to
the receiver and is random only due to the position of the teaation. Shadow-
ing is due to the peculiarities of the environment surrongdhe transmitter and
the receiver (Building, trees, mountains, cars, ... ). Shadg happens at a faster
time-scale when compared to path loss, but slower compargthall-scale fading.
Shadowing and path loss are virtually frequency invariant.




12 2. DGITAL COMMUNICATIONS OVER FREQUENCY SELECTIVE CHANNELS

2.1.1 Path Loss Modeling

The most widely employed mathematical models for path lodshadowing results from
numerous experimental studies in a wide range of enviroten®uring the deployment
of a cellular network these models play an and extremely naporole in the planning

phase. The more accurate the model, the less we need on sgarmments when defining
base station placement.

Free space path loss

This model considers the region between the transmittere@iver as perfectly uniform,
non-absorbing and free from all objects that might refleclmorb the signal. Path loss
in free space is analytically described by

P A\’
P—: = (M) Gr (2.1)

where Pr and Pr are respectively the received and transmitted poweris,the signal
wavelength the distance between the transmitter and the receiver iarg)yetnd=, is
the product of the transmit and receive antenna gains.

For isotropic antennas; = 1, the path loss can be expressed in decibels as

whered is now in kilometers and is the frequency in MHz. The power decays with
20 dB/decade in both frequency and distance which meansp#tia loss is a virtually
distance (for practical mobile speeds) and frequency iamar

This model is useful in providing a rough idea of the true pga#is in an outdoor environ-
ment. We now briefly describe a few classic models for the |zath which are based on
measurements.
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Okumura’s Tokyo Model

This model is based on measurements made in Tokyo, one of asewndely used in
urban areas, and is valid for distances from 1 to 100 Km argu&rcies range of 150-
1920 MHz. It adjusts the free space path loss equation withirezal constants depending
on the heights of the transmit and receive antennas andatbastics of the terrain (hilly,
sloping, land-sea, foliage, ...). The empirical path lassiula of Okumura at distance
and carrier frequency is given by

Lokumura = Lrs + Ap(f,d) — Hg(hg,d) — Hy(hy, f) — Ky(f) — K dB (2.3)

whereL g is the free space path loss given in 242, ( f, d) is a factor, dependent of the
frequency and the distance, indicating the median attemuatith respect to free space
loss in an urban area over quasi smooth terrain. Its measmtesrassumed a fixed ter-
minal antenna height dfz = 200m and mobile terminal antenna height/of, = 3m.
Hg(hp,d) andHy(hyy, ) are the distance and frequency dependent height gain$actor
Ky (f) is the so called urbanization factor (depending on whetheenvironment is ur-
ban, suburban or an open aredj.is an additional term taking into account the terrain
characteristics. These adjustment factors are all tadmliiatcurves for different environ-
mental parameters [2].

Hata’'s Model

The main problem with Okumura’s model is determining théedént adjustment factors
from tabulated data. Hata solved this problem by an empiocanulation of the graphical
path loss data provided by Okumura. This model is valid inlth@-1000MHz frequency
range and for distances of 1-20km. The fixed transmit ant@eight range is 30-200m
and for the receive mobile antenna 1-10m. The path loss flerofuHata model is given

by

Liata = 69.55 +26.161ogyy f — 13.8210g10 his — A (har, f) +
(44.9 — 6.55log;y har) loggd + Ky (f) dB (2.4)
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whereA,,(hyy, f) is the correction factor for the mobile terminal’s antene#&ht and is
a function of the size of the city. This factor is given by

Ap(hyr, f) = (L.1logyo f — 0.7)hpr — (1.56log,y f — 0.8) dB (2.5)

for small or medium sized city and

8.29(log 1.54hy )2 — 1.1 f < 200MHz
3.2(log 11.75hy) — 4.97  f > 200M H .

for a large sized city. The urbanization correction facto,( f) is given by
Ky(f) = —2(log,,(f/28))> —5.4 dB (2.7)
for suburban area and
Ky(f) = —4.78(log,, f)* + 18.331log,, f — 40.94 dB (2.8)

for open area. This factor is equal to zero in urban area.

COST 231 Refinements of Hata's Model

The Hata model was extended within the COST 231 project ®18600-2000MHz fre-
guency range. The path loss formula becomes

LCOST231 =46.3 + 33.9 loglo(f) — 13.82 loglo(hB)Am(hM, f)
+(44.9 — 6.551logyy(hp)) log,o(d) + K, (2.9)

whereA,,(hy, f) is the same as in Hata’s model afid; is O dB for medium sized cities
and suburbs, and 3 dB for metropolitan areas.

Simplified Path Loss Model

There are situations where an accurate path loss modelugedqfor example when a
base station location has to be determined during deployafeellular networks. How-
ever, for general analysis it is sometimes more useful te lsasimple and more general
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model that captures main characteristics of empirical [msh models without going into
the details of these. The following is the most widely us@dge model
d -
Lsimple = LO (_) (210)
do
whered, is a reference distancéy is a unitless constant representing the attenuation at

distancel,, and~ is the path loss exponent. The values fgr d,, and~ can be obtained
to approximate either an analytical or empirical model.

2.1.2 Log Normal Shadowing Model

The other long term fading effect, called shadowing, is alted attenuation or blockage
of the signal due to the presence of large objects. Shadowwingually characterized
statistically as the short term fading component describdte following sections. It
was shown that the channel fluctuation due to the shadowirey @B scale is approxi-
mately Gaussian with standard deviatien, from 6-10 dB. The amplitude factor due to
shadowing is therefore a log-normal random variable giwen b

Ay, = 10%¢ (2.11)

where( is a zero mean Gaussian random variable with variance 1.

2.1.3 Small-scale fading Modeling

Let us first consider the simple situation illustrated in feg@.3 where there exists a line-
of-sight (LOS) propagation path between the transmitter the receiver and a second
propagation path due to a reflecting object (i.e. building arll). The receiving antenna
is moving at speed, toward the transmit antenna. The path lengths are given by

wherev, andwv; denote the relative speed with respect to the transmittkttareflector
respectively (in this casg = —uv, cos(a)).




16 2. DGITAL COMMUNICATIONS OVER FREQUENCY SELECTIVE CHANNELS

Let the transmitted (bandpass) signal be

s(t) = Re{x(t)exp(j2r f.t)} (2.13)

wherex(t) is the complex envelop anfl is the carrier frequency. The received signal is
the sum of two delayed version of the transmitted signal eliee propagation delays are
given by

7 =d;(t)/c=—(v;/e)t +d;/c (2.14)

wherec = 3 x 10®m/s, denotes the speed of light. The received signal is trendiy

r(t) = Re{x(t— 1) exp(j2nf.(t —10)) + ax(t — 1) exp(j2n f.(t — 11))}

~ Re{xz(t — 1) exp(po) exp(727(fe + &o)t) + ax(t — 1) exp(py) exp(727(fe + &o)t) }

1
= Re { (Z pix(t — i) exp(j%&t)) exp(j2m(fe + fo)t)} (2.15)
=0

wherea is a complex attenuation due to reflectign~= f.v;/c and¢; = —2x f.d;/c. In
the second equation, we used the fact that for terrestriel@gs applications; /c is very
small but the terng; = f.v;/c can be non-negligible. In the last equatian= exp(j¢o)
andp; = aexp(j¢1). Note that the time varying propagation delays causessstiifthe
carrier frequency by; (calledDoppler effect and shift in phase by;.
The complex envelop of the received signal (2.15) is

1

y(t) = pix(t — 7) exp(j2r&it) (2.16)

=0
Assume that:(t) varies slowly, so that(t¢) ~ x, constant over the observation interval.

Nevertheless the envelope of the received signal may beabjtime-variation. In fact,
we have

y(®)| = |apol 1+%exp<j2w<sl—so>t>

= A\/1+ b2+ 2bcos(2r ALt + Ag) (2.17)

where we letd = |zpy|, AL = & — €0 and 2 = bexp(jA¢), with b € R,. We can
observe from 2.17 that when the observation interval islatiganA¢, then the received
signal envelope varies between a maximum valile+ b| and a minimum valuel |1 —b|.
The rate of variation is given bRoppler frequency spread¢ (given by the difference
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Figure 2.3: Two-ray propagation with a mobile terminal

between the maximum and the minimum Doppler shifts).

This simple example illustrates how, in the presence of nitma one propagation path,
the received signal envelope changes even if the tranggnidlenvelope is constant. This
effect is called fast fading. In this example, we considéhedmovement of the received
antenna, but the fast effect can also result from the moveoiehe transmit antenna or
the reflecting objects.

The Gaussian Fading Model

The channel response in the two path situation is perfeb#lyacterized and thus the time
varying channel is deterministic. However in real situasiovhere the transmitted signal
goes usually through a large unknown number of paths wiflerdifiit characteristics. It
is not possible to perfectly characterize the channel argldbnvenient to describe the
resulting fading channel by a statistical model dependimghe underlying physical en-
vironment. The statistical description of multi-path pagation was first given by Clarke
[3] and further refinements were done by Jakes [4]. Considerthe situation of Figure
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Figure 2.4: Scattering from several elements

2.1.3, where the propagation goes through a large numbeitlo$ pWe can generalize the
equation 2.16 and write the received signal envelope as

y(t) = 3 pir(t — 1) exp(j2méit) (2.18)

where the index runs over the scattering elements and where the scattdenteet:

is characterized by the complex coefficignt modeled as random variables with some
joint distribution, and the Doppler shiff. A common simplifying assumption, followed
in most literature on the field and supported by physical @gnuts and experimental evi-
dence [3, 5], is that the scattering coefficientare zero-mean pairwise uncorrelated, i.e.
E{p:p;} = 0foralli # j. Thisis known as theJncorrelated ScatteringlJS) assumption.

Discrete multi-path channel

One important case in applications is the "Discrete mudtihpchannel” considered for
example in all specifications of ETSI.

Assume that the scattering elements are clustered, sdrateéxistP clusters. The path
in the same cluster have similar propagation delay.7,.ends, be respectively the delay
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and set of indices of scattering elements of phi cluster. Then equation 2.18 can be
written as

y(t) =

(Z n exp(jmw) x(t — 1) (2.19)

i8Sy

a,(t)z(t — 1) (2.20)

M= 1M

3
I
o

wherea,(t) = D ics, Pi exp(j2m¢&;t). This can be interpreted as the output of the complex
baseband equivalent time-varying linear channel with iisg@uesponse

h(t,7) = ay(t)z(r — 1) (2.21)

The above channel can be represented as a tapped delayiimgme-varying coeffi-
cientsay,(t) and a non-uniformly spaced delays Each process,,(t) is given by the
superposition of several complex sinusoids at differestjdiencie¢; : i € §,}, with
different amplitudes and uniformly distributed phasese do the random coefficients
{pi - i € §,}. If each cluster is made of a very large number of scatteriaments,
each giving a very small contribution to the received sigwal can safely use the Central
Limit Theorem [6] and conclude that the,(t)’s are jointly circular symmetric complex
Gaussian processes with zero mean. Since the clsteese disjoint, because of the US
assamption, we have{a, (t)«,(t')*} = 0 for all p # ¢ andt,t’. Therefore, the path gains
a,(t) are statistically independent.

The channel frequency response of discrete multi-pathretlas given by
P-1
H(f,t) = ay(t)e /> (2.22)
p=0
The contribution due tp-th path has a phase linear fn For multiple paths, there is a a

differential phaser f. (7, — 7,,) which causes selective fading in frequency.

Delay Spread and Coherence Bandwidth

An important parameter of multi-path channels is the depagad which is simply given
by T, = 7p_1 — 710. It heavily depends on the environment and the antenna .tyfies
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delay spread is normally much smaller in open rural areas ithairban and suburban
areas due to the lack of distant objects at which the sigmabeareflected. The delay
spread governs its frequencgherence bandwidt{range of frequencies over which the
channel can be considered “flat”). The coherence bandwsdiiven by [7]

1

We=—
2T,

(2.23)

Power Delay Profile

Let €2, denotes the means square of the random variapl& he sets{7,},-_.. -1 and
{Q}p—0....p—1 define the channel'®ower Delay ProfilgPDP). In order to predict the
effect of multi-path and to design systems to work well in @éd environment, there
have been a wide range of models proposed for DPD. Sinceiliesca given multi-
path environment perfectly is an impossible task, theseatsattempt to capture the key
features from a series of measurements in the desired sgstitimg (i.e. frequency band
and environment nature). At the same time as being repsenof a typical channel,
they should be mathematically suitable for performing aalwgical/simulation system
performance analysis. One simple example of PDP is the expi@atly decaying model.

In this profile the tap’s average fading power is given by:
0, = Qe T (2.24)

where(), is the average fading power of the first path. This PDP modghasvn to be
suitable for indoor office building and congested urbans®f8a9].

We also find other PDP models in project or standard speceditat One of the most
known is the ITU channel model. Tables 2.1 to 2.3 describéapped delay parameters
for each of the terrestrial test environments accordingrtd. [Each table contains two
different channels in order to cover a large range of delagats. Root-mean-squared
delay spreads are majority of the time relatively small,dedasionally, there are “worst
cases” which lead to much larger delay spreads. As this dgiesad variability cannot
be captured using a single model, up to two multi-path chisrnere presented for each
test environment. Channel A and channel B represent rageldbw and median delay
spread cases that occurs frequently. Each of these two elsasrexpected to be encoun-
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tered for some percentage of time in a given test environm&hese percentages are
summarized in Table 2.4.

2.2 Orthogonal Frequency Division Multiplexing (OFDM)

OFDM is a multi-carrier transmission technique that hasibeeognized as an excellent
method for high speed wireless data communications due taigh spectral efficiency

and its ability on combating Inter-Symbol Interference3)l

Let x(t) be the signal symbol transmitted a time The received signal in multi-path
environment is then given by

y(t) = x(t) * h(t) + 2(t) (2.25)

We consider that:(t) is band-limited to[—WW/2, W/2] and we work directly with the
samples at sampling rafe

y[nT| = x[nT] * W' [n] + z(nT) (2.26)
whereh’[n] is the channel response given by equation(2.21) samplediest rwe have

h'(n) = /OO h(t)sinc (t —nT) dt (2.27)

The difficulty of the equalization is mostly due to the memofyhe channel (frequency
selectivity) with a complexity of equalizers growing withet size of channel memory.
In order to insure quasi-memoryless behavior, OFDM systeset at the beginning of
each symbol period in a clever manner a cyclic prefix with teregjual to the worst case
channel duration . The added data are then removed at thigeesece they contain
the interference from the previous symbol. Using the faat BFT can diagonalize circu-
lar convolution, the frequency-selective fading channall(i-path-channel) is converted
into several parallel flat-fading sub-channels.

Figure 2.5 illustrates a conventional OFDM transceivelt d.e- [s(0), ..., s(N — 1)] be
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Channel A Channel B
Tap | Relative Average Relative Average
delay (ns) Power (dB) | delay (ns) Power (dB)

110 0 0 0

2 |50 -3.0 100 -3.6

3 | 110 -10.0 200 -7.2

4 1170 -18.0 300 -10.8

5 290 -26.0 500 -18.0

6 | 310 -32.0 700 -25.2

Table 2.1: Indoor office test environment tapped-delag-parameters.

Channel A Channel B
Tap | Relative Average Relative Average
delay (ns) Power (dB) | delay (ns) Power (dB)
110 0 0 0
2 | 110 -9.7 200 -0.9
3 190 -19.2 800 -4.9
4 | 410 -22.8 1200 -8.0
5 |- - 2300 -7.8
6 |- - 3700 -23.9

Table 2.2: Outdoor to indoor and pedestrian test enviroita@ped-delay-line parame-

ters.
Channel A Channel B
Tap | Relative Average Relative Average
delay (ns) Power (dB) | delay (ns) Power (dB)

110 0 0 2.5

2 | 310 -1.0 300 0

3 | 710 -9.0 8900 -12.8

4 11090 -10.0 12000 -10.0

5 | 1730 -15.0 17100 -25.2

6 | 2510 -20.0 20000 -16.0

Table 2.3: Vehicular test environment, high antenna, tdgjeday-line parameters.
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Test environment Channel A| Channel B
Indoor office 50 45
Outdoor office and 40 55
pedestrian

Vehicular 40 55

Table 2.4: Expected percentage of each of the two channdifenent test environments.

MODULATOR DEMODULATOR

X(N-

r(N+-1)

Guard Parallel to Digital to Analogue to Serial to Guard
Modulation Interval serial Analogue Digital Parallel Interval Demodulation
Insertion Concersion concertion convertion Conversion suppression

Figure 2.5: OFDM System Model

the N samples symbol to be transmitted. This symbol is precoded)as IFFT and the
last L samples of the output = [2(0), ..., z(/N — 1)] are duplicated at the beginningof
yielding to the time domain OFDM symb@t(N — L), ...,x(N — 1), z(0), ..., z(N — 1)]
to be transmittedL is chosen such that it is greater then the worst case chaaratiah.
The received signal in a particular symbol can be writtennmedrix form as
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r(0) 1 [ 2@ z@-1) - (1) | [ 2(0)
r(1) z(L+1) z(L) e z(2) z(1)
. R’ (0)

. . . . . h/(l) .
r(N—L+1) | =] 2(N-1) z(N-2) --- (N — L) . + | 2(N—L+1)
r(N — L) 2(0)  x(N—1) - z(N-—L+1) : 2(N — L)

. . . R'(L —1)
| (N —|—-L -1) | i a:(L-— 1) x(L-2) - 93(0) | | 2V +-L -1) |

Adding zeros to the channel vector can extend the signalixmatthout changing the
output vector

r(0) | RO 2(0)
r(1) w (1) 2(1)
r(N—L+1) | =X | W(@L-1) |+ | 2(N=L+1)
r(N - L) 0 2(N - L)
| T(N+L-1) | i 0 | | 2(N+L-1) |
where
(L) (L —1) - (1) 2(0) o(N=1) - z(L+1) |
z(L+1) z(L) e z(2) z(1) z(0) o x(L+2)

X= xW;U e(N—2) -+ a(N-L) a(N—L-1) «(N—L-2) N 2(0)
z(0) z(N—-1) -+ x(N—-L+1) (N — L) s(N-L—-1) --- z(1)
i a:(L-— 1) x(L-2) --- z(0) z(N —1) z(N — 2) . . z(L)

We can write the equivalent channel as
r=Xh'+z

The matrixX is circular and since any circular matrix is diagonal in tloeifrer basis with

its eigenvalues given by the FFT of its first row. The equinaleceived signal can then
be written as

r=FAFNW +z

and in the transform domain

R=FIr=AH +7Z
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with A = diag)\;), and where[ \;} are the eigenvalues &.
This shows how a signal transmitted over a multi-path chiacawe be converted in the
frequency domain into a transmission ovéparallel flat fading channels.

2.2.1 Orthogonal Frequency Division Multiple Access (OFDM)

OFDMA is the multiuser version of OFDM. In classical OFDM sm®s, only a single
user can transmit on all sub-carriers at any given time. Jpsu multiple users, time
division or frequency division multiple access is employgdFDMA distributes sub-
carriers among users so all users could be scheduled atriieetsae each one in one
of the different sub-channels. A sub-channel is a set ofcadiasub-carriers. Since
different users see the wireless channel differently, tobability that all users experience
a deep fade in the same sub-channel is very low. Allocatibgcsuriers to different users
depending on their channel quality can enhance considetiablsystem performances.
LTE is expected to use OFDMA in the downlink, and single-esrfDMA (SC-FDMA)
would be employed in the uplink.

2.2.2 Single Carrier FDMA (SC-FDMA)

The basic LTE uplink transmission scheme is based on SC-FaM@w Peak-to-Average
Power Ration (PAPR) single-carrier transmission. Cycliefig is also used to achieve
uplink inter-user orthogonality and to enable efficiengfrency-domain equalization at
the receiver side.

SC-FDMA model is illustrated in figure 2.6. First, a packeit @iream) is generated.
The bit stream is converted to symbol stream through symlagipimg. After the Serial
to Parallel mapping of symbols, "DFT Spread OFDM” operat®ooarried out. The DFT-
spread OFDM operation consists of DFT, symbol to sub-camegpping, IFFT and cyclic
prefix insertion. The data symbols are spread by performiD§ & before being mapped
to the sub carriers. This means that each sub carrier carpestion of superposed DFT
spread data symbols. Various mappings are possible, whithstrated in figure 2.7.
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Input
Bit Stream
=

Figure 2.6: SC-FDMA transmission scheme

2.3 Diversity

Performance and reliability of a wireless communicatiostegn depend on the strength
of the received signal paths and can be strongly degradeddayd. A natural solution
to improve the system performance in fading channels is ¢otlus so callediversity
techniques: Instead of transmitting and receiving therddsignal through one channel,
several copies of the same signal are transmitted over amtlgmt fading paths. The idea
is that while some copies may undergo deep fades, others otaywe might still be
able to obtain enough energy to retrieve the sent messagee @he many ways to obtain
diversity. The replicate can be sent in different time ingtdifferent frequencies or from
different antennas. In the following we summarize the wasidiversity techniques and
give simple examples for a better understanding.

2.3.1 Time Diversity

In this Diversity scheme, signals representing the sanm@nmdtion are sent at differ-
ent times. This can be achieved by using an interleaver.rléatang split up the data
over time in different coherence periods thus differentgpaf the codewords experience
independent fades. Figure 2.8 represents an example shtission with and without
interleaving. While in the first case an entire codeword igeglencing deep fading and
thus is received with a poor reliability, in the latter onlgeocoded symbol from each
codeword is lost.

For interleaving based schemes, the time intervals betwaesmissions of successive
parts of the same codeword should be longer than the chanohelence. Typically a
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Co-Localized Equidistant Randomized

Figure 2.7: Mappings schemes in SC-FDMA transmission

symbol duration is much shorter than the channel coheremee thus the interleaving
should be done over a large number of symbols to avoid the ¢ogtelation of chan-
nel across consecutive symbols. When there is a strict @alagtraint this may not be
feasible. In this case other forms of diversity have to beluse

2.3.2 Frequency Diversity

For wideband systems, because of multi-path, differeriica&pof the transmit signal ar-
rive at different symbol times and can be resolved at thevecelhe channel bandwidth
is larger then the channel coherence bandwidth and the ehgaim is varying also in
the frequency domain. Those variations of the channel anadiin different parts of the
spectrum can be exploited as an other form of diversity: f@aqy diversity.

In multi-path environment the received signal can be exxa@sis

b

-1

yln] = ) hplnlz[n — p] + z[n] (2.28)

i
o
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h
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Interleaving I
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= 7=

Figure 2.8: Example of transmission with and without irgaxling

Here h,[n] denotes the-th channel filter tap at time. A very simple scheme is to
transmit a symbok[0] at time O, and no symbols at te— 1 following symbols. The
receiver will getL replicates of the transmitted symbgD| which is similar to the repeti-
tion codes in the narrowband case. This scheme achievasefieg diversity but it is not
exploiting all degrees of freedom since only one symbolassmitted each delay spread
period. In the other hand, transmitting symbols each tinmetsy results on ISI. Different
techniques where designed in order to combat the ISI andsiifisiently profit from
frequency diversity. OFDM is one of these techniques (aftisa 2.2).

2.3.3 Antenna Diversity

Antenna diversity, also known as space diversity, consigtdacing multiple antennas at
the transmitter and/or the receiver. The distance betwetmaas should be large enough
so that the channel gains between different antenna paistiependent fading (distance
of half of the wavelength is sufficient to obtain two uncoated signals). Depending on
whether the antennas are placed at the receiver or at trsarither, we talk about receiver
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Figure 2.9: Antenna diversity example: (a) Receive diwgrgb) Transmit diversity.

diversity or transmit diversity. Note that with antennaetsity, independent fading paths
are realized without an increase in transmit signal powd&aodwidth.

2.3.4 Receive Diversity

In this case the antenna array is placed in the receiver Bidare 2.9(a) represents such
a scheme with one transmitting and two receiving antennasheAreceiver, the signals
on the various antennas are multiplied with a complex caefftdo extract the original
message. Lej;, = v/Ph;z + z; be the signal received &th antenna. In the following we
enumerate two simple ways to extract the sent signal.

Maximum Ratio Combining (MRC)

The received signal at the different receiving antennastally analogue to the obser-
vations obtained from the fingers of a rake receiver. Thenwgdtreceiver consists of a
Maximum Ratio Combining (MRC). The output of the MRC is givan

N’r‘
y=VP|> |hlx+z (2.29)
=1
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Figure 2.10: Outage probability of MRC for different numbei receive antennas &
0dB)

The SNR is then given by

P&
SNRpre = — hil® 2.30
. ;w | (2:30)

where N, is the number of receiving antennas. The outage probab#ispciated with a
given thresholdy, for independent and identically distributed Rayleigh feylis given by
[10]

o~ (0/7)™ !
POUI(VO) = PI' (SNRmTC < ’}/0) = 1 — e*'yo/’y Z h (231)

ny=1

wherey = N%. Figure 2.10 plots this probability indexed by the numberaedfeive

antennas.

Selection Combining

A sub-optimal but simpler combining scheme consists ofcéielg the output of the an-
tenna with the largest instantaneous SNR. This method isdc8&election Combining.




2.3. DIVERSITY 31

10

Figure 2.11: Outage probability of selection combiningddferent numbers of receive
antennas+ = 0dB)

The combiner output is given by

Y=V Phyaxt + 2 (2.32)
The SNR is given by
P
SNRy; = ~—|hmax|? (2.33)
No

If the fading coefficients of all antennas are i.i.d., we caitenthe SNR outage probability
as

Pour(a) = (Fg(a/V))NT (2.34)

whereg denotes the power gain of any of the channels (they are) iand F;(«a) is its
cumulative density function (cdf). In case of i.i.d. Ragleifading, we have that

Pout(0) = (1 — exp (—%))N (2.35)

This outage probability is plotted for different values/of in Figure 2.11.
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2.3.5 Transmit Diversity: Space Time Coding

The antenna array is placed at the transmitter side (fig@@)y. This scheme consists
of a transmitter coding over both the time and spatial dinwarss A very simple example
is a variant of the repetition code where the same symbohisstnitted from theV,
different transmit antennas during symbol times. At any one time, only one antenna
is transmitting and the rest are turned off. Repetition saale shown to be wasteful of
degrees of freedom. Several works dealing with STC werewtted. One of the most
famous codes is the Alamouti Code.

Alamouti Code

This scheme considers the use of two transmitting and om@vieg antennas. With flat
fading, the received signal at timeis written as

y[n] = hi[n]zq[n] + ho[n]xs[n] + z[n] (2.36)

wherezx; andh; are respectively the transmitted symbol and the channelfgan trans-
mit antenna;.. The Alamouti scheme transmits two complex symhalsand u, over
two symbol times: at time 1z,[1] = wuy; z3[l] = uy; at time 2,2,[2] = —ul ;

x9[2] = uf. If we assume that the channel remains constant over theywbd times
and seth; = hy[1] = hy[2]; he = ho[1] = hy[2], then we can write in matrix form:

] 2] = [h hz]lzl _uuQ + (1] 2[2]] (2.37)
This equation can also be writing as
EIREEHRE) -
y*[2] hy —hi | [ w Z[2]

We observe that the detection problemupfu, decomposes into two separate, orthogonal
problems. We projeaj onto each of the two columns to obtain the sufficient stassti

ri = Ihflu; 4 25 0= 1;2 (2.39)

whereh = [h; hy]" andz; ~ CN(0; Ny) andz;, 2, are independent. Thus, we have a
diversity gain of 2 for the detection of each symbol.
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e Scheduled User
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Figure 2.12: Opportunistic scheduling example

2.3.6 Multiuser Diversity

This form of diversity is different from those presentedvyioesly since it does not consist
of sending the same copy of the same signal at independemtelsa It instead benefits,
when many users are present in the system, from the fact#aekperience independent
channel gains. The system performance is enhanced by tatigeach system resource
(Time, Frequency, Antenna) to the user which make the besteof it i.e. the user with
the best channel conditions. Figure 2.12 illustrates amgkaof opportunistic scheduler.
By opportunistic we mean the scheduling, at each time argliéecy, the user with the
best channel conditions. This form of diversity is similarselection combining receive
diversity. By allocating the channel gain at each time todtiengest user, the effective
channel gain at time is improved from/h;[n]|? to mgx\hk [n]|?. The more users that are
present, the more likely it is that one user has a very goodratiat any time. This form
of diversity was first introduced in [11, 12].

2.4 Conclusion

In this chapter, we reviewed some important fading chanhatacteristics used in the
thesis. We also give an introductory background on OFDM aR@®KIA which are
important schemes used in the future broadband cellulaesygsand are the direct ap-
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plication basis for the algorithm presented in the thesis. algo explained the different
diversity techniques used to combat the deep fading eftectsireless communication
systems.
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Chapter 3

Dynamic Channel Allocation in
Wideband Systems

3.1 Introduction

Dynamic Channel Allocation (DCA) can provide data transius with very high spec-
tral efficiency. Channel State Information available atTrensmitter (CSIT) can be used
to schedule users across the available system bandwidtimpioging the concept of
Multiuser Diversity introduced in [11, 13] and extended i%]. The most remarkable
result in these works is that for multiuser systems signitigamore information can be
transmitted across a fading AWGN channel than a non-fadW§sA channel for the
same average signal power at the receiver. This is due tathéhfat at a given time and
frequency, the channel gain is random and can be significaigher than its average
level. One can take advantage of this by using proper dynamesfrequency resource
allocation based on the time/frequency varying charagtiesi of the channel. Allowing
at each given time instant only the user with the best chacmadlition to access the
medium yields a considerable increase of the total throutgapa function of the number
of users. The success key of DCA is the use of CSIT, but one mestgpn the practicality
of assuming that quasi-perfect CSI can be made availableatansmission end. This
strongly depends on the considered system architectursyskems such as HDR (also
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known as IS-865) the receiver estimates the CSI based on mmeomhannel pilot and
feeds the information back to the transmitter [20]. If we éogghe same antenna array
for transmission and reception in a time-division duplegxfiDD) system then channel
reciprocity allows us to use our channel estimates obtathethg reception for trans-
mission, which is for instance the case of the DECT cordlelephone system or power
control in UMTS-TDD. In practical TDD systems, amplitudéammation is reasonably
simple to estimate from the opposite link. However, thisasthe case for accurate phase
information, mainly due to the difficulty of calibrating tlugfference in phase response
between transmitter and receiver chains.

The main issue arising from channel-dependent resourceadibn schemes is fairness.
Users (or the base station) cannot always wait until theanalel conditions are most fa-
vorable for transmission specially in slowly varying chats For instance, in real-time
applications like video-conferencing, users subscribgetwices with a certain rate that
should be achieved independently of the channel state. thaf $hese achievable rates
is calledDelay Limited Capacity Strategies allowing to achieve these rates are the most
fair since they guarantee to each user his request rateofsuitn[15] propose a compre-
hensive and complete study of delay limited capacity forflding (narrowband) MAC.
Using the polymatroid structure of this capacity, an explbbaracterization is derived
and optimal power allocation to achieve a target rate isrg\MAC ergodic capacity is
treated in [14]. Ergodic and delay limited capacities faydafcast flat fading channel are
studied in [16] and [17], respectively. For Wideband chasrtbe problem of power and
rate allocation in delay limited systems is addressed in19Bwith more attention to the
asymptotic case (very large number of users). It is showt) bwdh for optimal and or-
thogonal signaling, the delay limited throughput is achikby letting each user transmit
through his best channel irrespectively of other usersh\ifié objective of achieving a
target rate for multi-cell systems, [22]-[24] study comdmipower control and base station
assignment in multi-cell systems. Similar opportunistichiniques for multi-cell systems
are briefly discussed in [21]. In [21], the authors treat Himess problem between users
in slow fading environments, discuss the implementatiothe|S-865 system and pro-
pose methods to enhance fairness. Their approach conbigtgg multiple antennas to
induce fast channel fluctuations combined with the Propoally Fair Scheduling (PFS)
policy. This approach is suited for fairness enhancemenbimreal-time applications.
In [27], a fair allocation criterion with deterministic chiael access in & -user system
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with K parallel sub-channels is proposed. The criterion maxisnthe minimum allo-
cated channel gain and thus tends to harmonize the usersiehguality. It is shown in
this work that, even under these hard fairness constrdirgh, multiuser diversity gain
can still be achieved. Several other works adopted a ceys&s-bpproach for resource
allocation in wideband systems. We cite [25] among othetise duthors of this work
studied the relationship between ergodic informations;agtability and delay in mul-
tiuser wideband communication systems. They showed tipddigxg multiple channels
can considerably decrease the average packet delay. Irtf2guthors consider the sub-
carrier assignment problem in OFDMA systems and comparsithplicity and fairness
properties of different allocation algorithms.

The work in this chapter is in the same spirit as in [19] sineealso study the delay lim-
ited capacity for wideband cellular systems with a focus macfpcal scenarios (limited
number of users) and we only consider the effect of fast fadihile in [19] large-scale
fading is also considered. It is commonly considered thatéss comes at the cost of a
significant capacity penalty and system performance dagjaad In this work, we show
that for wideband systems, large multiuser diversity gass be successfully achieved
even under hard fairness constraints, and thus also higle@ajg data rates can be pro-
vided. We also show that the spectral efficiency of delaytkohsystems approaches that
of unfair strategies, in which the objective is to maximize total sum rate. These results
are in accordance with those in [19], where the authors shatndelay limited wideband
systems with optimal signaling do not suffer from significBmoughput loss with respect
to PFS in high SNR regime.

In this chapter, we also explore practical algorithms féinogonal multiple-access (OFDMA-
like systems). We show that the use of such a sub-optimahbrgnscheme does not cause
an important decrease in system total sum-rate when the ewuohloisers is less then the
number of uncorrelated sub-channels.

This chapter is organized as follows: Section 3.2 prese®€ Blystem and channel mod-
els. In Section 3.3, we recall the MAC wideband ergodic capand review the optimal
strategy achieving the maximum sum rate. The delay limitgahcity is presented in
Section 3.4 and an iterative algorithm for resource aliocato achieve a rate vector tar-
get is proposed. In Section 3.6, two different channel allion strategies for orthogonal
signaling are presented and numerical results are giveall¥;iin Section 3.7 we present
our conclusions.
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Contributions

e Lagrangian characterization of the rate vectors on the thaysurface of the MAC
delay limited capacity.

e Optimal power and rate allocation algorithm achieving ge¢adelay limited rate
vector.

e Power and channel allocation algorithm for delay limitethogonal signaling sys-
tems.

e Channel allocation algorithm achieving hard fairness whempower control is al-
lowed. The algorithm maximizes the minimum allocated rate.

3.2 Channel Model

We consider the uplink (MAC) of a single-cell multiuser smstwherek single antenna
users are transmitting to one receiver at the base statiemeototal fixed bandwidthl’.
Let K denote the set of users. The total bandwidths divided into)M equal bandwidth
parallel sub-channels. We assume that data are coded ahdhsplsignal blocks of
duration7” seconds, and th&t is shorter than the coherence time of the channel so that
the channel can be assumed stationary for the duration efdcwdnsmission blocks, but
may vary from block to block. We also assume that the chamnebmstant on one sub-
channel but channel gain of a user may change from one suireh@® another (i.ez-

is smaller than the channel coherence bandwidth). JiLdie the set of possible joint
fading states and assume tltatis bounded. The channel state at block fadincan be
represented by the channel gain matrix

Hi(n) Hi(n) --- Hi'(n)

H(n) = Hzl:(m ) (3.1)
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where H;*(n) is the channel gain of uséron sub-channel:. Then-th block received
signal on sub-channet is given by

Y™(n) =)\ P (n)H () X[ (n) + 2™ (n) (3.2)

whereX;"(n) and P;"(n) are respectively the signal and the transmit power of ks®er
sub-channeln and Z™(n) is the Gaussian noise. We assume that the channel gains are
perfectly known to users and the base station thus the paavebe adapted to channel
variations. We call power allocation the mapping from cheriading stated to a power
matrix P (H), where

[ PI(H) PXH) --- PY(H) |
P(H) = T%(_ﬂ); _ (3.3)
PLH) - - PH(H)

P (H) is the power allocated to uskmon sub-channeth at fading statdd. For notation
simplicity we will use the notatiof® (n) instead ofP (H (n)) to denote the power alloca-
tion matrix corresponding to the fading state at blackor a power allocation to be fea-
sible, it must satisfy the per-user imposed power congtraamelyE [foil T?(n)] <
Py.

In the following section, we review the ergodic capacityiedeband channel systems.

3.3 MAC Ergodic Capacity

The Ergodic Capacity (Also known as Shannon capacity) imddfias the maximum
data rate that can be sent over the channel with asymptgtgalall error probability
averaged over the fading process. Under the assumption ugdizen signals, the time
invariant achievable capacity for a power matixand a given fading statH € H is
given by

- . > kes P HE'?
CP,H)=<{R: > > Ry'< Zlog<1+ € > VSc Ky (3.4)
m=1

No
m=1keS
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we obtain the ergodic capacity by averaging the set of aabiewrates over all fading
states. Hence, the MAC capacity for a fixed power allocatiatrixP is given by

M m m
Crac (P) = {R : ZRk <[E [Z log <1 + > res PrtIHY (n)|2>] se :K}
m=1

N,
kes 0

With CSI available at the transmitter, the transmit power ba adapted to the channel
quality in order to enhance the system rate. The ergodicotiga then expressed as

M m m
Crra = U {R:ZRk<[E[ZIOg <1+Z’“€ST"3 X;O)‘H’“ (n)P)], VScﬂc}
m=1

E[Y,, Pr]<Px kes
k=1,..., K

The set of rates in the boundary region of this capacity cgoelbemeterized as given in
the following theorem stated without proof.

Theorem 1 [37, 14]

For an ergodic block-fading multiuser system with CSIT, $beof maximum rates and
corresponding powers are parametrically described by tiateon, for each block and
for each sub-channeh, of the maximization problem

M
>
m=1

<1 i Zkes PIT‘HIT(n)‘Q
No

K
arg max E o Ry — M E
RP

subjectto » " R}’ < log
kesS
whereq;, are parameters defining the maximum rates apdare Lagrange multipliers

), VS cX

satisfying the power constraints.

It has been shown in [36, 14], that the point on the ergodiaciépregion corresponding
to the maximum total ergodic sum raEkK:1 Ry (the point of capacity boundary corre-
sponding tay, = 1, Vk) is achieved with input power

+
LMo | if [Hr(n))? > 2 |Hp (n)?
Pi(n) = {A’“ |Hy ()] ] (i ()" = 55 1HE ()]

0 otherwise

where[z]" = max(0, z)

This result is an extension of the multiuser diversity angarpunistic scheduling concept
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Figure 3.1: Opportunistic scheduling example
— Userl

AN
[H| 50 User2
A g
Q@'
| | userl | user2
user2
| userl | | |

YA el i | Lo

| user2 | userl | user2

I I
I
t/ | o _ | I

to the case of wideband systems. It shows that the maximumaiens only achieved by
orthogonal multiplexing where in each channel we only salethe user with the best
channel gain and thus no joint decoding is required. In tagecthe ergodic achievable

total rate is given by

R = Z[E[log( WNOI o (n )I2>] (3.5)

where for each fading block and sub-channet, the userk!” is given by

H"(n)
L) — kY
m = aIgmax "

Figure 3.1 illustrates a full opportunistic scheduling rexsde for a 2-user, 2 sub-channel
system. At each time instant and in each sub-channel thenitbethe best channel gain
is chosen. In each sub-channel, this is similar to selectoonbining in multiple antenna
receive diversity (Chapter 2, section 2.3.4). At each tingant, the SNR is given by
SN Ruup — %mgwﬁ (3.6)

For independent and identically distributed Rayleightigdgains, the cdf of the SNR is

given by [10] .
Fuwote) = (1-ew (-2)) (3.7)
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Figure 3.2: Per channel SNR’s CDF for different number ofsise
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where? is the average SNR. Figure 3.2 plots this cdf for differentber of users. It
shows the effect of multiuser diversity when increasingaberage SNR and decrease its
variance.

Ergodic sum rate corresponds to the optimal rate for nortnesa traffic. When the users
application cannot allow any delay on the transmissioms, rihie is no longer optimal and
another notion of capacity is defined referred to as DelayiteihCapacity studied in the
next section.

3.4 MAC Delay Limited Capacity

The delay-limited capacity (also known as Zero-Outage Ciypds defined as the trans-
mission rates that can be guaranteed in all fading stateeruimite long-term power
constraints. In contrast with ergodic capacity, where poavel mutual information be-
tween the transmitter and the receiver can vary dependirnigeofading state in order to
maximize the average rates, the powers in delay limitedaipare coordinated between
users and sub-channels with the objective of maintainingrstant mutual information
vector over all fading states. Delay limited capacity fot feeding MAC channel is ele-
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gantly studied in [15] and explicitly characterized exfilgy the polymatroid structure of

the capacity region. This structure is not valid for widetbagstems and only an implicit

Lagrangian characterization is possible. Zero-outagaagpfor wideband systems is

also studied in [19] where they considered asymmetric usess. The authors show that
for large number of users, guaranteeing delay limited rgelts only on small through-

put decrease.

Wideband delay limited capacity is defined as

Cq(P)

U Cy(2. H)

PE[Y,, PP]<P, HeXH
k=1,....K

M
_ . > kes PR
- U ﬂ{R.ZRk<Zlog<1—|— PR vs e
PE[Y,, Pr]<P, HeXH kes m=1
k=1,....K

whereC, (P, H) is the time invariant Gaussian capacity for power mégiand channel
fading stated as defined in (3.4).

The following theorem gives a Lagrangian characterizatibthe zero-outage capacity
boundary. The proof of the theorem is given in Appendix A.sSTproof is inspired by
the reasoning in [14, 15]. We first follow the method useddelay limited narrowband
channels, in [15] until bringing the problem to an optimiaatfor each channel state. We
then use a similar reasoning as used, for ergodic capaaitg, [fL4] for the optimization
over sub-channels in given channel state.

Theorem 2 For a given power constraint vectd?, the boundary surface dt,;(P) is

the set of rate vectorR* such that there exist € R and for each block time, there
exist a power allocation matrig(.), a rate allocation matrix®(.) and a rate reward
vectora (n) € R, where for each sub-channel, (R™ (n),P™ (n)) is a solution to the
optimization problem

K
max Y i (n)ri — Aep
k=1
. Hm™ 2
subject to Zrk < log (1 4 Zk;espk'|2 i(n)] )
o

kesS
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and
=P, VkeX

S ®Ry(n) =R [E[Z??(n)

R™ (n) andP™ (n) are the rate vector and power vector allocated to users itisabnel
m attimen. {\;} are Lagrangian multipliers satisfying the power constesémd{ o (n) }
are rate rewards permitting to achieve the target rateslatgdlockn.

Letq™ = {p*|H*(n)|?, ..., pR| H(n)|*} andg(z) = log (1 - Nio) We can then refor-
mulate our maximization problem for each sub-channels follows,

maXZakrk |Hm )qu subject to Zrk <y (qu>

kesS kesS
This optimlzatlon problem can be solved using a greedy dlyar[14]. For each fading

blockn and for each sub-channel, let us define the marginatility functionsfor userk
as

ozk(n) >\k
m = — k=1, .. K
Up (Z) 2+ NO H,Z”(n)’ ) )

ur(z) = [m]?xu?(z)}
If u (0) > 0, thenletd = zy < z; < ... < z; Wherez;, is the smallest for which

m

uy,(0) = 0, and such that; is the point where.;? () intersects.] (z) (i.e. in the interval
21, z41], w)y, (2) = uf'(2)) for somei;, [ = 1, ..., K. Thenuy, (z) can be expressed as

21— 211 If z<z2<z_,l=1,...L
(2) = .
0 if 2>z,

which gives the optimal rate allocation solution expressed
. g(z) —g(z11) if k=14 forsomel=1,.., L
Ri'(n) = .
0 otherwise
and the optimal power allocation
21— 2 if k=4 forsomel=1,.. L
me(n) _ l -1 | l
0 otherwise

which is equivalent to
1

Rit(n) = s dz (3.8)

> 1 / m
= /0 N T Zﬂ{u?(z) >y (2), Yk #k and uj'(z) > 0} dz
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and
Prn) = AT (3.9)
| Hy (n)]? ~
= m/o I{up(z) > up(2),VE' # k and u}'(z) > 0} dz
whereJ{.} is the indicator function and}” = {z € [0, 0o[: u*(2) > ui(z), Yk # k and u}’(z) > 0}.
The solution to this optimization problem is given by susbeés decoding in each sub-
channel in the order given by the permutatiosatisfying [14, 19]

an (1) an(n) Qe (1)

[HE ()]~ [Hp ()|~ [H (n)]

The decoding order can be different from one sub-channeidthar.

The set{ ax(n) }r=1... x Satisfy the equations

.....

M

> Rpt(n) = Ry (3.10)
m=1
and{\},—1 . x are solutions to
M -
> E{PPt(n)} = Py (3.12)
m=1

Equation 3.10 guarantees that each user is achieving it®deate while equation 3.11
preserves the individual power constraints.

3.4.1 Single User case

Let us consider the case of one user transmitting 8yer 2 symmetric and independent
sub-channels. Lef(h) = Lexp(—%) andF(h) = (1 —exp (—2)) denote respectively
the pdf and cdf of the fading process in each sub-channeaslibleen shown in [15] that
in the case of narrowband Rayleigh fading channel, the ditaied rate for a single user
system is equal to zero. We show in this section that thidtrdeas not hold for a number
of sub-channeld/ > 2.

For a single user, the sdt” is simplified to

AT ={z € [0,00[: ul*(z) > 0} = {z € [0,00: z < ailn) _ No} .
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From equation(3.9), the optimal power allocation can theexpressed as

P () = <§ - %ﬁn)y (3.12)

We can notice tha?"(n) is an increasing function dff}*(n). Letm* be the sub-channel
with the highest channel gain. We have then

- *

Py < ME[P!"(n)]

- e[ ]

< MNy(exp (Ry) —1)E H{n{ (n)}

= MNa(exp (R) =) [ 3 (F 0" f(h)an

— MNo(exp(R) —1) [ % (1 —exp (—%))M_lexp (—%h) dh

lio

= I e ()~ 1)

(]

(=DM (4 Ylog (M = 1)

=0

From the second to the third inequality we used the fact thatallocated channel at
channeln* is smaller or equal the delay limited raf®g. From the last inequality we have

&?1
MNo MG (=)= (17 ) log (M — 1)

The right hand side of this inequality is greater than zem/b = 2 and is also an

Ry > log (1 + (3.13)

increasing function of\/. This shows that for multi-channel systems, the delay énohit
capacity is not null.

This problem has been also considered in [28] and an exfdraitula for the delay limited
achievable rate foM = 2 is derived.

3.4.2 Achieving a target rate vectorR* with minimum power

The focus of this section is to find, for each block fadingestdtn ), the optimal power
and rate allocation®(n) andR(n) minimizing the total transmit power while achieving
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a given target rate vector.
Let R* be the target rate to be achieved. The announced objectivbeaxpressed
mathematically as follows

K
min Z D
P k=1
subjectto R* € C4(p)

A power vectorP* is solution to the above problem if and only if for each bloakiihg
n there exists a rate allocatidi(n), a power policyP(n) and a vector(n) € R, such
that for each sub-channel, (R™(n), P™(n)) is a solution to

1+ ZkespﬂH,T(n)\Q
No

subjectto "y < log,(
kesS

) VS CX)

and>”  R7(n) =R;, L {2%:1 ?;;(n)} — Py, VkeX.

For a given vector(n), the optimal rate and power allocations are given by eqnatso8
and 3.9 respectively, with, = 1 Vk. To find the vectory(n) achieving the target rates,
an iterative algorithm can be used. Let)(n) be any arbitrary starting point. At each
iteration: and for each user, computea,(j) (n) as the unique solution of equation 3.10
assuming other users’ rate rewards as fixed at the previe[midn{a,i’}_l)}k/¢k. This
algorithm converges to the optimal solutiafr).

A similar algorithm is proposed in [19].

3.5 Multiple-Access & Broadcast Channels Duality

There is an interesting duality between Multiple-Acces$ Broadcast Gaussian channels
that has been showed in [29]. It can be demonstrated thatdea P,,,,; and a given
channel state matrild both uplink and downlink have the same achievable totakciyp

Cpc(Protar, H) = U Cyvac(P,H) (3.14)

E:Zk Zm P]zngﬁtotal
k=1,..., K
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Any point in the boundary surface 6fz¢ is a vertex of a the MAC capacity region for a
given power allocation matri¥.

This duality results also on the similarity of the transnaason reception schemes of the
uplink and downlink. In both cases, the receiver gets a suid cbded signal and uses
successive cancellation to extract each user’s signal.

For orthogonal signaling systems the duality between MAG B@ is the direct conse-
guence of the reciprocity of the channel gains.

3.6 Orthogonal Multiple Access

For delay limited capacity, it has been shown that the optstrategies to achieve delay
limited rates is the transmission to multiple users in eadlkchannel. The emergence of
OFDM like system motivates the search for orthogonal acselssoptimal strategies. An
other advantage of orthogonal signaling is the simplicftyeceiver implementation and
the reciprocity of the algorithms for both up and down links.

It has been shown in [19] that for delay limited capacity, disgmptotically optimal so-
lution (for K — o0) in the case of orthogonal signaling is achieved by lettiagheuser
transmit on its best channel and using optimized fractiongach sub-channel. In our
case we are interested in practical scenarios with limitediver of users. We also im-
pose in our system that there is only one user occupying edziclgannel (no partition-
ing of sub-channels in time or frequency). Each user is gueea one sub-channel at
any given time instant to transmit. Under these assumptesan accommodate up to
K = M users, and we consider this case in the following sections.aRixed number
of sub-channeld/ and under the constraif < M, it is worth reminding that imposing
K = M offers maximum diversity for ergodic rate maximization,ilelzero-outage ca-
pacity suffers since there is an increased number of rateti@nts to satisfy.

The K-user system withi' parallel sub-channels can be represented by a weighted bi-
partite graphG = (X, Y, E') where the left hand side set of verticEsrepresents users
and the right hand side skt represents sub-channels (Figure 3 B)is the set of edges
betweenX andY. For notational simplicity, we denote the edge betweerexerte X
and vertexy € Y by the tuple(z, y). Each edgéx, y) in the graph is weighted by (x, y)
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Users Sub-Channels

userl O sub-channel 1

O sub-channel 2

user K

O sub-channel K

Figure 3.3: Graph representation of the system.

which will be defined as a function of the optimization criber.

Definition 3 A matchingMat in G is a subset oF such that no two edges Wat have
a vertex in common. Intuitively we can say that no verteXip) Y is incident to more
than one edge iMat.

Definition 4 A matchingMat is said to be Maximum if for any other matchidgat’,
card(Mat) > card(Mat').

wherecard(Mat) is the number of edges in the matchivg:z.

Definition 5 A perfect matching is a maximum matchivg:¢ such thatcard(Mat) =
| X| = |Y]. In other wordsMat is a perfect matching if every vertex is incident to an
edge inMat.

Using this definition, an allocation of users over sub-clegnnder our assumptions is
equivalent to find a perfect matching in the system corregipgngraph.
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In the considered system all users can transmit on all sabrais, thus the grapd

is complete ¢ard (E) = K?). There existsk’! possible allocations of sub-channels to
users each one represented by a perfect matéilug with i = 1, ..., K!. Let the vector
C; = {Ci(1),Ci(2),...,C;(K)} represent the matchifylat; such that”;(k) is the sub-
channel assigned to usewhen matching\lat; is applied.

In the following we propose two scheduling schemes achgelard fairness for the con-
sidered orthogonal signaling system. Description of sptmal algorithms of the fol-
lowing allocation strategies for a more general case<{ M) are given in Appendix B
and C.

3.6.1 Orthogonal-Delay Limited Rates Allocation (ODLRA)

The objective here, as in the previous section for delaytéichcapacity, is to find the allo-
cation of users to sub-channels minimizing the total trahpower while achieving some
required rate-tupl®* = (R7, R3, ..., R};), or equivalently the SNR tupley;, 74, ..., 75 )
whereR;, is the rate of usek. This problem can be formulated mathematically as

K M

min >3 Gy 319
AP k=1 m=1

subject to gpt € {0,1}, forall k,m

k
> =1, forall m
k=1

M 2
P™ |H™
E:ﬁ,;”log 1+M — Ry, forall k
P No

(3.16)

The two first constraints ensure the orthogonal multiplesas while the third constraint
guarantees the achievability of the rate target vector.

We represent our system by a weighted bipartite g@ph (X, Y, ) as described previ-
ously with the weight of each edde, y) set to be the power needed for usep achieve
its target rate’ (or equivalently the desired SNR) if it is assigned to sub-channg)

that is
No (exp (R}) —1) _ %Ny

12| N

w(z,y) = (3.17)
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Finding the matching that minimizes the sum of weights pems to find the desired
allocation of users to sub-channels.

Authors in [32] describe an algorithm that permits to findthptimal matching i) (K?)
time based in the well-known Hungarian method.

3.6.2 Max-Min Allocation (MMA) policy
Allocation Criterion

This policy consists of finding the matchifgat;- such that

- | H@'(’“‘ 3.18
i = axgmax, win, [H] (3.18)

This policy guarantees that at any given time instant themmum channel gain allocated
is the best possible among all allocations and thus maxsrtize minimum of all user

rates when all users have equal and fixed power. This is pkatig relevant for systems

where no power control is allowed with the purpose of acimgvnaximum fairness be-
tween users. This criterion was introduced in [27] and it glaswn that this scheme can
still achieve multiuser diversity and provides a non-ngigle gain even with respect to a
non-fading channel. In what follows we give a descriptiomofalgorithm achieving this

allocation criterion in polynomial time witli. In practice this policy allows the user’s
instantaneous information rate to vary but is strictly rzeme.

Allocation Algorithm description

We first construct the bipartite gragh corresponding to the system with the weight of
edge(z,y) set to be the channel gain of useon sub-channej. Using the following
lemma, we initialize the graph by removing the- 1 edges with minimum channel gains.

Lemma 6 If we consider the<? order statistics of users’ channel gains, we have that

ord ( min
k_

=0,..., K—1

H,fi*(k)D > K (3.19)
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The operator ord ;) gives the rank of the channel gain between the udsen sub-
channeln withing the K? channel gains arranged in ascending order.

The idea in the algorithm is to remove at each iteration tlyeedth the minimum weight
(i.e eliminate the link with minimum channel gain) until nerfect matching could be
found in the bipartite graph. The last removed edge theresponds to the link with the
minimum allocated channel gain under Max-Min allocatiohggsince we can not find a
perfect matching with better minimum rate. Once the first issassigned a sub-channel,
we remove the two nodes from the graph, we set its dimensigi’te- 1) and operate
in the same way to allocate a sub-channel to the second udeioaon until all users are
assigned one sub-channel. Before giving the details ofltbeation algorithm let us first
point out some general definitions that will help in the aithon’s description.

Definition 7 Given a matchingvat in a bipartite graphG, an augmenting path fdv(at
is a path that comprises edgeshtut and edges not iVlat alternatively and which starts
and ends at exposed vertexes. An exposed vertex is a verisxnmected to any edge.

Theorem 8 (Berge’s theorem|31]): A matchingMat is maximum if and only if it has
no augmenting path.

This theorem will be of great help in our algorithm. In fact,Some cases we will have
to check the existence of perfect matching in a graph havingagching of cardinality
equal to the graph dimension minus one. Thus, if no augmgpath can be found for
this matching this shows that the graph does not have anggieriatching. In Appendix
D, we review an algorithm to search an augmenting path of angmatchingMat. We
also describe how to augment a matching along an augmersdthg p

The Max-Min allocation algorithm can be described as fodow
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Algorithm 1 Max-Min allocation algorithm

1. Initialization

e Construct the system corresponding gréph= (X, Y, E) as previously de-
scribed.

e Remove thel — 1 edges with the minimum weights fro,
E =B~ {(z,y)/ordw(z,y)) < K — 1}

e Construct an arbitrary perfect matchifat, corresponding to an arbitrary
allocation.

2. Iteration
(@) Find, in graph’, the edge(z*, y*) with the minimum weight (i.e. the link
with minimum channel gain)

(z%,y") = argmin {w(z,y)}
(z,y)EX XY

(b) e If (z*,y*) ¢ Mat,, then remove the edge*, y*) from the graph (i.e.
E =FE — (z*,y*)) and go to (a).
o If (z*,y") € Mat,, then letMat;, = Mat, — (z*,y*) and

— If Mat;, admits an augmenting path, then sefVlat, to the result of
augmentingVlat;, along P, and go to (a).

— If Mat}, admits no augmenting path, then we allocate sub-chayinel
to userz*, remove vertices* andy* and all edges connected to them
(after this the dimension of the graph is reduced by 1&fd) is a
perfect matching in the new graph), 8étit, = Mat,, and go to (a)

(c) Stop the algorithm when all user are assigned one suhretha

Figures 3.4 and 3.5 represent respectively the pdf and dtieoiorst allocated chan-
nel gain using Max-Min allocation strategy for differentlvas of the number of sub-
channelsV/. This figures highlight the impact of multiuser diversityacacterized by the
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considerable enhancement of the min-allocated channelayarage and its diminished
variance. Multiuser Diversity can still be achieved evedemhard fairness constraints.
Furthermore, for a large user population the CDF of the waase received power is ex-
tremely sleep (i.e. close to the mean). This suggests thvegmpoontrol (as in ODLRA)
should not bring much benefit. From the point of view of thetsysarchitecture this is
a very appealing feature of the max-min policy. This is conéd by figure 3.6, which

-3

x 10

Figure 3.4: PDF of the minimum allocated channel gain usiraxMlin Allocation for

different values of M.

represents the system spectral efficiency as a functioneohtimber of users (which in
our assumptions is equal to the number of sub-channels) thveldifferent allocation
strategies presented previously. The "Ergodic sum-ratas’e represents the averaged
per sub-channel rate under the strategy maximizing thé $ata-rate with power allo-
cation given by equation (3.5). Curves "Optimal delay leditrates” and "orthogonal
delay limited rates” represent the common rate (equal catalfuser) under optimal and
orthogonal multiple access, respectively. This rate igm®bptimal one in terms of spec-
tral efficiency for delay limited capacity since the commaterpoint is not necessarily
the point of zero-outage capacity boundary correspondrigpé maximum total sum-
rate. We assume Rayleigh fading with uncorrelated frequehannel gains. Although
unrealistic, this provides an idea of the achievable rases function of the number of
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Figure 3.5: CDF of the minimum allocated channel gain usiraxMin Allocation for
different values of M.

uncorrelated channels (or the approximate number of degifdecedom) of the propaga-
tion environment in the system'’s available bandwidth. Bhagves have been computed
for the same per channel average SNR (0dB). We first note irefigi6 that the per-user
average throughput increases with the number of users| oasé¢s, which proves that
even under delay limited requirements high multiuser difgican still be achieved. We
can also see that even under hard fairness constraints veekeve performances which
are very close to the optimal unfair policy, thus hard fassieonstraints do not introduce
a significant throughput degradation and this is also validfthogonal signaling.

Figure 3.7 shows the spectral efficiency as a function of tiraber of accommodated
users, for different values of the system bandwidth, udiegproposed max-min alloca-
tion algorithm on a frequency selective channel with cated frequency channel gains.
The number of sub-carrier is kept fixed (equal to 64) and dmysub-channels spacing
changes to evaluate the effect of sub-channels’ correlatidere the number of sub-
carriers per user id//N. For the correlated channel results, we assumed a maximum
path delayr,... = 2us and an exponentially-decaying multi-path intensity peofilhe
algorithm performance for independent frequency chanaielsys also given for compatr-
ison. As expected, bandwidth plays an important role in havelmscheduling users on
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Figure 3.6: Averaged throughput over Rayleigh fading aBOadth fair and unfair allo-
cations

sub-channels can increase spectral efficiency. We see bt the system bandwidth is
appropriately chosen spectral efficiency can be increageddre than a factor of 2 for
moderate user populations even with hard fairness contgrai

We also note that for sufficiently large bandwidth (hére= 50MHz) we approach the
performance of a system with independent frequency chagaies. Another interesting
result, given by the lower curve3(= 5MHz), is that for a number of users greater than
the number of uncorrelated sub-channels, an increase mutheer of users induces only
a very slight improvement of the system’s spectral efficgeddis result is confirmed by
figure 3.8 which shows the SE as a function of the system battbviaor a fixed number
of users (V = 8) and a fixed number of sub-carrierd/(= 64). This curve shows that
an increase in the system bandwidth yields a rapid impronemiethe system SE and
slowly approaches the performance of the system with inu#p® frequency channel
gains for bandwidth greater than 50 MHz. This result is dusédncrease in sub-carrier
spacing, which becomes greater than the coherence bahdeid? > 50MHz and thus
the frequency correlation of the channel becomes small.vahes of 50MHz is also the
system bandwidth for which the number of uncorrelated swdninels is almost equal to
the number of users accommodated in the system.
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Figure 3.7: Spectral Efficiency variation with user popialatfor a fixed number of sub-
carriers and variable system bandwidth (. = 2us).

3.7 Conclusion

In this chapter, we studied resource allocation for delaytéd wideband systems. We
showed that with optimal signaling such systems do not strffen an important decrease
of system spectral efficiency. We also proposed differamtdomplexity allocation algo-
rithm for delay limited orthogonal signaling systems. Wewhd that orthogonal access
introduces only a slight degradation on system performanogpared to optimal signal-
ing. This result may encourages research on applicableiges achieving hard fairness

for future wideband systems.
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Figure 3.8: Spectral efficiency variation with system baiattifor fixed number of users
and sub-carriers with the max-min allocation policy

Appendix A

The delay limited capacity regid®y(P) is convex. Thus the vectdt* is in the boundary
surface of¢,(P) if and only if there exists a vector € RY such thaR* is a solution to
the optimization problem

K
mf%xkzukRk subjectto R € C4(P) (3.20)
=1

LetS = {(R,P): P e Rf,R € €y(P)}.
The setS is concave, thuR* is solution to 3.20 if and only if there existse R such
that(R*, P) is solution to

K

R* is in the boundary surface €;(P) if and only if P is solution to

k
rrgn;)\kpk subjectto R* € C4(P). (3.22)
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if and only if there exists a power allocatidi.) solution to

K M
umZAk[E {Z P,g”} subjectto R* € (1 €, (P, H) (3.23)

HeX

and
M
E {Z P,;“} =P,
m=1
which is equivalent to the existence of a power allocaffdr) such that, for each channel
fading statdd, P (H) is a solution to

K M
m}inZ)\k (Z_l P,T) subjectto R* € €, (P, H) (3.24)

- k=1

and
M
E {Z P,;“} =P,
m=1
Let us define for each channel fading block
S, ={R,P):PeRI,ReC(P,H(n)} (3.25)

S,, is concave, thus a power allocation is solution to eq (3.2and only if for each block
fadingn, there exist Lagrange multipliergn) € R" for which (R*, P(n)) is a solution

to
K

M

k=1

M
pm Hm 2
subject to ZRk < Zlog (1 4 ZkzeS v | Hp (n)] )
m=1

kes o
if and only if there exist a power allocatidf(.) and a rate allocatio®(.) such that for
each channel block fading R(n), P(n) is solution to

K M M
mo_ Pm
hax 1 <ak(n) > R = A mEI k )

k= m=1
M M m m 2
P'H
subjectto > > R < 3 log <1 L 2kes B \2 7H(n)] >
keSS m=1 m=1 o
and
M M
ZRm:RZ , Lk ZP;T =P, VkeX
m=1 m=1
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The last optimization is equivalent t&R'("(n), 2™ (n)) is solution to

K
Ig%xkz (ar(n) Ry — A\ ")
=1

o2

P (n)| Hm(n) 2
subjectto Y " Ry < log (1 n > res P (n) [ HE (n)] )

keS

and
M M
> Rr=R; , E|Y P'n)| =P Viel, . K
m=1 m=1

whereR™ (n) andP™(n) are the rate vector and power vector allocated at sub-channe

Appendix B

In this section we present an extension, to the general ¢aseasbitrary number of users,
of the ODLRA algorithm proposed in section 3.6.1. Under asumption, the number
of users can not be greater th&hsince we do not consider sub-channel fractioning. Let
us consider a system witli users sharing/ parallel sub-channels ard < M. This is
typically the case for OFDMA-like systems.

As in section IlI-A, we begin by constructing the graph= (X,Y, E) corresponding
to the system. We have nouX| < |Y'|, so we call a perfect matching each maximum
matchingMat s.t. card (Mat) = | X|. Not all vertices ofY” are incident to an edge of a
perfect matching anymore.

The algorithm proceeds in two steps. It first allocates ofechannel to each user and
then uses the remaining sub-channels to improve the povesatbn. It works as fol-
lows.
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Algorithm 2 ODLRA extension

e Use the Hungarian algorithm to find a perfect matchingjminimizing the total transmitted power.

Each user is then allocated one sub-channel.

e Improvement:
Let A be the set of remaining sub-channels.
While A # 0
- For each sub-channel € A and each usek, we computelp;”, the power reduction on
the total transmit power ifn. joins the set of sub-channels allocatedktand where the power is
optimally split on sub-channels of this set in order to aghithe desired rate.
- Find (k*,m*) = arg r??przL
- We allocaten™ to k*.
-A=A-m*
end while

e Stop the algorithm

Appendix C

In this section we present the extension of the Max-Min atmn algorithm to the general
case of an arbitrary number of users. Consider a systemAwitilsers sharing/ parallel
sub-channels. The Max-Min assignment problem can be fatedlas
P.|H
n}gzxmljn Z log (1 + |T0k|> (3.26)
meSy
subjectto  S5y5s, ..., Sk_1 are disjoint

SoUSyU...USk_1={1,2,..., M}

where Sy, is the set of indices of sub-channels assigned to bsdRegarding the com-

plexity of searching the optimal solution to equation (3,2@e present in the following

a sub-optimal solution which has performance close to tbbdge optimal one obtained
by an exhaustive search.

In this allocation, we proceed in two steps. We first alloaate sub-channel to each
user and then use the remaining sub-channels to improventberd of rate allocated

to the users with the worst channel gains. We again begin bgtaacting the graph
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G = (X, Y, ) corresponding to the system.
The sub-optimal algorithm works as follows

Algorithm 3 Max-Min Allocation extension
1. Initialization: Use the Max-Min allocation algorithm proposed in 3.6.2 locate

one sub-channel to each user.

2. Improvement
Let A be the set of remaining sub-channels.
While A #£ ()
- Find £* satisfyingR,- < R forallk€0,.... K — 1

> |Hpx | forallm e A
P.|Hyx s

-setRy« = Ry + log (1 + T) andA=A—-m*

- Find m* satisfying| Hy+ -

3. Stop the algorithm

Figure 3.9 shows the minimum allocated rate of all users ametibn of the SNR
for a system with 5 users and 8 sub-channels. This choicerafnmers is completely
arbitrary. This figure shows that our proposed algorithmigrers almost as well as the

exhaustive search based allocation.

Appendix D

Search for an augmenting path

The following is a pseudo-code for searching an augmentatlg: p
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5 T T T

— - Optimal exhaustive search /
—— Sub-optimal (our proposed algorithm)) 4
45 [ N B / N

35 , J

254 / g

Minimum allocated rate (bits)

Figure 3.9: The minimum of all user rates vs SNR with the optiexhaustive search and
our sub-optimal proposed allocation for a system with 5s1sed 8 sub-channels
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Algorithm 4 Search for an augmenting path
assign all vertices as unvisited;

create an empty vertex que@e
AP_found :=false;
while an exposed u in U is unvisited
and not APfoundloop
add uto Q;
visit u and record u as start vertex;
while Q not emptyloop
remove v from (front of) Q;
for each w adjacent to op
if w unvisitedthen
predecessor(w) :=v;
if wis exposedhen
record w as end vertex;
AP_found :=true;
exit;
else
Visit w;
add w’'s mate to (rear of) Q;
end if;
end if;
end loop
end loop
end loop

Augmenting the matching along an augmenting path

Let G = (X,Y, E) be a bipartite graph and(at is a matching (not maximum) ity.
ConsiderPat to be an augmenting path fofat. The augmenting path must have 2 1
edges for somé. We can form a matchindylat’ of sizecard(Mat) + 1 by augmenting
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along®Pat as follows

Algorithm 5 Augmenting a matching

e Initially let Mat’ = Mat
e Remove fromMat’ the k edges on the augmenting p&tht belonging taMat

e AddtoMat' thek + 1 edges on the augmenting pé&tht not belonging tdVlat.
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Chapter 4

Fair Channel Allocation Strategies for
Wideband Multiple Antenna Systems

4.1 Introduction

Mmultiple antenna systems have emerged as one of the masiigang technical ad-
vancements in modern wireless communications. The piorgeearork by Telatar [38]
and Foschini [39] predicted remarkable spectral efficiefmywireless systems using
multiple antennas to increase data rates through multigdesr to improve performance
through diversity. For a detailed study of multiple antesgstems, one can refer to [33]
where different classes of techniques and algorithms wéiitsdmpt to realize the various
benefits of multiple antennas are surveyed. Multiple ardgrohniques can be divided
into two groups

e Diversity techniqueswhich are an efficient way of mitigating fading an thus in-
crease the reliability of communication links. By using tiple antennas at the
transmitter and/or the receiver, multiple and indepengeths are created and
thus by coding the data over different transmitter bran@re¥or combining the
received signal at the receiver, the transmitter-recdinkrreliability can be sig-
nificantly improved. The literature on spatial diversityda®TC is huge, we cite
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[39]-[41] among others.

e Multiplexing techniqueswhere independent data streams are sent simultaneously

each one from a different antenna. At the receiver, sigragssing techniques are
applied to separate the signals and recover the originesdusis [42]-[45]. It was
shown that SM offers a considerable enhancement of themsysgiectral efficiency.
In the multiuser context, the different streams can be atkxtto different user.

Several works have studied the trade-off between diveasityspatial multiplexing (see
for instance [46], [47] among others).

For multiuser environment, there have also been many otbdres of MIMO systems
including proposals for scheduling algorithms for both tlwevnlink [48]-[53] and the
up-link [54]-[56]. It has been shown in [48] that the sumeraapacity is achieved by
dirty paper coding (DPC). Authors of [53] propose a schedydicheme with a throughput
scaling law the same as that of DPC but, with considerablyedsed complexity and with
only partial channel state information at the transmitiéris scheme is an extension to
space division multiple access of the opportunistic beamifog and scheduling proposed
in [49]. In [54], authors study the optimal strategy for MAGtlvmultiple antennas at the
base station. The proposed scheduling algorithm stratdibsthe physical and low level
protocol layers.

In this chapter, we consider the downlink of a multiuser ve@ed system. We propose a
simple system scheme based on the knowledge of only chaamedgplitudes. Actually,
to optimally design the transmission scheme for systemedasa MIMO, an accurate
estimate of the phases should be available at the transnmteeldition to the channel
amplitudes. However such an estimate is not simple to obtainly due to the difficulty
of calibrating the difference in phase response betweetrémsmitter and the receiver
chains. We show through numerical results that even witlh susimple system and
under hard fairness constraints between users, high reeitiversity gain can still be
achieved and system performance approaches that of thmadPC scheme in the
scenario where only fast fading is considered. In the casaudfi-cell systems, and
when both large scale fading (path loss and shadowing) astddding are considered,
our system still offers the possibility to attain high thgbyut. This work also highlights
the importance of distributed antennas on cellular systeoh®nly in the improvement
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of the system spectral efficiency but also on the enhanceaidairness between users.
Fairness is measured by the minimum allocated rate.

The chapter is organized as follows: Section 4.2 presemtsiannel and system
model. In Section 4.3 we review some interesting results ©fN\BIMO transmission
techniques. We then propose in Sections 4.4,4.5, 4.6 , tin@enel allocation schemes
achieving hard fairness. Numerical results for single gdtem are presented in Section
4.7 and in section 4.8 we study multi-cell systems with dstted antennas. Finally, in
Section 4.9 we present our conclusions and outline futulensions and perspectives.

Contributions

Max-Min allocation algorithm extension for multiple antensystems. Both spatial
multiplexing and diversity variants are presented.

Resource allocation algorithm for delay limited rates ¢@ised systems.

Comparison of hard fairness algorithms to Zero-Forcing=DP

Study of distributed antenna performance on multi-cetlsistems.

4.2 Channel Model

We consider the downlink of a multi-cell system involviagcells with frequency reuse
factor F'. We consider that cell = 1 is the cell of interest and cells from=2toc = C

are interfering cells. Each cell is equipped withantennas transmitting ovér parallel
channels each of bandwidii. Let K denote the number of users, each having a single
receive antenna. The channel betweenthdéransmit antennas of cetland userk on
channelm is giving by thel x NV, row

Gi,m:[ k [1] 3 [2]7"‘7 z,m[NtH (41)

kml-1» Mkm
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whereGy, | [i] is given by

fomli] = A/ LRl H 1] (4.2)

k,m

Hy,
m. The channel is assumed stationary for the duration of co@@dmission block but

n;) is the channel gain between theth antenna of celt and usert on channel

,m[

may vary from block to block.,/L¢[n:| corresponds to the large scale fading from the

ng-th transmit antenna of catlwhich includes path loss and shadowing. The path loss is

dt,r
do

andd, is used as a reference point in measurements. the path loss exponent which

modeled ag~=)"“, whered,, is the distance between the transmitter and the receiver,
depends on the environment and terrain structure and cgrbedween 2 in free space
and 4.5 in heavily built urban areas. The shadow fading foheser is modeled as an
independent log-normal random variable with standardad®no,. The combined large
scale fading between uskland antennas; of cell ¢ is given by

dn -« Xn¢
Ling) = ( ’“) 10710 (4.3)
do
wherey,, is a normally distributed zero mean random variable witharareo?. The
received signal by uséron channeh is then given by

C
Yin = Y Gi X+ Zim (4.4)
c=1

whereX¢ is the N; x 1 modulated symbol vector transmitted from the antennaslbtce
Zy.m 1S the Gaussian channel noise at usen channeh.

4.3 Background on MIMO Broadcast Channels

Let us focus in this section on single cell case for a narrondbehannel and review
some important results for MIMO Broadcast Channels (BCg géneralization to multi-
channel case of these results is straight-forward. Ourinselt system can be considered
as a classical point-to-point MIMO system wift} transmit antennas anll receivers
with no cooperation at the receiving antennas. Let the atlagain from theV;, antennas
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to the K receivers be represented by the matrix

Gy
Gy

Q
I

(4.5)

Gk

where G, is the channel gain row between transmit antennas and ezdeigiven by
(4.1). We have then the received signal vector

Y =GX +Z (4.6)

It has been shown recently in [68] that, when the transnyiefectly knows the channel,
the sum capacity of such a model is achieved using the DP@dimted by Costa in [69].
Prior to this work, authors in [70, 71] used the duality ofdmloast channel with MAC to
obtain an expression of the maximum sum rate given by

K
Cpo(G,P) = max logdet (INt + ZPkaHGk> 4.7)

K
Zk:1 PkSP k=1

This capacity can be bounded by assuming that there &xissers with orthogonal chan-
nel vectors all with the maximum noriyGy-

wherek* is the user with the largest chan-
nel vector norm. We have then

t
4.3.1 Dirty Paper Coding Principle
The received signal at a receivecan be written as
Y, =X, + S, + Z, (4.9)

whereS;, ~ N (0, Q) represent the interferences non-causally known to thestméter
and unknown to the receiver. Rather then attempting to figtitaancelS;, in the DPC
approach the transmitter will instead use a codeword far ugethe direction ofS;.. The
capacity is then as if the interference were not present.
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The name "Dirty Paper Coding” comes from the analogy made dst&between send-
ing messageX;, and the situation of writing a message on a sheet of paperedwveéth
independent dirt spots of normally distributed intensity.

Although the sum-capacity of MIMO Gaussian Broadcast Cknrs achieved with
DPC, this scheme however is very complicated to implememtve&l works on non-
linear and linear sub-optimal algorithms approaching DR@gsmances are proposed
[72, 73, 74]. An alternative linear precoding techniqudezhBlock Diagonalization was
also proposed [75]-[79]. In [48], authors proposed a subwgdtDPC strategy referred
to as Zero Forcing Dirty Paper Coding (ZF-DPC) for Gaussiayaticast channel with
single antenna receivers.

4.3.2 Zero Forcing Dirty Paper Coding

The scheme proposed in [48] applies for a number of users 2. For an ordered subset
of usersX let G, € C**M pe the corresponding channel matrix anddet = DQ

be its QR decomposition using the Gram-Schmidt orthogmatdin in the order given in
XK. If r = rankGy), thenD € C**" is a lower triangular matrix an@) € C"* has
orthonormal rows. The matrigH is then used as precoding matrix. It was shown in [48]
that the resulting sum rate is given by

RZFDPC_ N 10g(¢|DiP?) (4.10)

=1
whereD; is thei-th element of the diagonal @ and¢ is the solution of the water filling

T

STle-1DPt=p (4.11)

i=1

The maximum sum rate is then

RZF-DPC_ ma RZF-DPC 4.12)

max

where the maximization is made over the ordered user seltscardinalityr. For the

composite channel we ha_ZF_DPC =L [REL?DP

ax

C}, where¢ is solution to the the

short term constraint on (4.11) or the long term constr[ﬁi{wzfz1 (€ —1/|D;2]"| = P.
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The maximization over all ordered subsets is complicat@atorm especially for a large
number of users. In [52, 80], authors propose a greedy #tgofior users scheduling. It
consists of allocating at each iteration the user with tighést 2-norm projection on the
complement space of the user already allocated. In thewwilp we review the pseudo
code of this algorithm.

Algorithm 6 Greedy ZF-DPC algorithm description
e Step 1: Initialization

K*=0

e Step 2:
Forn = 1 to min(V;, K)
e = |G L(Gge-)
[ = arg maxy, i

K = KU {1}

2 kel .., KNK*

end

1(X) is the orthogonal projector onto the orthogonal complenoérihe subspace
spanned by the rows of matrX. This algorithm will be used in our numerical evaluation
of DPC performance.

DPC combined with opportunistic scheduling (selectiorrdlie user ordered sets (4.12))
is surely the optimal way to maximize the broadcast chanrggdec capacity. But, as
all strategies fully based on opportunistic scheduling, #pproach is totally unfair. Mo-
tivated by the results in the previous chapter and in [19],pnapose, in the following,
different strategies attempting to maximize the fairnestsveen users and evaluate the
loss due to these hard fairness constraints in terms ofrgpetticiency. We show that
hard fairness does not necessarily introduce a high lossters throughput.
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4.4 Spatial Multiplexing Max-Min Allocation (SM-Max-
Min)

The idea of SM is very simplelV, independent data streams are transmitted in parallel
at the same time from th&; transmit antennas. In multiuser environments, each stream
can be intended for a different user. This technique is tladlaet Space Division Multiple
Access (SDMA). If antenna; is assigned to uséron channeh, then its received signal

on this channel can be written as

P
Yim = \\/ EGllc,m[nt] \/ Gk e X [y

~ s mFEN
Desired Signal

Intra-cell Interference

cC Nt
+Z > \/7 [0} +Zjs.m (4.13)

=2 nj=1

Inter-cell Interference

We assume that each antenna transmits with pq@gein each channel, thus the total
transmitted power on one channelds The corresponding SINR value is given by

Ye(m,ng) = £|G1 Ay (4.14)
No+ 20 e 2| Gh 2+ e, Yoy %2 1Gs L i) 2

Each uselt is assigned one channel and one antenna from which it receg/eignal.

We can thus accommodate up &6 = N,.M users and the allocation consists of the
assignment of both channel and antennas to users. Undeoitfigiuration the system
can be represented by a bipartite graph as in figure 4.1 whenéght hand side vertices
represent the tuples (antenna, channel) to be assignetiataltthand side represents the
users. The edge between verteand vertex(n;, m) is weighted by the SINR achieved
by userk on channeh: from antenna; given by (4.14). Once the system corresponding
graph is constructed, we use the algorithm proposed in #aqurs chapter, section 3.6.2,
for resource allocation. This strategy guarantees thatihenum allocated SINR is the
best possible among all possible allocations and thus maggithe minimum allocated
rate.

= 4.15
* ar§r errrl[axk: OIHIIII( Vi ( )
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(sub-channel, antenna) Users

(1,1) O — usersl

users?

(M, N; > usersk’

Figure 4.1: Graph representation of Spatial Multiplexilygtem

wherell is the set of all possible permutations ayjdis the SINR of usek when the
allocation according to the permutatianis performed. Permutations now concern the
tuples (antenna, channel). For Gaussian signals, thevatiéesum rate is given by

> Ry=E {Z log, (1 + 7k (n, m*))} (bits/dim) (4.16)

k=1

wheren; andm* are respectively, the antenna and channel assigned té.user

4.5 Space Time Coding Max-Min allocation (STC-Max-
Min)

The basic idea of STC is that the same information is trartechibn all the antenna

elements, but is multiplexed in a different way on each amermThe design of transmit

diversity depends on whether or not channel gains are @it the transmitter. In the

absence of this information, transmit diversity gain regsiia combination of space and
time diversity via a technique called the Alamouti codin@][4

When the channel gains are known to the transmitter, the sanal is transmitted from
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all antennas after being multiplied by an appropriate wieiglator. Only one user can be
scheduled in each channel and the allocation now only caeadrannels. As for spatial
multiplexing case, we assume that each antenna transnnitspwiver%. In order to be
able to schedule the same number of users as in the previbasscand thus insure a
fair comparison of the two strategies, we assume that theviadth 11 of each channel
is divided to N, adjacent but disjoint sub-channels each one of a bandwidth= -
(i.e. FDMA in each channel) called here sub-bands to diffeaée them from the original
sub-channels of bandwidt¥’. The system now contain§;.M sub-bands. A usek
experiences the same channel gain infhesub-bands of the same sub-channel.

In such a configuration, the only interference is the one ogriiom other cells. Under
the assumption that sub-bandis assigned to usér, the user’s received signal is

/ P /

Deswed Signal

Inter-cell Interference
wherew?, is the weight vector of dimensiaN; x 1 in cell ¢ on sub-bandn. The weight
vectorw¢, must be chosen such thav¢ || = N;, so that the total transmit power in each
sub-channel ig.
In the single receive antenna case the weight vector maxigiibe SNR is given by [81]
Gim
([

1 _
W, =

which requires the knowledge of channel gain phases. Kgapidiew our objective of
proposing simple schemes based only on the channel gaintadgd, we simply choose

who=1 (4.17)

1

The SINR value for usef on sub-bandn is given by

% G

i (4.18)
No+ s w0 |Gl

Veom =
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Users Sub-bands

userl o §is) sub-band 1

O sub-band 2

user K O sub-bandV;. M

Figure 4.2: Graph representation of Space Time Coding Byste

This system can be represented by a bipartite graph as iefig@r The right hand side
of the graph represent sub-bands since no antenna selectieeded here. The weight
of the edg€k, m) is set to be the SINR valueg ,,,. Again the algorithm in section 3.6.2
in chapter 3 is used for the allocation of sub-bands. The suenaf this system is

K K
> Ry =E {Z log, (1 + yk,m*)} (bits/dim) (4.19)
k=1 k=1

wherem* is the sub-band assigned to user

4.6 Delay Limited Rate Allocation (DLR)

Here we consider the problem of channel and power alloc&tiaihe spatial multiplexing
scheme where users must achieve a target rate vector irtlggnof the channel state
(delay limited rates), while minimizing the transmit pow&he optimal solution is very
difficult to derive and we proceed in two steps. We first assggeach user an antenna
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and a sub-channel assuming equal power. We then allocatedagly the power to
achieve the desired rates. We believe that allocating resswaccording to the MS-Max-
Min strategy described in section 4.4 tends to schedule ¢h sab-channel the set of
users themost orthogonatompared to other scheduling strategies. Using this glyate
for user scheduling will help minimize the power needed t@ntiee SINR requirement.
Once each user is allocated one sub-channel and one antearslocation problem is
as considered in [22, 23]. The characterization of the agtpower solution (for single
channel case) was first given in [22] and in the following, e@&w this result.

Let us consider the power allocation for the set of usersdided in a sub-channet. For
notation simplicity let us in the remainder of this sectieglect the sub-channel index.
We denote{k; };—1. n, the set of scheduled users on the considered channel, whisre
the user allocated to antenhal he SINR of usek; can then be written as

P |G i)
: : - 4.20
No+ 5. Bu|Gr 1P (4.20)

If 44, denotes the SINR target, the rate constraint can be exprasse

SINR, =

|G, [ j Novi,
E P : Ve, + k 4.21
JFi kj ‘G Z |sz [Z] 2 ( )

If we considerA the N, x N, matrix given by

; 0 j=i
A= el . (4.22)
G, T J # i
andB the N, x 1 vector such that

No

then equation (4.21) can written as
I1-A)P=B (4.24)

We conclude from this equation that a power allocation ags¢he rate target if and only
if equation (4.24) admits a positive solutionih A is a nonnegative, primitive matrix, so
that Perron-Frobenius theory guarantees the existencd@mh@ant, positive eigenvalue
r. The following result is very well known in Perron-Frobesitheory, and enables us to
characterize the existence of a solution to our problem pnatcaint on the eigenvalue .
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Theorem 9 [22] The carrier to interference equation (4.24) has a po&tsolution if and
only ifr < 1. If » < 1 then there is a unique solutiai given by

P=(I-A)"'B (4.25)

The existence of a solution to the power allocation depemd®nly on the rate target
value but also on the antenna allocation and the correspgietiannel gains. From where
the interest on choosing an adequate antenna and charuualtadh at the first step.

4.7 Single-Cell Systems

Let us first focus on single-cell systents £ 1) and consider symmetric users (i.e. We
also neglect for the moment the large scale fading and omlgider the fast variations of
the channel). Thu&', ,,.[n:] = Hy.m[n¢] for all k,m andn,.
Figures 4.3 and 4.4 show the spectral efficiency as a funaiahe number of sub-
channelsV/ for different scheduling schemes with 4 and 2 transmit ardsmespectively.
Opportunistic beamforming scheme presented in [53] is gigen for comparison. We
have assumed for these figures that the correlation betwegquoency channel gains is
zero. This gives an idea of the achievable rates as a funafitre approximate number
of degrees of freedom of the propagation environment in ¥adable system bandwidth.
We first note how all schemes profit from the multiuser diwgreven for those with
hard fairness constraints. The gap between the ZF-DPC scpenormance and those
with fair allocations is considerable but this gap decrsagth increasing number of sub-
channels. The performance degradation is relatively sfoallV; = 2. Our proposed
system has the advantage of simplicity and there is no neechnnel gain phase esti-
mates at the transmitter. Also, we not that the proposed 3Mrses perform almost as
well as opportunistic beamforming for small to moderate hanof sub-channels.
Figure 4.5 presents the spectral efficiency as a functiohehumber of sub-channels
for both SM-Max-Min and STC-Max-Min system with 1, 2 and 4@amas at the trans-
mitter and single receive antenna. We notice that SM-Mar-Mansmission spectral
efficiency is much higher than with STC-Max-Min transmissid his is due to the “op-
portunistic” spatial-multiplexing offered by multiusdiversity as described in [21, 53].
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Figure 4.3: Scheduling Schemes SE as a func- Figure 4.4: Scheduling Schemes SE as a func-
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Figure 4.5: SM and STC Spectral Efficiency Figure 4.6: SM System SE for different band-
as a function ofM for different values of/V;, width values forN, = 1,2, SNR=0dB
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Another interesting remark is that the throughput increaggh number of antennas in
SM-Max-Min but decreases in STC-Max-Min which is the consatre of the reduction
of channel variations due to antenna diversity (i.e. theebenof multiuser diversity are
reduced when less channel variation is present). This iskras channel hardening.
Figure 4.6 plots the spectral efficiency of SM-Max-Min systen a frequency selec-
tive channel with correlated frequency channel gains féeint values of the system
bandwidth and with 1 and 2 transmitting antennas. We assumexanum path de-
lay 7. = 2us and an exponentially-decaying multi-path intensity peofiFor a given
number of sub-channels, augmenting the system bandwisiifiseon the increase of the
sub-channels’ spacing and thus diminishes the correlagbneen them. Channels spac-
ing plays an important role on how much scheduling users brchannels can increase
spectral efficiency. We note that the benefit from using mpldttransmit antennas can
be limited by the correlation between sub-channels. Fomgia, for a large number of
sub-channels, a single anter@Hz system can outperform a double antesivHz
system.
Multiple antennas at the receiver
In order to enhance the system performance, receive diyeean be used. Two or more
antennas are placed at the receiver. The received sigta isettor given by

Yim = Grm[n] ] X071+ > Grmnd] X[ne] + Zigm (4.26)

ning

whereGy, ,,[n:] is the channel vector gain on chanme] from n;-th transmit antenna to
the receiving antennas of user Z ,, is the Gaussian noise vector. The output of the
antennas are combined to retrieve the transmitted sigeakhis weighted sum be

Y =qYim (4.27)

whereq is a weight vector performing spatial combining. The SINR-esponding to the
signal received by usédrfrom antennae; on sub-channeth is [34]

7 1G]]
q <Znt¢n; EGrmln] (Grmlna)™ + No-I) q
In the case of simple detection, the expressioq fir MRC is given byq = G ,.[n]].
For MMSE, the filter for the detection of .- is given by

= <7M2klc'k,m[n:]> !

Vi (mv n:) -

273
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4.5

SE (bits/dim/sub-channel)

—— Single antenna at Reception
— — 2 Rx antennas with MRC or ZF
—+— 2 Rx antennas with MMSE

° 10 :Il\.lsb of Sub—chaﬁ?‘nels 2 % *
Figure 4.7: Reception techniques comparison with Max-Mliocation algorithm (4 Tx
antennas, SNR=0dB, correlated frequency channel gains).

where: S, ' = NoT+ 23 . Gy[ne] (Gnli))”

anduy = 7 (G [n])" 3y G ]

The filter in the MMSE receiver requires the estimation of thannel gains from inter-
fering antennas and takes advantage of this to mitigatdenésce.

Figure 4.7 shows the system spectral efficiency for the SM-Man transmission scheme
with different receivers (MMSE and MRC). We consider a systth 4 transmitting an-
tennas at the base station and each receiverNhas- 2 antennas. We assume again
a frequency-selective channel with correlated frequerngnoel gains resulting from a
maximum path delay.,... = 2us and an exponentially-decaying multi-path intensity
profile. The system bandwidth is assumed equdbte: 20MHz. This figure highlights
the spectral efficiency gain that can be obtained by usingipheilantennas at the recep-
tion. Both schemes offer a high spectral efficiency comp#wezingle receive antenna.
Also, as expected, MMSE receiver takes advantage from tbeleclge of the interferer
channel gains and yields slightly better performance th&CM
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4.8 Distributed antenna multi-cellular systems: Macro-

Diversity

We now consider the general case of a multi-cellular syst€m>( 1) and large scale
fading effect. We assume that cells have a square shapeedfisithnce equal t& and
we only consider the first tier of eight interfering cells.cBaeceiver is equipped with a
single antenna. In the following, we present and compaferéifit cellular architectures
depending on the placement of the transmit antennas on lihe ce

4.8.1 Distributed Antenna (DAS) cellular Architecture

One interesting MIMO antenna configuration is the DistrdoliAntenna systems aiming
for a spectral reuse 1 (i.e. all cells overlap in frequentyis one way of increasing sys-
tem capacity and benefit from the so-calldddcro-diversity. This is a generalization of
the concept of "soft-handover” techniques employed inentrBG networks. Distributed
antenna systems was first introduced to solve the problerowrage for indoor wire-
less communications (also known as dead spots problem)e Maent studies show that
distributed antennas can bring significant power savinggasahsiderable increase of sys-
tem capacity. The basic idea is that multiple antennas seritly separated in space can
provide independent shadowing which is also known as M&gversity. The distributed
antennas within a cell are connected ©Gentral Controller(Evolution of Radio-Network
Controller in UMTS) (Figure 4.8.1). Thus the system can lgarded as a macroscopic
multiple antenna array. The shortened distance betwees asd antennas offer a con-
siderable increase in system performance [57, 58]. Racdistiributed antennas systems
have received attention due to their capacity advantagesektr most of the studies con-
sider either single user case or the uplink transmissi@®§-{62]) and only few papers
have treated the multiuser downlink. Authors in [64, 65]lgp@ the downlink capacity
in terms of multiple-antenna (MIMO) but they only considesiagle-cell environment.
Authors in [66] study MIMO system capacity of multi-cell witdistributed antennas for
the single user case. Here we consider the downlink of a usatimulti-cell system and
we study the system spectral efficiency, as well as fairnessden users.
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>

Figure 4.8: Example of Distributed Antenna Multi-Cell syst for
N, = 4 and frequency reuse factér =9

Two variants in system architecture are possible. In thedine, the Digital Signal Pro-
cessing (DSP) of signals is located at the central contrdlleis architecture requires the
deployment of high speed links to carry raw sample data flemcentral controller to the
transmit antennas using for example radio over fiber (Ratfrtelogy which results in a
very high deployment cost. The advantage of such an arthiteis the possibility to per-
form distributed antennas cooperative SDMA: ZF-DPC, pdang, beamforming, ...etc,
where phase information is required. The controller must alsure the synchronization
of the different antennas in this case. In the second vatiaDSP is physically close to
the transmit antenna side as in a modern base station. Thaatade of this architecture
is the lower cost compared to the previous one since modexegdink can be deployed
to carry the data from the central controller to the transamienna using, for instance,
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WiMax technology, dedicated RF links or a wired link (Ethetror other). The drawback
of this technology is that no precoding or beamforming issgas. An other delicate
issue concerns the coding of data. This arises in the casewhta symbols for the same
user have to be transmitted in different parts of the spettfrom different antennas and
have to be coded jointly. In this case, the FEC must be peddrima distributed manner.

In both architectures, the central controller is respdesib resource allocation. We can
also consider the case where central controllers of theréifit cells cooperate throughout
the operator network.

We assume that the antennas are locatedyi\\a x /N; square grid and are equally
spaced as in [57].)V; is assumed to be a perfect square and the distance between to
successive antennas&%:t. An example of such a system is given by figures 4.8.1 for fre-
guency reuse factar = 9.We consider the use of SM-Max-Min as transmission strategy
The received signal is then given by equation (4.28).

4.8.2 Co-located Antenna systems (CAS) cellular Architeate

We assume that th&; antennas are located in the center of the cell (figures 4 8.a¥er
experiences the same large scale fading gain from all traasrtennas of the same cell.
The channel vector can be simplified to

GS o = /I [HE o (1] ooy H o [IN]

where the antenna index is dropped frésn
Since transmit antennas are co-located we can use either SNMI® - Max-Min based
transmission. For these transmission schemes, the recagm®al is given respectively by

PL} Moo [prl c X [pre
Yim = \/ Nka mMIX M+ > k Hk ] X+ Z ’V Hk )X +Zg m (4.28)
t ny#Eny c=2 n =1
Desired Signal Intra-cell Interference Inter-cell Interference
and
PL

(.

Desired Slgnal Inter-cell Interference
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Figure 4.9: Example of Co-located Antenna Multi-Cell sysfer N, =
4 and frequency reuse factér = 9

4.8.3 Numerical Results

For all simulations we assume independent Rayleigh fadwagicel gains.The Shadow
fading for each user is modeled as an independent log-noemdbm variable with stan-

dard deviatiorv, = 10dB and the path-loss exponemnis set to 3. The considered value
of P is such that a user located in the corner of the cell expesean average SNR equal
to 0dB from an antenna located at the center of the cell. Wsidenk” = M. N, which

is the maximum number of users that can be supported by thensy$Ve consider cells

of side distancd? = 100m and the reference distandgis equal to 1m. All users are at
a distance greater thefy from all antennas.
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We first consider the case of no cooperation between cemnalatlers of different cells.
Figures 4.10 and 4.11 represent the spectral efficienchedfiree transmission schemes
presented previously, as a function of the number of chanhet frequency reuse fac-
tors ' = 1 and ' = 9 respectively. It worth reminding that the spectral efficgms
dominated by the rates of close-in users (users close totanray), thus these figures can
be seen as a representation of performance of this claserd. uBhese figures confirm
that distributed antennas offers a considerable gain demsygerformance and this even
under hard fairness constraints. One other remarkablé tesautline is that the system
spectral efficiency decreases with the frequency reuserfacand a system with factor
F = 1 outperforms a system with factét = 9 even if in the former, the cell of interest
experiences less interferences from other cells.

Figures 4.12 and 4.13 represent the minimum allocated sadunction of the number of
sub-channeld/. The minimum rate represents the performance of far-ousysgtreme
users). This figure shows the remarkable enhancement ttaibdied antennas offers
on terms of fairness compared to both SM and STC in co-locatéehna systems. The
minimum allocated rate increases with the number of chanmleén distributed antennas
are used whereas it converges to zeros in the case of cedbaatennas. The attenuation
due to path loss is very large for a far-out user which resaléssmall combined channel
gain. In the case of collocated antennas and because of ddewsimg frequency inde-
pendence, far out user loose most of the diversity. In caskstiibuted antennas, a user
in the cell corner benefits from both shortening of the dis¢aio the nearest antennas and
macro-diversity.

Figures 4.14 and 4.15 plot the spectral efficiency of callsistems when central con-
trollers of different cells cooperate fdf = 1 and F' = 9 respectively. The cooperation
between the controllers induces only a slight change inesystpectral efficiency, but
the enhancement of the minimum allocated rate is consiteer&ligure 4.16 shows this
minimum allocated rate for the different schemes. In caled antenna systems, the min-
imum allocated rate recovers advantage of multiuser diyetts|anks to macro-diversity
introduced by the cooperation between central controllers
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4.9 Conclusion

In this chapter, we considered the impact of using multipteanas on both system spec-
tral efficiency and fairness between users for different IMansmission schemes. We
presented different simple transmission strategies gteeang hard fairness by achiev-
ing a target rate or maximizing the minimum allocated SINRisTwork highlights the
importance of MIMO systems not only on spectral efficienchamcement but also on
increasing the fairness between users measured in terrhe afinimum allocated rate.
Numerical results for single cell symmetric users scenawidfirms the results in the pre-
vious chapter. Hard fairness results on only a limited thhqaut degradation. We also
show the considerable improvement in system performaneawking distributed anten-
nas compared to collocated antennas on multi-cell systems.
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Chapter 5

Feedback Reduction and Power Control
In Downlink MIMO-OFDMA Systems

5.1 Introduction

Current and future wireless communication systems arectg@¢o provide a broad range
of multimedia services with different delay and QoS reguieats. The use of multiple
antennas at both transmitter and receiver provides entdgreréormance in terms of di-
versity and data rate without increasing the transmit pawdrsandwidth. A great deal
of research work has been devoted to the area of combiniagphaitial scheme with Or-
thogonal Frequency Division Multiplexing (OFDM) systen®&ich systems combine the
advantages of both techniques, providing simultaneounsikeased data rate and robust-
ness against channel delay spread.

In multiuser MIMO systems, one way to exploit the multiuseedsity gain is through op-
portunistic scheduling [21]. In [53], authors propose diphfeedback scheme exploiting
opportunistic multiuser beamforming as a SDMA extensiothef opportunistic beam-
forming initially introduced in [21]. Previous work on opgianistic scheduling has been
mainly focused on frequency-flat fading channels. Howernem OFDMA network, only
few works have utilized opportunistic schemes to enhaneesyistem throughput. One
of the major problems in employing a downlink opportunistaheduling is the need of
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accurate channel knowledge for all users at the transmiEar MIMO-OFDMA based
systems, due to the large number of sub-carriers (e.g. up48 r WiMax), having
accurate channel state information at the transmitter[Cis&¢comes a challenging task.
Feeding back full channel state is prohibitive. Severalksdreated this problem. In
[88, 89], a simple threshold based scheme is proposed foowdrand systems. Only
users with channel gain exceeding a predefined thresholdllamed to feedback their
channel quality indicator. This scheme is showed to comakig reduces the feedback
load while preserving the essential of multiuser divergeyn offered by the system. In
[84] authors consider the feedback reduction for MIMO-OFBMsing opportunistic
beamforming based on the scheme in [21] (There is no spatiipiexing. Only a sin-
gle user is scheduled in each sub-carrier). The propossegyruses sub-carrier grouping
(L neighboring sub-carrier are grouped on one cluster) amirrdtion on the strongest
clusters is fed back to the base station. Comparison betalesters is based on the
average SNR and this value with the selected clusters arbdekl to the base station.
In [85], the SDMA variant of opportunistic MIMO-OFDMA is stlied. The proposed
scheme is also based in sub-carrier grouping. Each uses-fesark the best SINR of the
central carrier of each cluster. The proposed schemes ji8f=ould be efficient when
the carriers grouping results on clusters of the order oficebcoherence bandwidth. For
larger grouping, these schemes may experience some longatThe average SNR or
the SINR at the central carrier are not efficient indicatargtee channel quality due to
large channel variations within the same group. Also udiegé¢ quantities as indicators
causes high outage on carriers with channel quality belevWat-back values.

In this chapter, we consider SDMA opportunistic beamfogm@FDMA. The objective
of our work is to propose practical feedback reduction sasthat are more efficient
than the obvious extension of the narrowband strategiegss$ence, our goal is to re-
duce the feedback rate without significantly compromisivgdum rate performance. We
propose different partial channel state information (G8hemes for MIMO-OFDMA
combined with opportunistic beamforming. Our method igidct from that of [84] as
we place ourselves in an SDMA context and the best carrighsma cluster (with respect
to a computed representative value) are fed back instea@ddirfg back the average SNR
of the best clusters. In [53], it is shown that random beamiog followed by intelli-
gent scheduling is asymptotically optimal for large numifeusers. However, for sparse
networks (i.e. low to moderate number of users) random beamifg yields severely
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degraded performance. Different power allocation stiatethat shows substantial gain
over standard opportunistic beamforming are presenteddi@rdo compensate this per-
formance degradation.

The organization of this chapter is as follows: Section 5&sents the underlying
system and channel models and formulates the problem.o&ex® review the MIMO-
OFDMA opportunistic beamforming principles. In Sectiod Swve propose four partial
feedback schemes for the MIMO-OFDMA system, which are comtbiwith two power
techniques presented in Section 5.5 and Section 5.6 caxthd chapter.

Contributions

e Frequency grouping based strategies for MIMO-OFDMA system

— Proposition of an asymptotically optimal opportunistiedéack strategy.
— Single user optimal feedback scheme.

— Sub-optimal threshold based feedback strategy.

e Different power allocation algorithms for partial feedkddIMO-OFDMA sys-
tems.

5.2 Channel and System Models

We consider the downlink of a multiuser MIMO-OFDMA systemsi®wn in Fig. 5.1.
The base station (BS) is equipped with transmit antennas and each user has a single
receive antennas. The study in this chapter is valid for amgber of antennad’,. How-
ever, it is stated in [53, 87], that increasing the numbereckive antennas beyond one
does not substantially increase the total throughput.

Let K denote the number of users and the number of sub-carriers. A frequency-
selective channel is characterized Bysignificant delayed paths. Let the multi-path
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channel’s time domain impulse response from transmit aatento userk be
II-1
hi[n] () = Z ayd (t —7,) (5.1)
p=0

whereq,, is the path gain following zero-mean Gaussian distribut¥ith varianceo?, 7,

is the delay corresponding to pathandII is the maximum channel order.

OFDM has the ability of transforming a frequency selectivarmel to a set of parallel flat
fading channels. LeH* = [H"[1], ..., H*[N,]]" be theN, x 1 vector of channel gains
between transmit antennas and the receive antenna ofusesub-carriemn. H;"[n]
denotes the channel gain from transmit antemrta receiverk and is the frequency sam-
ple, at the frequency,, corresponding to sub-carrier, of the channel impulse response
given by equation (5.1). We have that

o 27r‘rpfm

-1
H'[ni] = Zape I (5.2)
p=0

We assume that the channel is invariant during each code#t,ldbat is allowed to vary
independently from block to block.

5.3 Background: MIMO-OFDMA Opportunistic Beam-

forming

As in [53], SDMA random beamforming is used for transmissiog, /V; users can be
simultaneously scheduled in each sub-carrier. The BS raristV, random orthonormal
beamsy;, € CM*!fori = 1,..., N;. For each carriem, thei-th beam vector is multiplied
by s, the:-th transmit symbol of sub-carrier. The transmit signal is then given by

Ny
Xm = ZCIZST (53)
=1

Assuming that each user can estimate its channel with ng @rreach sub-carrier, the
k-th user computes the followinyy; SINRs

m H;"q; g .
’ykz [ql] = ‘ ]Ii[t | 1 = 17 ...,Nt (54)

Ni/p+ Y Higl

J=1j#i
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Figure 5.1: MIMO-OFDMA Transmitter model

wherep is the SNR, assumed to be the same for all users. The §|N&] is computed
assuming that usérhas been assigned th#h beam on sub-channel, thusx,, ; = q;s}"
is the user’s desired signal ang, ; = q;s" are interference. The achievable rate:eh
user oni-th beam and sub-carriet is given by

Ry'lai] = log, (1 + ;" [ail) (5.5)
Each user feed-back the best SINR value for each carrieredBas these information,
the base station performs the users selection and beansatallo. For a given carrier,
each beam is assigned to the user with the highest corresgoBliNR. Depending in the
assignment result, data of each user are mapped into itsatdl sub-carriers and bits
are coded and modulated. The modulated symbols are mettiply the user’s assigned
beam. The resulting streams are then transformed to timeihousing IFFT and the
Cyclic Prefix (CP) is added.

In the receiver (Figure 5.2) the inverse operations areopaed. In each antenna the CP
is removed from the received signal and a FFT block is useditstorm the signal back
to frequency domain. The sub-carriers allocation inforarated-back from the BS is
used to extract the user signal from its assigned sub-cariie each carrier, the signals
from different antennas are then combined to retrieve tlggnal transmitted message.
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Figure 5.2: MIMO-OFDMA receiver model

It has been shown in [53], for narrowband system, that forgelaumber of users
(asymptotic regime), this scheme achieves a sum averag@®fraf; loglog K which is
also the scaling law of the sum-rate capacity with perfedt&8ieved using DPC.

One of the main problems in MIMO-OFDMA systems is the largeoant of feedback
required for optimal joint sub-carrier/beam allocationnc® different users can be as-
signed on different sub-carriers, full channel state imfation (CSI) on each sub-carrier
is needed, which leads to prohibitive feedback load. In tlewing section, we present
different feedback strategies where each user feeds badglpartial CSI for a group of
neighboring sub-carriers.

5.4 Feedback Reduction and Scheduling

We assume that feedback channel is error and delay free ahekith receiver has perfect
CSil for all sub-carriers and antennas. However, only dastiannel state information is

available at the transmitter.

Our proposed strategies are based on sub-carrier groupglivide the set of available

sub-carriers intd@- groups, each one containirigneighboring carriers. Without loss of
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generality, we assume thaf is a multiple ofG so that each group has the same number
of sub-carriers, i.el, = % Figure 5.3 illustrates an example of such a grouping.

the SINR and the throughput &fth user on sub-carrier} and beamy; given by (5.4)
and (5.5) respectively.

L carriers L carriers

<l -l -

Group 1 Group 2 Group G

Figure 5.3: Frequency Grouping Example

5.4.1 Maximum SINR Feedback Strategy (MSFS)

The following feedback strategy is a simple extension ofdbleeme in [53] to multi-
carrier case. For each groypuserk feeds back the maximum achieved SINR value on
groupg computed as

lad (5.6)

~ = max -y,
Tk 1§lgL7’“
1SN

where maximization is over all beams and all carriers of tleeig. The user also informs
the base station of the indicé&sandmj., respectively the beam index and carrier index
in the group corresponding to the maximum in (5.6). We hase th

mg
(i*,mj.) = argmaxv, ' [q;] (5.7)
1<I<L
1<i<N,

Figure 5.4 shows an example of the way a usdetermines the valu@’ to be fed-back.

Based on the information sent by users, the BS assigns inaaawgkr, a beam to the
user with the highest SINR as in [53]. Since all carriers hdeatical channel statistics,
it is clear that when the number of user is very largé & o), the number of users
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Figure 5.4: Representative value determination on MSFS

feeding-back information for a given carrier tendsftavhich also converges tso. The
same reasoning as in [53] can then be carried for each sulfcand show the asymp-
totic optimality of this scheme in terms of sum rate. Howef@rlow number of users it
is evident that a large number of carriers are not chosercedfy when the number of
carriers per groug. is large. This intuitive result calls to investigate mor@lsisticated
feedback schemes where each user has the possibility toffisendly a larger set of
carriers at each group. For this reason, we propose thevioljpschemes.

5.4.2 Best beam Max-Rate Representative (BMRS)

Instead of only feeding back the maximum SINR value, éssymputes for each beadp
arepresentative valugy [q;] of its channel quality on the-th group.77[q;,] is represen-
tative of the SINRs in the se{twﬁ [qi]} . and is chosen to be the value maximizing

I=1,...,
the user sum-rate on groymssuming the following assumptions:

e Beamq; is assigned to usérin all carriers of grougy

e Base station transmits to theth user through beany at a rate equal tog (1 + 77 [q;])
in carriers where the user’s SINR is aboygq;|. No transmission is scheduled on
the remaining sub-carriers of the group as this will leadt@atage event

Under these assumptions, usér achievable sum-rate with beatpon groupg is

Ry'lai] = A (lai)) [ log (1 +7g[ai]) (5.8)
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whereA (77[q;]) is the set of sub-carriers of grogpvhere the:-th user has a SINR value
on beany; greater or equal t97[q;].
71 [a;] is then given by

Filas] = argmax R} [qi]
mg g
= argmax ’A <’yk ! [ql]) ’ log <1 + ’y;nl [qz])
777.g
Yk ! [a:]

To find57[q;], a very simple algorithm can be user. Usefetermines the s{w}flg [qi], }
SINRs of beamy; on carriers in thegy-th group, and sorts its values in decreasing order.
Let sinry,sinrs,...,stnry, be the sorted values. The representative is then simplydiye

~ilq;] = argmax j log (1 + sinr) (5.9)

s1nr

For each group, userk feeds only the representative value for its best beam the.,
beam with the highest sum rate over the frequencies of thepyroFor that, the user
determines the beam vecigg such that

i = argmax I;’[qy] (5.10)

whereR}"[q;] is given by (5.8). The chosen representative value is then

9 _ /9

e = Trlai] (5.11)

The index:* and the corresponding valgé are fed back to the transmitter. Obviously,
users inform the BS about the sub-carriers that exceeddbkicted representative SINR.
Within one group, the users may not use all sub-carriers andask for a different set
of 'preferred’ sub-carriers. Hence, the scheduling mugpédormed independently for
each sub-carrier. Note also that for each sub-carrierrémsmitter assigns the beams to
the users that support the highest SINR on these beams a3]inHigure 5.5 shows an
example of the allocation process where three users areatorggor beany; in group

g.

It is clear that for a given grouping valug this scheme is optimal when there is only one
user in the systen¥{( = 1). The optimality here means maximizing the system throughp
for a given L, with the condition that the user can only feedback one médion per
group of carriers about its channel quality. The previousgeste (MSFS) is shown to be
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asymptotically optimal (fors’ — oo). But, both strategies are clearly sub-optimal for the
general casé < K < oo. Deriving an optimal schemes for ay is very difficult since
the decision on the value to feedback is made in a distributther (the fed-back SINR
is decided in the user side). In the following we propose aautbmal threshold based
strategy inspired by the work in [88, 89].

I-' u.f--'!'.'|

v

userl user? user3

Allocated ¥

Allocated user

Figure 5.5: Representative based feedback strategy egampl

5.4.3 Threshold Based Representative Strategy (TBRS)

Gesbert and al. introduced in [88, 89] the concept of "Saled\ultiuser Diversity”
where users only feedback their CSI if their channel quakgeeds a given threshold.
This scheme is shown to considerably reduces the feedbackvhile preserving the
essential of the multiuser diversity. We propose in theofelihg a feed-back reduction
scheme for wideband systems inspired from the work in [88]our scheme, the base
station determines a SINR thresholg based on the following assumptions (These as-
sumptions are actually not used as they are for users sehgdbuit only used to determine
the SINR threshold.)
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e For each beam; and sub-carriem, let B,,, ; be the set of users such that[q,] >

Yih -
e If B,,; =0, no user is scheduled in sub-channeand beany;.

e If B,,; # 0, the base station schedule randomly one user Bgmfor transmission
at ratelog (1 + ).

The base station chooses then the threshglthaximizing the system averaged through-
put under the above assumptions. The chosen value is useseby as a reference to
compute there representative SINR for the different gron@sdistributed manner. The
achievable instantaneous throughput under the above asisasis given by

Ny M
R=> "> log(1+,) (5.12)

=1 m=1
Vi m 1S the post scheduling SINR allocated in sub-channeind beamy; taking values
on{0, v }. The averaged throughput is

Ny M

E{R} =Y Y Eflog (1+77,)} = NiMlog (1 +7) (1 = F, ()" (5.13)

i=1 m=1

whereF’, is the cumulative density function (cdf) of the SINR

The simplest probabilistic model for the channel frequerasponse assumes that there
are a large number of statistically independent reflecteldsaattered paths with random
amplitudes.

I'—1
Hli] =) aye?>mmdm (5.14)
v=0

We usually assume that the path gains are independent zanaiewedom variables. This
assumption is known as the uncorrelated scattering asgumfaf. chapter 2, section
2.1.3). Provided that the number of paths is large, whichnmat always the case and
that a significant number of these contribute to the totadived power, it is permissible
to refer to the central limit theorem and approxim&ftg|i] as a Gaussian random variable
for eachm. The magnitudeH;"[i]| is then a Rayleigh random variable with density

fim (o) = %exp (—a ) , a>0 (5.15)

202
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and the squared magnituflé" ]| is a chi-square distribution with two dimensions de-
grees of freedom having density

1 —a?
; exXp (T‘Q) s a>0 (516)
The SINR is given by
m H}'qi|” z
lad = v = N7o i3 (517)
m 2
Ni/p+ Z H}'q;
j=1j#

SinceQ = [qi,q2, .., an,] IS a unitary matrix, sd1;’Qis a vector with i.i.d. entries.
This implies thatH}*q; are i.i.d. withx?(2) distribution. We have then ~ x*(2) and
y ~ x*(2N; — 2). Conditioning ony, the pdf ofy;"[q,], can be written as

fla) = / T h (aly) fr () dy
> /N,

Nt—2 -y
_ t - &er)a ) €
= — —|—y) e (5 X ——dy
/0 ( p (M —2)!

e N,
and thus the cdf is given by
F (o) = [y (@) da
0
eiN;a
= 1—-—— a>0.
(14 a)V! N

Inserting (5.19) into (5.13) allows to find the exact expr@s®f the average sum-rate
under the base station assumptions.

K

E{R} = log (1 + ) <W> (5.19)

Once the threshold value maximizing equation (5.19) isrdateed, this value is trans-
mitted to the users so they can compute their representaiiNg based on it as follows.

e Userk determines, for each beady, the set of carriersl, ; ,(7,) where the SINR
is above the thresholg;,. The minimum SINR in this set (i.e. the maximum SINR




5.4. FEEDBACK REDUCTION AND SCHEDULING 103

supported by all carries id, ; »(7:,)) is chosen as representative value for beam
q;-
Felal = min 5 [qi] (5.20)

meAg i x(Ven)

e For each beam, usérevaluates the sum-rate on grogps if it has been allocated
all sub-carriers iM, ; »(~«,) for transmission with its representative value

R ai] = [Ag i e (ven) | log(1 + 7 [as]) (5.21)

e The beam maximizing the sum-rate in (5.21) is then selecyedserk. Its rep-
resentative value, the beam indéxand the set of sub-carriers iy, ;- ;.(7:,) are
fed-back to the base station

¢ If none of sub-carriers has a SINR value above the threshoftbae of the beams,
userk choose to feed-back the over all maximum SINR value with treespond-
ing beam and carrier indices. The maximization is made oNdreams and alll
carriers of the group

In the base station and as for the previous schemes, in eactr @ad for each beam, the
user with the best SINR value is scheduled.

5.4.4 Best Beam min-SINR Representative (B2SR)

In the previous schemes, users have to inform the BS of theaaaf carriers where it
can support a transmission at a rate corresponding to gekibdck representative value.
This information on the desired carriers can be avoided lmgeh a representative rate
that can be supported in all sub-carriers of the group. Theesentative value for beam
q; is then the minimum SINR achieved by the user with this beamroopg. That is
Tilai] = l:f{liﬂﬂ;cn [q;] (5.22)

7777

Once representative values for all beams are computedk ymeforms a beam selection
based on beams achievable sum-rate over carriers of grotlipis sum-rate for a given
beamq; is given by,

Ry'[q;] = L.log (1 + 7lai)) (5.23)
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and the preferred beams is

i* = argmaxR]"[q;] (5.24)
i=1,...,N;

The beam index* and the corresponding valgé|q;-] are fed-back to the BS. Feeding-
back the carriers index is not needed any more sincetusan support the fed-back SINR
on all carriers of the group.

This alternative offers a considerable reduction in the amof feed-back but also rep-
resents a decrease of system capacity. The complexity dlheation process is also
reduced. In fact, in the previous strategies, within theesgnoup of carriers, different
users express differenpteferred set of carriers which implies that the scheduling of
users must be done for each carrier individually. In thedabeme, their is no preference
of carriers and the user request a transmission with the saméor all carrier of a given
group. The same users scheduling is valid for all carriete®@Qroup. The scheduling is
then group based, which can considerably reduce the abbooaamplexity especially for
alargeL.

Intuitively, we can predict that for values @fsuch that the bandwidth of a group of sub-
carriers is of the order of channel coherence bandwidtra@apdegradation should be
very small. The channel variations over sub-carriers withe same group are small and
thus the minimum rate in equation (5.22) is not very difféfeom the rate in (5.9)
Remark In all these schemes, additional feedback reduction cacbeved if each user
chooses th&’ best groups@’ < &) and feeds back their CSI instead of feeding back
information for all groups. The comparison between grospsade in terms of the users’
achievable sum rate.

Figures 5.6 to 5.9 represent the system spectral efficidiocyhe four feedback reduction
schemes, as a function of the number of sub-carriers pepgtotor different configu-
rations. Figures 5.6 and 5.8 plot this spectral efficieneyiT®J Pedestrian-B PDP (cf.
tables 2.1 to 2.3) for number of carriers per group equdl te 16 and L = 64, respec-
tively. We assumed a system bandwidth of 2.5MHz with 256 Byjspaced sub-carriers.
The carrier spacing is the same as in the IEEE802.16 and 3@R& Term Evolution
specifications. Pedestrian-B corresponds to low delayasigree. large channel coher-
ence bandwidth. We note that the opportunistic MSFS suiifetisis model due to lack
of frequency channel gain variations. The three other selsean the other hand perform
well and are almost the same, especially for modefaté = 16). For vehicular-B ITU
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PDP (figures 5.7 and 5.9), B2SR scheme experiences veryddeyperformance. As
we expected for highly variant channels, choosing the mimmn&INR as representative
value is not efficient. In this environment, the expectedmality ranges of the other
strategies are highlighted. MSFS offers high performacdarge number of userg
and converges to the full feedback scheme. However, as &démr low to moderate
K, MSFS exhibits very poor spectral efficiency. For this ran§&’, BMRS and TBRS
perform will for low to moderatdy, respectively.

Figures 5.10 and 5.12 plot the system spectral efficiencyfasaion of the number of
carriers per groug in a Pedestrian-B ITU PDP fak = 16 and K = 128, respectively.
The SE behaviors in these figures are similar. BMRS and TBR®npe almost the same
and have limited spectral efficiency degradation. B2SRletdreasonably good perfor-
mance for low to moderatk and suffers from severe degradation/ascreases. Finally,
MSFS suffers in performance almost everywhere. Figuret &l 5.13 plot the same
spectral efficiency for vehicular-B. In this case, we notd 82SR now suffer from sever
performance degradation. For high number of users, MSH®Isiag good performance
for low to moderatd..

As we mentioned in the remark of the previous section, amlthli feedback reduction
can be achieved if each user chooses@hbest groups@’ < ) and feeds back their
CSl instead of feeding back information for all groups. Feyh.14 represents the system
spectral efficiency as a function of the number of users foEB&d-back strategy for
different values of+’. We remark that with a reduction of the feedback load by legfe
is only a very small degradation of the SE of the system. Wiash eser feeds back the
CSI for only two groups, the degradation is more severe éslhetor small number of
users (sparse network). The probability that some camagnot be used is high in this
case. This could be solved by employing a power control dvestb-carrier.
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5.5 Power Allocation based on Partial CSIT

In this section, we present two general classes of poweratilin algorithms for sum rate
maximization on each sub-carrier. Our objective is to opathe sum rate of scheduled
users based on their partial CSIT subject to a fixed amounbwfep available at the
transmitter.

Let us denote,,, the scheduling set containing the indices of users seletadtie above
mentioned schemes on theth sub-carrier §,,| < N,). On each sub-carrien, once
the group of scheduled user is defined, the transmitteratbsaifferent power levels to

the randomly generated beams to improve the system overétirmance.

Let P™ = [Py, ..., P%] denote the set of transmission powers of bedms."; on
sub-carrierm. The SINR ofk-th user is given by
m _ ‘sz |Hk,qu‘2
'l = N
Ni/p + Z I H),q;”

J=1j#i

(5.25)
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The optimization problem of the power vectd¥* that maximizes the throughput can be
formulated as

M
max 10 1 _|_ m qZ
{P™} o1, ; i;Nt 8 ( Vi [ ])

M N
subjectto) ") P" =M x P

m=1 i=1

The intuition behind the beam power allocation is the faeit ttor low - yet practi-

cal - number of users, it becomes more and more unlikely Ahaandomly generated
equipowered beams will match well the channels of any sé¥,aisers in the network.
This performance degradation can be compensated by ibdistg the power to the
beams. Two power allocation methods for multiuser oppastimbeamforming based
on different amount of feedback have been proposed [86].ovB&le provide a brief
description of the extension of these methods to the OFDM& ca

5.5.1 SIR-based power allocation (SPA)

We consider the Maximum SINR Feedback Strategy (MSFS) wioeeach group, each
user feeds back the maximum SINR and the indices of the qunesng carrier and

beam. Based on this information, the BS determines the,saif scheduled user on
each carriern. We call active those carriers for which at least one userfedéack a

representative value (i.e. carriers such 48at| > 0). In order to improve performance
a second step where additional CSIT feedback is providednyelving the scheduled
users. Each user feeds back for the carrier it had been assiga values of, what we
will call in this paper,effective channel gaifi(/*[q;] = |H"q;|>. The total power is

equally divided between active carriers and power allocat performed in each carrier
depending on the number of scheduled users:

e For|S,,| > 2, the power is allocated using the iterative power allocapioposed
in [86].
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e For|S,,| = 2, the power is allocated according the optimal closed-fostut®n as
in [86].

e For|S,,| = 1, all power is allocated to the scheduled user.

5.5.2 Greedy power allocation (GPA)

Here we consider the case where only one user is assigned pogaeh carrier, i.e., only
one beam per carrier is turned on. In such a scheme, userbdekdheeffective channel
gainvaluesHy'[q;] = |H{*q,|”.

Opportunistic Greedy Power Allocation

For each group, userk feeds back the highe%fkmf* [qi+], given by

3" o] = max 3G [q] (5.26)
1<i<Ny

Each carrier is then allocated to the user with the higé#isttive channel gaiand water
filling power allocation is performed over the frequencid$ie power allocated to sub-

carrierm is given by:
P, = R ' (5.27)
AN pHon '
whereX,, is theeffective channel gaifed back by the selected user for sub-carrier

and )\ satisfiesy." | P, = M - P

1=

Representative Greedy Power Allocation

Here each user computes a representative value for eachdssfatiows

7[q,] = arg max ‘A (J{Zf’ [q,»]) ‘ log(1 + p€" [q]) (5.28)
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The user feeds back the representative value and the indéve dfeam where the user
achieves the maximum sum rate over the frequencies of gyodjme user also informs
the BS of the carriers in the group with affective channel gaion the selected beam
higher than the representative value. As in the previousraeh each carrier is assigned
to the user with the highest correspondeftective channel gairThe power is allocated
using a frequency water filling algorithm.

We assume a system bandwidth of 1.25MHz with 128 equallyespaab-carriers.
We also consider a multi-path channel model with ITU Vehacl power delay profile.
This channel model is the one with the smallest coherencdvidih among all ITU
channel models and thus is the one where we have the highéstrpance degradation
in frequency grouping based algorithms. The plots are nbththrough Monte-Carlo
simulations.

Figure 5.15 shows the system spectral efficiency for theethreposed power allocation
techniques as a function of the number of users¥or= 4, L = 16 and SNR = 0dB. For

low number of users, the greedy power allocation algoritlavehthe best performance
exhibiting gain of more than 1bps/Hz and 2bps/Hz comparesRa and MSFS strate-
gies respectively. This gain however vanishes for modeaatelarge number of users
as it cannot exploit the multiplexing gain available in theocnel. Note also that SPA
converges to MSFS for large number of users as equal povesasitbn is asymptotically

optimal.

5.6 Conclusions

The important issue of feedback reduction in MIMO-OFDMAwetks using opportunis-
tic beamforming was addressed here. We proposed and ex@ldifferent practical low
rate feedback schemes that allow significant reduction erathount of required CSIT
with little loss on throughput. We also proposed differentvpr allocation algorithm
compatible with feed-back reduction for MIMO-OFDMA.




5. FEEDBACK REDUCTION AND POWER CONTROL IN DOWNLINK MIMO-OFDMA
112 SYSTEMS

Spectral Efficiency (bps/Hz)
w
T

- . =8- Opportunistic Greedy power allocation
=+ Best SINR no Power Control

=-©~ SIR-based power allocation

-~ Representative greedy power allocation

0 I I I I I I
0 20 40 60 80 100 120 140

Number of users

Figure 5.15: Spectral efficiency as a function of the numibasers for different feedback
reduction/power allocation schemég, = 4 andL = 16




113

Chapter 6

Conclusions and perspectives

Conclusions

In this thesis we have tackled the problem of resource dilmtdor multiuser wideband

systems under hard fairness and delay rate constraints.ow&dered both single and
multiple antennas. Thus in chapter 3, we provided a Lageangharacterization of rate
vectors in the boundary of delay limited capacity region. th&en proposed an iterative
algorithm minimizing the transmit power while allowing éagser to achieve its desired
rate. We next considered resource allocation for orthogsigaaling systems. We pro-
posed different practical algorithm delay resource alioceto achieve delay limited rate
while minimizing the transmit power or maximum fairnessvioetn users when no power
control is allowed. We extended our study to the downlink efitiple antenna systems
in chapter 4. Extensions of the fair allocation algorithm foultiple antenna systems
had been proposed. We showed that even with simple transhetrees (no need for
channel gain phases), and under hard fairness schemes laawitisystem can offer ca-
pacity approaching that of Zero-Forcing Dirty Paper Codidg-DPC) scheme. Results
in chapters 3 and 4 shows the yet believed idea that guangn@Quality of Service for

user comes at the cost of high capacity degradation is n@&ssadly true in wideband

systems. This result may encourage research for othercapfdi and simple resource
allocation and users scheduling algorithm achieving marifairness between users for
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future cellular broadband systems. We also investigateditie of distributed multiple
antennas in cellular wideband systems in chapter 4. Weilgtgfield their benefit for both
spectral efficiency and fairness enhancement. In chaptee&ddressed the feed-back
load for MIMO-OFDMA systems. We proposed different stragsglesigned to consider-
ably reduce the feed-back load while preserving channetnmétion allowing an efficient
scheduling and thus a high system performance. We alsodasunple power allocation
algorithms for MIMO-OFDMA systems.

Areas for further research

As, we outlined previously, the results in this thesis, ¢atlresearch attention on ap-
plicable and simple resource allocation algorithm with maxm fairness and for delay
limited systems. Such algorithm are possible without a Is@gtrifice of the system total
capacity. A study of algorithm taking into account the tiaffiad of different users, as in
[54, 35], should be carrier out.

Power control for partial feedback MIMO-OFDMA has to be istigated, and algorithm
more efficient than the simple ones proposed in chapter Sldmiproposed.
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Resume en Francais

Introduction

Une des matiéres les plus attrayantes et les mhies de la recherche dans le domaine des
communications pendant les dernieres décennies la étchnologie sans fil. Cette attention est
la conséquence du grand succés des téléphonelgicetilet la demande croissante de nouveaux
services sans fil. Avoir une connectivité permaeenffre aux personnes la flexibilité, le
sentiment de sécurité et les rend plus produdtiiisternet aussi bien que I'intranet deviennent de
plus en plus basées sur des connections sansifilest inévitable que la demande de débits
élevés, de fiabilité et de qualité du service (QidS)ienne égale aux exigences actuelles pour les
systémes filaires. Tout au long de [lhistoire, legstemes cellulaires ont constamment
accompagné ces changements dans les besoins dhénmetrcont évolué pour satisfaire la
demande des clients. Les réseaux sans fil de prengénération ont été destinés aux
communications de voix et de données a des détsts lias utilisant des techniques de
modulation analogues. Récemment, nous avons volukoen des systemes de deuxieme et de
troisieme-génération offrant plus de débits etiaindarge éventail de services sans fil basés sur
des technologies numériques. L'évolution continers win systéme éliminant les incompatibilités
entre les technologies précédentes et devenateméglt un systeme global (A global system).
Cette évolution des systemes mobiles est le fiuit développement et de recherche permanents
de nouvelles technologies de plus en plus efficaces

Un probléeme fondamental dans les systémes de comatioms sans fil est I'allocation des
ressources limitées aux utilisateurs actifs. L'aghe traditionnelle optimise chaque couche
indépendamment des autres. Ceci peut mener a wreemion du réseau largement sous-
optimale. Traditionnellement dans les communicatieans fil multi-utilisateurs, lors de la
conception de la couche physique, les utilisateard considérés comme symétriques, ayant les
mémes quantités de données a transmettre et leesnéomtraintes de retard et de latence.
L’objective étant de maximiser la capacité du canala peut résulter d’'un systéme fortement
injuste. De l'autre cote, l'attribution de resseuatl niveau des couches plus élevées (MAC et
couches réseau) considére les liaisons physiquesneodes pipelines avec des débits fixes.
Récemment plusieurs études ont considéré une dmpnoier-couche et ont prouvé que ceci peut
sensiblement améliorer les performances globaleystéme.

Dans cette thése, Nous considérons le problemchdion du canal avec des contraintes dures
d’équitabilité pour les systémes multi-utilisateardande large. La motivation derriere le choix
de ce type de systemes vient de la convergencetsiesux mobiles futurs vers une solution basée
sur OFDMA ou MIMO-OFDMA.

Il peut paraitre évident que garantir une Qualiéé Skrvice pour I'ensemble des utilisateurs
s'accompagne systématiquement d’'une dégradatioortamie des performances du systeme.
Nous démonteront que, pour les systémes a largdebavec les ressources intelligemment
allouées, cette dégradation est minime. Nous cérmid premiérement une system multi-

utilisateurs avec une seule antenne et nous donmmnsléfinition de la Capacité limitée par le

délai (Delay limited Capacity) avec une caractéigsalagrangienne de sa surface de frontiéere.
On propose un algorithme itératif pour trouver |behtion de ressources permettant & un
ensemble d'utilisateurs d’atteindre leur vecteurddbits cibles avec un minimum de puissance.
Nous proposons également différents algorithmesr pallocation de ressource avec une

signalisation orthogonale et avec différentes @ontes dures d’équitabilite. On montre par des
résultats numériques que ces algorithmes justas, @oces multiple orthogonal, réalisent des
performances approchant celles de I'allocationnoglie. Nous étendons par la suite notre étude



au cas multicellulaire avec des antennes multiplesis montrons comment la dimension spatiale
affecte les performances du systéme en termescd@fé spectrale et du débit minimum alloué.
Nous proposons différentes techniques d'attribugbrde transmission basées sur le Codage
Spatio-Temporel (STC) et Multiplexage Spatial (SMgc une extension de I'étude aux antennes
distribuées. Dans la derniere partie de cette thmes abordons un autre probléme tres important
pour les futurs systtmes de communication sandafiltéduction du feed-back. Ainsi nous
proposons différents schémas de feedback des iafiamns sur la qualité du canal pour les
systémes de MIMO-OFDMA avec beamforming opportunist

Ce travail de these a donné lieu a plusieurs patodics :

- Issam TOUFIK and Raymond KNOPP,”Channel Allocatidlgorithms For Multi-Carrier
Multiple-antenna Systems,” EURASIPs Signal Processournal, Volume 86
N8, August 2006 , pp 1864-1878.

- Issam TOUFIK and Raymond KNOPP, "Multiuser Chdnfidocation Algorithms Achieving
Hard Fairness,” Globecom 2004, 47th annual IEEEb@&Idrelecommunications Conference,
November 29th-December 3rd, 2004, Dallas, USA.

- Issam TOUFIK and Raymond KNOPP, "Channel AllogatiAlgorithms For Multicarrier
Systems,” VTC Fall 2004, IEEE Vehicular Technoldggnference, September 26-29, 2004, Los
Angeles, USA.

- Issam TOUFIK and Hojin KIM, "MIMO-OFDMA Opportustic Beamforming with Partial
Channel State Information,” IEEE Intern. Conf. oon@nunications (ICC), 2006.

- Issam TOUFIK and Marios Kountouris, "Power Alltic®m and Feedback Reduction for
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- Issam TOUFIK and Raymond KNOPP, "Wideband Charlglcation In Distributed Antenna
Systems” VTC Fall 2006, IEEE 64th Vehicular Teclugyl Conference, 25-28 September 2006,
Montreal, Canada.



Allocation Dynamique juste du canal dans les systetmarge-bande

L'analyse dans ce chapitre est dans le méme eg@if19] puisque nous étudions également la
Capacité limitée par le délai pour les systémdsile@es a large bande mais en se focalisant
plutbt sur des scénarios pratiques (nombre dattdig's limités). On considére généralement que
I'équitabilité vient au colt d'une dégradation Bigative de la capacité et des performances du
systeme. Dans ce chapitre, nous démontrons que|gmsystémes a large bande, d'importants
gains de diversité multi-utilisateurs (Multi-UseivBrsity) peuvent étre atteints méme sous des
contraintes dures d'équitabilité, et ainsi destdadobaux élevés peuvent étre assurés. Nous
montrons également que l'efficacité spectrale sdeémas avec contraintes de délai, approchent
celles des stratégies totalement injustes, dagaédlss le seul objectif est de maximiser la
somme des débits. Ces résultats sont conformasxadeas [19], ou les auteurs montrent que
pour les systémes a large bande, une allocatiandglais limités, la signalisation optimale ne
souffrent pas de perte significative par rapparh@ allocation selon le principe d’allocation a
équitabilité proportionnelle (Proportional Fairn&sheduling (PFS)) pour des valeurs de SNR
élevées.

Nous explorons également des algorithmes pratipoas les cas d’acces multiple orthogonaux
(systémes Du Type OFDMA). Nous prouvons que méner awe telle signalisation sous-
optimale, le systeme ne souffre pas d’une dimimuitieportante de la capacité.

Systéemes avec une antenne simple.

Modele du system et du canal

Nous considérons la liaison ascendante d'un syst@iellulaire oK utilisateurs équipés d’'une
seule antenne chacun transmettent a une statibasgecquipée a son tour d’une seule antenne de
réception. On note p&¥, la largeur de bande totale et palfensemble d'utilisateurs. La barnde
est divisée eM sous-canaux paralléles et de largeur de bandesdddus supposons que les
données sont codées en blocs de diiyée queT est plus court que la période de cohérence du
canal de sorte que le canal peut étre considérérstaire pour la durée de transmission d’'un
bloc, mais puisse changer de bloc en bloc. Nougaagns également que le gain du canal d'un
utilisateur est constant sur un sous-canal maisgieunger d'un sous-canal a l'autre (c.-&#M
est plus petite que la largeur de la bande de eahérdu canal). Notons fH I'ensemble des
états possibles du canal. L'état du canal a laintst peut étre représenté par la matrice de gain

Hin) H(n) - H{(n) ]
Hi(n) :

i H}-\{n) H}\I{n) i

ou H IT(n) est le gain du canal de Il'utilisatausur le sous-canah. Le signal recu sur le sous-
canalm, & I' instant n peut s’écrire :

K
Y™ (n) = Z / Bl(n)H)M(n) X" (n) + Z™(n)
k=1



ou le‘(n) andR" (n) sont respectivement le signal et la puissancemnende |'utilisateuk sur

le sous-canah. Zm(n) est le bruit gaussien. Nous supposons que les daicanal sont

parfaitement connus par les utilisateurs et lacstate base ainsi la puissance de transmission
peut étre adaptée aux variations du canal. Nousllappns allocation de puissance la fonction
associant un état du caitf| une matrice de puissance

P1(H),
o) = | 2

L pm . P T . . .z
ou P (H) estla puissance allouée a I'utilisat&wgur le sous-canah (pour la simplicité de la

p

. . D < 4 ! .
notation, nous allons utlllseroi(n) a la place d=— (ﬂ(n)) pour noter I'allocation de
puissance correspondant a I'état du canal a limsa Une allocation de puissance est dites
faisable s’elle vérifie

M —_—
a Zmzl PEI(T?-) S‘ Py

Capacité ergodique

Nous rappelons ici que la capacité ergodique (aussiue sous le nom de capacité de Shannon)
est définie comme étant I'ensemble des débits dadhks qui peuvent étre envoyés sur le canal
avec une petite probabilité d’erreur moyennés sumpirocessus d’évanouissement du canal
(Channel fading). Dans le cas de signaux gaussietts, capacité est donnée par :

M M . 1D
i pr‘n H?‘?! Z N
¢,(P,H) =<{R: § § R < Zlc)g (1— Lres D" | Hi| ) ¥S C K

hY
m=1keSs m=1 0

Il a été montré que le point de la région de cediigacité correspondant au maximum du débit
total est atteint avec I'allocation de puissance :

+

1 Ni . 2 )

P(n) = l? - |H_’T;F((:])~‘| it [H™(n)? > A_f, |H ™ (n)]
0 otherwise

1)
Ce point est le point de transmission optimal gesrcommunications non-temps-réel. Quand les
utilisateurs ont des contraintes de délais, cetbacité n'est plus optimale et on parle alors de la
Capacité limitée par le délai (Delay limited Capgci

Capacité limitée par le délai



La Capacité limitée par le délai est définie conditat I'ensemble des débits de transmission qui
peuvent étre garantis dans tous les états du sanaldes contraintes de puissance. Contrairement
a la capacité ergodique, ou la puissance et liimftion mutuelle entre I'émetteur et le récepteur
peuvent changer selon I'état du canal afin de magimes débits moyens, dans le cas de la
Capacité limitée par le délai, les puissances soatdonnées entre les utilisateurs et les sous-
canaux avec l'objectif de maintenir une informatiuatuel constante indépendamment de I'état
du canal. Dans le cas d'un canal a évanouissenten{flat fading channel) a accés multiple
(MAC), la Capacité limitée par le délai est étudidene maniere élégante dans [15] et
explicitement caractérisée en exploitant la stmec®olymatroid de la région de capacité. Cette
structure n'est pas valide pour des systémes & |lbemnde et seulement une caractérisation
lagrangienne implicite est possible. Cette capastégalement étudiée pour les systéemes a large
bande dans [19] ou les auteurs ont considéré le'atiisateurs asymeétriques. lIs montrent que
pour un trés grand nombre d’utilisateurs et pow SR élevés, garantir des débits sans retard
résulte en seulement une petite diminution degslébi

La Capacité limitée par le délai est définie pasrsystemes a bande large comme :

U M €2 H)

PE[Y,, Pr|<P, HeH
k=1,....K

M pm m|2
U m {R : Z Ry < Z log (1 — Z‘E‘CL'I\—F‘HF‘) ., VSc CK}
No

PE [Zm r_pzm] i?& HeXH kesS m=1
k=1,....K

Gd (ﬁ)

Le théoreme suivant donne une caractérisation fgggane de la frontiere de région de cette
capacité. La preuve du théoreme est donnée dangXa A du manuscrit de la thése en anglais.
Cette preuve est inspirée par le raisonnement[ddn45].

Théoreme :

Pour un vecteur, de contrainte de puissance, dofhé la surface de frontiere (Ca(P) est

l'ensemble des vecteurs de débiss tels qu'il existe/] et pour chaque instant il existe une

i s
P{ ) une matrice d'allocation de dé\ﬁ(-)et un vecteur

matrice d'allocation de puissan
a(n) 00" de récompense de débit (rate rewards), ou pour uehagpus-canalm,
(R™ (n), P™ (1)) est une solution au probléme d'optimisation

K
max E ap(n)ry — Appk
r.p

k=1

(1 | Ses mHAW'Z)

al

subject to Z e < log

keS

Et



—P, VkeX

M
Z Ri(n)= Ry {Z Pr(n)
m=1 m=1

R™ (n) etP™ (n) sont le vecteur de débits et le vecteur de puissaallouées aux utilisateurs a
l'instantn pour le sous-cana.

Apres quelques simplification, nous trouvons quedébits et puissances optimal sont données
respectivement par :

RFTI( ) _ / \vl - ds
A SY0 T

S . :
—= / =J {uy'(2) > up (2), V' £k and ul'(z) > 0} d=
0

;\"—(_'p S
(2)
Et
P (n) 1 |‘_1fm
L. 1
kA |Hm(“ |2
J_ o0
= J{ul(z) > uli(2), V&' £k and uP(z) > 0} d=
|Hm(H |2/ { k / k kA ) I (2)

Atteindre un vecteur de débits cibles R* avec un minimum de puissance

L'objectif de cette section est de trouver, pouttétat du canH(’), les allocations de
puissance<?(7) et de débitsR(n), permettant d'atteindre un vecteur de deR* tout en
minimisant le total de la puissance transmise.

On note pa R* le vecteur de débit a atteindre. L’objectif anrdpeut étre écrit d’'une maniére
mathématique comme

K

min E o
P
k=1
Tel que

R" € Cu(p)

Un vecteur de puissancP™ est solution au probléme ci-dessus si et seulesigidur chaque
bloc n, il existe une allocation de débX(7), une allocation de puissanc(7) et un vecteur

a(n) 00", tels que pour chaque sous-cama(R™ (1) . P (1)) est une solution &

max E op(n)re — p
r.p

1

_ o e[ HM (n)]?
subject to Z'r';\._ < log, (1 + Zke:’f” ()]

o ‘NO

and M R (n) = Ry E {Zm_l Pm(n)} =P, vk eX

) ¥S CK)



Pour un alpha donné, les allocations de puissagicde débits optimales sont données par les
équations (2) et (3) respectivement, ar« =1 vk Pour trouver le vecteLx(n) permettant
d’attendre les débits souhaités, un algorithmetifépeut étre utilisé. Soa” (n) un vecteur de
départ quelconque. A chaque itératioet pour chaquék, on calcule«’(») comme étant la
solution unique a I'équation

M

R (n) = R}

1

m=

en supposant que pour les autres utilisateursg tésompenses de débits(rate rewards) sont
fixés au valeur de l'itération précédente. Cet athme converge a la solution optimale.
Une approche similaire est proposée dans [19].

Accés Orthogonal :

Il a été montré dans la section précédente que gtteindre la Capacité limitée par le délai la
stratégie optimale consiste a multiplexer plusiedilisateurs dans un méme sous-canal avec un
décodage successif en réception. Une telle appractes inconvénients tels la propagation
d’erreur dans le décodage successif ainsi que mplexité du récepteur. Ceci motive la
recherche de stratégies a accés multiple orthogoreas qui ne dégradent pas les performances
du systeme. Pour cela, Nous imposons dans nottensgyju'il y a seulement un seul utilisateur
occupant chaqgue sous-canal. Chaque utilisategiaestti d’étre alloué un sous-canal a n'importe
guel instant pour transmettre. Sous ces contraigesystem peut supporter jusqu'a K=M
utilisateurs simultanément, et nous considéronca® extréme dans les sections suivantes.
Rappelons que pour un nombre fixe de sous-canaekddus la contrainte K<M, imposer K=M
offre une diversité-multiutilisateurs maximale ddmsas ou on souhaite maximiser le débit totale
ergodique, alors que la capacité limitée par laid@uffre de cette condition puisqu'il y a un plus
grand nombre de contraintes de débit a satisfaire.

Le system avec K utilisateurs et K sous-canaux @eatreprésenté par un graphe bipartite

pondéréG = (X,Y, E) ou I'ensemble de gauche X représente les sousikatdensemble de
droite Y représente les utilisateurs et E est Benide des arétes du graphe (voir Figure 1).
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Se H 1N
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T .- 4 H T N =
sub-channel N < NN users N

Figure 1: Représentation du systéme par un graphe

Pour la simplicité de notation, on dénote l'arét&reele sommetx [J X et le sommety L1Y par

le couple(x, y). Chaque arét&éx, y) est pondérée par le débit atteignable par I'atiiar X sur
PIH,,|

le sous-canaly i.e. vv(x, y) =R, =log 1+
0

Définition : Dans un grapHe = (X,Y, E), uncouplage parfaitC est un sous-ensemble Bejui

relie chaque sommet deavec un et seulement un sommet’de

Un couplage parfait dar est de cardinalit€] = K .

Une allocation de sous-canaux aux utilisateurségsivalente & un couplage parfait dans le

graphes . Il existe K! allocations possibles chacune peut étre représgatéun couplage parfait

C aveci=1..,N!. NotonsA = (a,- (1)a,(2)a,(N)) le vecteur représentant l'allocation

correspondante au couplage parf@f tel que a,-(n) est l'indice du sous-canal alloué a
I'utilisateur nquand 'allocationC, est choisie.

L'allocation Max-Min

Cette allocation consiste a trouver le couplag(ailaci* tel que

I'=arg mn H,,,= arg mn R .,
i:]_”__,N!n—O,...,N—l izl’“_,N!n—O,...,N—l

Cette allocation garantie qu’a chaque instant la da canal minimum alloué est le meilleur

sur toutes les allocations possibles et donc sttiégie maximise le minimum de tous les

débits.

On propose un algorithme qui permet d’atteindre cdéere d'allocation en un temps

polynomial.

Description d'algorithme



a) Construire le graph& = (X,Y, E) correspondant au systeme.
b) Trouver dansE I'aréte (x* , y*) avec le poids minimum.
c) Enlever(x*,y*) deE,ie. E=E- (x*,y*)
d) Vérifier si le nouveau graphe admet un couplagéajtar
* Siouiallera(b)
* Sinon aller a (e)
e) Allouer y* ax et enlever les deux soumeX et y* de G ainsi que toutes

les arétes incidentes de ces deux sommet.
f) Si tous les utilisateurs sont assignés un soudscalaas finir I'algorithme,
sinon aller a (b).

Pour vérifier I'existence d’'un couplage parfait dam graphe, le lecteur peut se référer a [16].
L’allocation FRA (Fixed rate allocation)

Dans cette stratégie, I'objective est de trouvalidtation (couplage) permettant au utilisateur
d’atteindre un vecteur de débits souhaifés (Rl,RQ,...,RN) tout en minimisant la puissance
totale transmise (olR est le débit souhaité par I'utilisategr

Le « Hungarian Algorithm » permet de trouver cattecation, mais avec le poids de 'aréte entre
un utilisateurx et un sous-canay €gale a I'opposé de la puissance nécessakpaur atteindre

son deébit sury

wxy) = Lo

X,y
ou y, est le SNR néecessairegour atteindre son deébit.

Résultats numériques

Les figures 2 et 3 représentent respectivementifeepla cdf du plut petit débit alloué (worst
allocated rate) en utilisant I'allocation Max-Miroyr différentes valeurs du nombre de sous-
canaux M. Ces figures montrent I'impacte de la diké multiutilisateurs caractérisée par
'amélioration considérable dans la moyenne du tdétimimum alloué et la diminution de sa
variance.

De plus, pour un nombre grand d'utilisateur darsyltem, la pente de la CDF du plus petit débit
alloué est extrémement raide (pres de la moyei@ua suggére qu’une allocation de puissance
ne devrait pas apporter beaucoup d'avantage. i de vue architecture de system, c’est une
caractéristique tres attrayante.
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Figure 2: La pdf du plut petit débit alloué
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Figure 3: La cdf du plut petit débit alloué



Figure 4 représente I'efficacité spectrale du systéégale aussi au débit moyen par utilisateur)
en fonction du nombre d'utilisateurs dans le systeet les allocations équitables présentées
précédemment que I'on compare au débit maximundégge obtenu en allouant dans chaque
sous-canal I'utilisateur avec les meilleurs cowdisi de canal et ou la puissance est allouée selon
I'équation (1). Les courbéOptimal delay limited ratéset "orthogonal delay limited

rates représentent le débit commun (débit égal pous les utilisateurs) avec acces
multiple optimal et orthogonal respectivement. @bitin’est pas le point optimal sur la
frontiere de la région de la Capacité limitée gagélai puisqu’il ne correspond pas
forcement au point maximisant le débit total. Noassidérons un canal Rayleigh et des
gains de canaux non-corrélés et un SNR moyen del@diBemiére chose a noter sur cette
figure est que dans tout les cas il y a une augatientde I'efficacité spectrale avec le nombre
d'utilisateur ce qui montre que méme en cas deraimés dure d’équitabilité en peut toujours
tirer profit de la diversité d’utilisateur. On petgalement noter qu’'avec des contraintes dures
d’équitabilité on peut toujours avoir des performesitrés proches de celles du cas non-équitable.
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Figure 4: Débit moyen par utilisateur (SNR = 0 dB)gains indépendants

Figure 5 représente l'efficacité spectrale du sysem fonction du nombre d'utilisateurs avec
I'allocation Max-Min dans un canal sélectif en foémce avec des gains sur différents sous-
canaux corrélés. Le nombre de fréquence est figé at chaque utilisateur est alloué le méme

.M, . . :
nombre de sous-canaux eg&lﬁa, en utilisant I'allocation Max-Min. La largeur dende de

chaque sous-canal est constante et seulement d&spat entre les porteuses change. La
performance de l'algorithme dans le cas de gaidégandants est donnée pour comparaison.
Comme il peut étre prévu, la largeur de bande jougdle trés important sur I'efficacité spectral
du systeme. On note que lorsque la largeur de bestdehoisie proprement I'efficacité spectrale
peut étre augmentée par un facteur supérieur anZm@&and une allocation avec contrainte dure
d’équitabilité est appliquée. Pour une largeur dede d&0OMHz, les performances du system
approchent de celles du cas indépendants. Un eddtdtat intéressant est celui donné par la



courbe d’en bas§MHZz): Pour un nombre d'utilisateurs dans le systenégapr au nombre de
bandes de cohérence, augmenter le nombre d'wilisgpbermet seulement une trés faible

amélioration de I'efficacité spectrale.

T T T T
. :] = — Independent fraquency channel gains
2E[rrmemr e Gorrelated frequency channel gains (B=50MHz)) []
:| = Comelated frequency channel gains (B=20MHz)

‘| == Correlated frequency channel gains (B=5MHz)
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Figure 4: Efficacité Spectral en fonction du nombred'utilisateurs (alloc. Max-Min)

Systeme avec antennes multiples.

Dans cette section on considére le cas généralsysteéme multi-cellular ave€ cellules avec
une facture de réutilisation de fréquenEe Nous considérons que la cellule d'intérét est la
cellule c=1 et que les autres sont les cellules interférei@aaque cellule est équipée &

antennes de transmission. La bande totale du sgs&#shW divisée en M sous-canaux
paralleles. Chaque utilisateur est équipé d’'undesantenne réceptrice. Le canal entre les

antennes de la cellule et I'utilisateurk peut étre représenté par le vecteur de dimerisioN

(:-}.EE;.?!I = [ ?i..‘.ﬂ[l:' I::;!If?..‘ﬂ [Q:" - IGI!EZ‘.;‘.‘] ['IHII';:]
00 &[] est donné par

Gi}.rn [‘1' = 1||.I LI.L[! Hl_‘“ [1

Hi o [e] estla gain du canal de I'antenngvers I'utilisateurk sur le sous-canah. Le canal
est considéré stationnaire pour la durée de traaséoni d'un block mais peut varier d’'un block a
un autre ' Li[7] correspond a I'évanouissement du canal & grandglé¢large scale fading)



et qui englobe l'affaiblissement de parcours (pasis) et I'atténuation due aux effets de masques
(shadowing). Le signal recu par I'utilisatekirsur le sous-canah s’écrit

11111—2{— ,1. +21 m

ol X = est le vecteur des symboles transmis par les mesate la cellules et Zi.m et le bruit
gaussien de l'utilisateuk sur le sous-canah.

Pour les transmissions Broadcast MIMO, il a été tnreogue le DPC (Dirty paper coding)
combiné avec une sélection optimale des utilisatest la stratégie optimale pour maximiser le
débit moyen total du system, mais cela résultenesyatem totalement inéquitable. Ceci
combiner avec les résultats trouvés dans le clegpiécédent motive notre travail pour la
recherche de nouvelles techniques essayant de isaxifgquitabilité entre les utilisateurs tout
en garantissant des débits moyen de system élevés.

1) Allocation Max-Min avec multiplexage spatial

N, flux de données indépendants sont transmit en mémps sur chaque méme sous-canal a
t
partir desN, antenne de transmission. Dans un contexte muligatiurs, chaque flux peut étre

destiné & un utilisateur différent. Si I'antenng est assignée a I'utilisatel sur le sous-canal
m, alors le signal recu sur ce méme sous-canalgeiecris

Yem = 1]— ]t [n + Z (_?1_ [ X e

#—"1

o

De&ued Signal
= Intra-cell Interference

30D |/ X 0]+ 2

L. -

Inter-cell Interference

On suppose que la puissance transmise par chateenarest égale aN—alnS| la puissance
t

transmise par sous-canal BstLa value du SINR est alors donnée par
P

7‘ |_II m,n

L y il

vol.m) = - @

N +z ‘HI m,n

1'£1

2

Chaque utilisateur est alloué un sous-canal eantenne de laguelle il recoit son signal. Dans ce
system on peut accommoder jusqiNa= L.M utilisateurs est I'allocation ce fait sur les sous-

canaux et les antennes. Ici encore, on peut repge¥de system par un graphe (Figure 5). Dans ce
cas le cdté gauche du graphe représente les fgairtesnne, sous-canal). Le poids d'une aréte



entre une paire (antenne, sous-car(dil)n) et un utilisateurn est égal au SINR donne par
I'équation (4).

(antenna, sub-channel) Users
(11) 0O ~— 1{1,1} : -_'_..__7_\,:: users 1
(12 € users 2
(LM) ¢ 2l il M) '"‘"'z‘\"w’jj:: users N

Figure 5: Représentation par un graph du systemavec multiplexage spatial

Une fois le graph correspondant au system est reandtalgorithme présenté dans le chapitre
précédent peut étre utilisé pour exécuter l'allocat Cette stratégie garantie que le SINR
minimum alloué et le meilleur possible parmi todtssallocations possibles.

2) Allocation Max-Min avec codage spatio-temporel

Dans ce system, chaque utilisateur regoit sonasgur un sous-canal mais de toutes les antennes
avec un acces orthogonal (un seul utilisateur pas-sanal). Ce system est similaire au cas avec

L
ZHI,m,n

une seule antenne. Chaque sous-canal peut étmme un canal avec un gain égé\f—jél_—

et le SINR de I'utilisateur k sur le sous-canalsha@onnée par
P 1|2
E HGJ\',m ”

Theym = ;
1 L-"\-‘ro n ZC P

c=2 E

1o

2
k.m H

L’allocation se fait de la méme maniére dans leas@&t une seule antenne.
3) Débit limité par le délai (Delay limite Rate Allotian(DLR))
Dans ce cas, nous considérons le probléme d’aibocde canal et de puissance pour le cas de

multiplexage spatial ou les utilisateurs doivetgiatire un vecteur de débits cibles
indépendamment de I'état du canal (delay limiteéd)raout en minimisant la puissance total



transmise. La solution optimale est tres difficilatteindre et nous procédons en deux étapes.
Nous allouons d’abord un sous-canal et une antamh@que utilisateur en assumant une
puissance égale transmise de toutes les antennedoid I'allocation terminée, nous assignons
alors en conséquence la puissance afin d’atteladréébits souhaités. Allouer les ressources
selon la stratégie MS-Max-Min tend a mettre daraxjdle sous-canal les utilisateurspiss
orthogonauxCette stratégie aiderait donc & minimiser la puissaécessaire pour permettre aux
utilisateurs d’atteindre leurs débits souhaités.

L'allocation des puissances dans chaque sous-eahalors similaire au probleme considéré
dans [Hanly].

Soit1 ki bi=1...% I'ensemble d'utilisateur alloués au sous-canabwmk; est I'utilisateur assigné a
I'antennd . le SINR pour l'utilisateulk; peut étre écris

Pﬁ'f (':;;l'f [‘F ‘E

No + Zj?:;f PIE‘-'}'|G;"{ [}|2

SINR,, =

*

o~

Si ki estle SINR cible, la contrainte de débit peut ékprimée par

(CuliP | N
§ :P; Ll
7 |Gy, ' G [1] 2

Notons parA la matriceN, x N, donnée par

. 7 =1
Al = a2 J
T |{’k§[.3| P £ j
G, [ ke
et par B e vecteurN, x1 tel que
No .
Bi = =%
|G [2]]7

L’équation (5) peut s’écrire

I-A)P=B (g



A est une matrice non-négative primitive. La thédaePerron-Frobenius garanti alors
I'existence d’'une valeur propre positive dominantde résultat suivant et bien connu dans la
théorie de Perron-Frobenius, et nous permet detéaiser I'existence d’'une solution a notre
probleme par une contrainte sur la valeur propre r.

Théoreme: I'équation (6) a une solution positive si etlsewent si r<1. Sir<1 alorsil y a une

solution uniqueP donnée par

P=(1-A)'B

4) Reésultat numérique pour le cas unicellulaire et lisateurs symétriques

Nous considérons ici le cas d’'une seule celluleyet les utilisateurs sont symétriques (on
considére uniquement I’évanouissement rapide dal cams le path loss).

Les figures 6 et 7 représentent l'efficacité spdetrdu systeme pour les différents schémas
présentés précédemment en fonction du nombre decsmaux M pour différentes valeur &

(N, =4et N, =2respectivement). Le schéma de beamforming oppisteualéatoire introduit

dans [53] est donné pour comparaison. Nous avomsid&ré pour ces figures que la corrélation
entre les gains des sous-canaux est égale a leod@hne une idée sur les débits atteignables en
fonction des degrés de liberté du systeme. Notéadsodd que tous les schémas jouissent de la
diversité multi-utilisateurs méme pour les schémasc contraintes dure d'équitabilité. Le gap
entre ZF-DPC et les allocations équitable est cl@mable, mais il diminue avec le nombre

croissant des utilisateurs. La dégradation estivefaent petite pourN, =2. Les schémas

proposés ont l'avantage de simplicité et de ne rnEassiter de connaissance de phase. Les
schémas proposés ont des performances comparatdibeadu schéma classique basé sur du
beamforming opportuniste aléatoire.

Figure 8 représente I'efficacité spectral des degstem SM-Max-Min et STC-Max-Min en
fonction du nombre d’utilisateurs avec 1, 2 et teane de transmissianla station de base. On
note premiérement que I'efficacité spectrale augmawec le nombre d’utilisateurs dans les deux
cas (diversité d'utilisateurs). Dans #&M-Max-Min, I'efficacité spectrale augmente avec le
nombre d’antenne ; Ceci étant d0 au multiplexaggiapopportuniste décrit dans [6] et [16].
L'efficacité spectrale dans le cas 8T C-Max-Min diminue avec le nombre d’antenne et ceci
est d0 au durcissement du canal (Channel hardegingeut s'expliquer par la réduction de la
variation du canal par 'augmentation du nombrentéanes.
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Figure 8: Efficacité spectral en fct. de K (N, = 124)

- Conclusion

Dans ce rapport, on a étudié 'effet d'une conteadture d’équitabilité sur la diversité
d'utilisateur et sur I'efficacité spectrale et omanté qu’une telle contrainte n'a que peu d’effet
si I'allocation est proprement faite et que leSf@@nances restent tres proches de celles d’'un
systéme totalement inéquitable et qui a seulermaunt gbjectif la maximisation de la capacité du
systéme. On a également proposé des algorithme®ttant I'allocation des ressources (sous-
canaux et antennes) avec différents criteres dfoggition pour les cas avec une ou plusieurs
antennes du co6té de la station de base.



Réduction du Feedback pour les systemes MIMO-OFDMA

Dans ce chapitre, nous considérons un system MINFOI@A utilisant le beamforming
opportuniste. L'objectif de notre travail est depgwser les schémas pratiques de réduction du
feedback qui sont plus efficaces que la prolongaéeidente des stratégies proposées pour les
systemes a bande étroite. Essentiellement, notreedsiude réduire le débit du feedback sans
compromettre de maniére significative les perforoeandu system. Nous proposons différents
schémas avec informations partielles sur I'étatcdnal (CSI) pour MIMO-OFDMA combiné
avec beamforming opportuniste. Notre méthode esindie de celle de [84] car nous nous
placons dans un contexte de SDMA (Space DivisiontiMe-Access) et les informations
concernant les meilleurs porteuses dans un ceagtaip de porteuses (par rapport a une valeur
représentative du groupe) sont renvoyées la stdédrase au lieu de renvoyer le SNR moyen des
meilleurs groupe. Dans [53], il est montré qu’'uratérming aléatoire suivi d’'une allocation
intelligente est asymptotiguement optimal (c.a.drpo grand nombre d'utilisateurs). Cependant,
pour un nombre d'utilisateurs modéré ou bas), &merming aléatoire offre des performances
séverement dégradées. Plusieurs stratégies dtiocale puissance qui montre un gain
substantiel par-rapport au beamforming opporturstiadard sont présentées afin de compenser
cette dégradation de performances.

Modele du system et du canal

On considere le canal descendant d’'un system MIMKDI@A multi-utilisateur. La station de
base est équipée d¥¢, antennes de transmission et chaque utilisatewto#étd’'une seule antenne

de réception. Le nombre d'utilisateurs présentsdarsystem étanK et M est le nombre de
sous-porteuse.

T
H' = [HM[1], . H' NG représente le vecteur des gains de canaux estantennes de
transmission et les réceptekirdans la sous-porteuse. Comme dans [hassibi], SDMA basé sur
du beamforming aléatoire est utilisé en transmissia station de base constru¥, beams

. c @Ntxl . . ,
aléatoires et orthogonauq-z' , 1=1...,N,. La station de base, basée sur les

informations rétroagies par les utilisateurs, aldas beams et les sous-porteuses. Le SINR
(signal to interference and noise ratio) de I'séiteur k sur la sous-porteusatavec le beam

qi est donné par

]:_:[r?.'(J . .
m[q_; == | i Li A= L\f

Ni/p+ Y [Hiql

J—l‘jv—

Ou Mest le SNR et que nous supposons étre le mémeaaquaues utilisateurs. Le débit

atteignable par I'utilisateuk sur la sous-porteusa avec le beamqi est

Ryai] = log, (1 + 7 [a))



Réduction du feedback et allocation

Nous supposons que le canal de rétroaction esesangs ou délai. Le récepteur a une
connaissance compléte de I'état du canal pourddetesous-porteuses et de toutes les antennes,
mais seulement une information partial est remay&ansmetteur.

Les stratégies proposées sont basées sur le rag®ues sous-porteuses voisines (sub-carriers

clustering). L'’ensemble des sous-porteuse essdlion G groupes chacun contenaht sous-
porteuses voisines. La figure suivante illustreeyemple ce regroupage.

L carriers L carriers

.l
-

A
Y
Y

Group 1 Group 2 Group G
Figure 9: Example de regroupage des sous-porteuses

q
T??.I [

g L 1 mi
Soit 17711 }i=1....I lensemble ded. sous-porteuses du groufget soit Vx  [di] etF). " [a;

respectivement le SINR et le débit atteignablesl’pélisateurk sur sous-porteusfff?.T avec le

beam qi .

SINR maximum (MSFS)

Cette stratégie est I'extension du schéma dansd63jas multi-porteuse. Pour chaque groupe
J, I'utilisateur k renvois au transmetteur la valeur du SINR maxinsuntout le grouped . La
maximisation est faite sur toutes les sous-portedsegrouped et tous les beams. La valeur
renvoyée par |'utilisateur est alors

g
_ i
T, = max~y, ' [q;
1<I<L :
1<i< Ny

L'utilisateur renvois également l'indice de la squesteuse et du beam choisis. On peut
facilement montrer que schéma est asymptotiqueroptimal (pour A~ — ox). Pour un
nombre d’utilisateurs modéré ou petit, cependansa®ma peut montrer des performances
limitées.

Représentatif de Débit Maximum (BMRYS)

Au lieu de seulement renvoyer la valeur maximal&SBUR, I'utilisateur k calcule pour chaque

, . =4 1 s
beam qi une valeur représentati 7ildi] de sa qualité de canal sur le groupe de sous-



porteused . Ti/di] est choisi comme étant la valeur du SINR maximigamébit total atteint
par I'utilisateurk sur le groupd avec les hypothéses suivantes

* le beam Cli est alloué a l'utilisateurk sur toutes les sous-porteuses du
grouped .
e la station de base transmit a I'utilisatdarpar le beamqi a un débit égale a

e =4 . =4 1
log (1 +7i[ai]) dans les sous-porteuse avec un SINR meilleur7;/di! et
aucune transmission n'a lieu dans les autres soudsyse.

Sous ces hypothéses, le débit atteignable palidatéurk avec le beamqi sur le groupd est
donné par

R[] = A (T [ai]) [og (1 + 7 [ai])

A =5 T L= 1
ou A (7i]di]) est rensemble de sous-porteuse ayant un SINRleueit |k [(l?‘- . La valeur

représentative du beatqi sur le groupJ est

Teld;] = argmax R)'[q;]

A (A my [( )‘ loo (l N Amf )
e il ) | log e ]

Le beam offrant le meilleur débit avec sa valeysréeentative est choisi. Ainsi la valeur
représentative ainsi que lindice du beam corredpots sont renvoyé au transmetteur. Le
récepteur porte également a la connaissance datlansde base I'ensemble de sous-porteuse
capable de supporter une transmission au débisicfies sous-porteuse du groufk ayant une
valeur de SINR plus grande que le valeur rappartée)

Pour une valeur L donné, ce schéma est clairematimhal lorsqu’il y a un seul utilisateur

— arginax
g

L

Ve | [as)

(K :1). L’optimalité ici veut dire maximiser le débittad du systéme avec la condition que
chaque utilisateur rapporte une seule informatemgooupe de L sous-porteuses.

Représentatif basé sur un seu{TBRS)

Jusqu'a la nous avons présenté deux schémas d#ioédiu feed-back, I'un est optimal
pour un ayant un seul utilisateur et I'autre esinopl dans le cas asymptotique, mais tout

deux clairement sous-optimaux dans le cas géﬂé?dl( <0, Dériver une stratégie
optimale pour le cas général est tres difficilesguie la décision sur la valeur rétractée est
prise d'une facon distribuée. Dans ce qui suis po&sentons une stratégie inspirer par le
concept de "Diversité-multiutilisateurs sélectivprésenté dans [davG]. Ainsi la station

de base détermine une valeur seuil de S /th basé sur les hypothéses suivantes :



- Pour chaque bearfl; et sous-porteusst, SOit‘B-m.-i I'ensemble des utilisateurs

tel que $....5) fil[et

T o~ -
b

th

- SiB,.; = U, aucune transmission n’a lieu sur le beSnet la porteusen

- Sinon, la station de base choisi aléatoirementtilisateur parm‘B-m.-a' et lui
transmit a un débl0g (1 + Yen ),

(L’allocation et la transmission n’ont pas lieusjmmais ces hypothéses sont
seulement utilisées pour le calcul [th).

La station de base calcule la valeul Jth maximisant le débit total du systeme pour un

nombre d'utilisateur donndK . Dans le cas d’un canal Rayleigh, $\gamma_th&est
valeur maximisant

E{R} = log (1 + ) | —————

Une fois cette valeur déterminée et portée a laaissance des utilisateurs, ces derniers
calculent leur valeur SINR représentative comme sui
K sur la sous-porteusa

- l'utilisateur k détermine, pour chaque beddh , 'ensemble de sous-porteuses
Agin(en) ayant une valeur de SINR supérieul [tk . Le SINR minimum

dans cet ensemble est choisi comme valeur repegsenpour le beanf];

T =  min 4[]
. meA, 1k (ven) _

- Pour chaque beam, I'utilisateur évalue le débit total sur le grouf® comme

s'il était allouée toute les sous-porteuses efl,u,.g'..k (Ven)

- Le beam maximisant ce débit total est alors chp@sil’utilisateurk . Sa valeur
représentative et son indice ainsi que I'ensemtné gortés a la connaissance du
transmetteur.

- Si*qa.?'..k(._ﬁ; th) = “ pour tout les beam, alors l'utilisatekrrenvois au
transmetteur la valeur du valeur de SINR maximdlmstar de schéma MSF.

Représentatif Min-SINR (B2SR)

Dans tout les schémas précédents, 'utilisatels iddormer la station de base des indices
de sous-porteuse sur les quelle uns transmissemlawdébit choisi est possible. Cette
charge de feedback supplémentaire peut étre éntéboisissant de renvoyer au



transmetteur une valeur supportable sur toutesdes-porteuses. Pour un be&ln,

cette valeur est le SINR minimum atteint sur lasssporteuse du groupd . le beam
offrant le plus grand SINR minimum est ainsi chgiar I'utilisateur.

Résultat numérique

Les figures 10 a 13 représentent I'efficacité s@dctu system, pour les quatre schémas
de réduction du feedback présentés, en fonctiamodhbre du nombre d’utilisateur. Pour
les figures 10 et 12 on considére un canal de gatimans selon le modele ITU
Pedestrian-B et avec un nombre de sub-cartierst gale a 16 et 64 respectivement alors
que pour les figures 11 et 13 on considére un nedd& Vehicular-B.

Lors de ces simulations nous avons considere uttengeur de band de 2.5MHz avec
256 sous-porteuse uniformément espacees (I'espatemiee les sous-porteuses est le
méme qu’'enEEE802.16 et dans les spécifications du 3GPP Oargy Evolutior).

Pedestrian-B correspond un petit retard de diffugitelay spreads) i.e. une large bande de
cohérence. Nous remarquons dans cet environneviSiS opportuniste souffre du manqué de
variation des gains de canal en fréquence. Les angdres schémas ont en revanche de bonne et
presque les mémes performances, et cela et enasrerpi pour L = 16. Pour ITU Vehicular-B,
B2SR a de trés mauvaises performances. Comme poévules canaux avec d'importantes
variations en fréquence, choisir le SINR minimurest’pas efficace. Dans cet environnement, les
performances des différents schémas de feedbaspondent aux intervalles d’optimalité
annoncés précédemment.
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Figure 10: Efficacité spectrale en fonction de K TU Pedestrian-B, SNR = 0dB and L = 16)
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Figure 11: Efficacité spectrale en fonction de K ITU Vehicular-B, SNR = 0dB and L = 16)

T T T T

7 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —
G 2T —
5 ............................................................................................... —
4 --------------------------------------------------------------------------------------- —
3H L/ e e .
DA T E......... ............................ e T —

: —— Full Feedback Strategy

5 —e— TBRS

: —— BMRS
A g T - MSFS e

: B2RS

I | | I I | |

0 50 100 150 200 250 300 350 400 450 500

Figure 12: Efficacité spectrale en fonction de K TU Pedestrian-B, SNR = 0dB and L = 64)
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Figure 13: Efficacité spectrale en fonction de K (TU Vehicular-B, SNR = 0dB and L = 64)



