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Abstrat

The extension of ellular ommuniation standards with multiple transmit and

reeive antennas is onstantly rossing new tehnologial frontiers from point-to-

point towards spatially distributed ommuniation links. This thesis investigates

a oordinated multi-point transmission system in the downlink to overome the

limitations from spatial interferene observed by several terminals. It will be shown

that espeially ell-edge users pro�t from the joint-transmission amongst the base

stations if the ellular network operates on the same arrier frequeny. The entral

results are gained from �eld trials within a ellular testbed where di�erent spatial

on�gurations are ompared to interferene limited systems in terms of the spetral

e�ieny.

At �rst, the system model of OFDM is introdued and the impliations of dis-

tributed radio hannel links espeially onto the synhronization mehanisms are

emphasized. Then, the model for the spatial transmission system is outlined where

also the performane of preoding algorithms is related to spatial hannel param-

eters. This derives the onnetion to the �eld trial experiments.

The seond part onentrates on the measurement ampaigns. Implementation

details are presented for the transmit Wiener �lter as an order-reursive preoding

algorithm. It provides a low-omplex solution and enables spatial on�gurations
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from multiple transmission streams over several terminals down to the single-user

ase. Then, the entire measurement system and experiments are portrayed inlud-

ing a omparison to the downlink of 3GPP LTE Rel. 8 as referene tehnology. But

also the shortomings of the prototyping hardware are illustrated whih restrit

the losed-loop real-time experiments to intra-site measurements.

The results within this thesis are gained by a two-fold approah: It is shown

that data-rates over multiple modulation and oding shemes math to observed

post-equalization signal-to-interferene-and-noise ratios and enable the predition

of SINRs solely based on physial hannel oe�ients. Further �eld trials gathered

physial hannel oe�ients to antiipate the spetral e�ieny at the ell-edge.

From these �eld trials, a spetral e�ieny gain by base station ooperation at

the ell-edges of at least 100% ould be observed, but also the relative ell-edge

size must be onsidered. The results on�rm the trade-o� between the amount

of spatial streams to the interferene of multiple users and additional streams

espeially under line-of-sight onditions. Furthermore, an observation is made

that the transmission onepts without full ooperation are valuable alternatives

only if the ell-edge will not be onsidered. Then, the ahieved performane gains

may not justify the large implementation and signaling overhead of the realized

preoding sheme. Although the system ahieved homogenous performane results

over the entire ell, appropriate senarios with preise synhronization and �ne-

granular hannel knowledge are required.



Zusammenfassung

Mit der stetigen Erweiterung zellularer Mobilfunknetze werden punkt-zu-punkt

Mehrantennensysteme zu räumlih verteilten und koordinierten Kommunikations-

systemen gewandelt. Die vorliegende Arbeit untersuht die Mehrpunktkommu-

nikation experimentell mit dem Ziel, die räumlihe Interferenz zwishen Mobil-

funkteilnehmern anhand der Abwärtsstreke zu begrenzen. Es wird dargelegt, dass

insbesondere die Teilnehmer am Zellrand von einer gemeinsamen Sendestrategie

zwishen Basisstationen pro�tieren, wenn das zellulare Netzwerk dieselbe Träger-

frequenz verwendet. Die Hauptergebnisse dieser Arbeit wurden durh Übertra-

gungsexperimente in einem Testbett gewonnen, in denen die spektralen E�zienzen

vershiedener Antennenkon�gurationen verglihen werden, die auh interferenzbe-

grenzte Systeme umfassen.

Der erste Teil der Arbeit betrahtet das OFDM Systemmodel und beshreibt

die Synhronisation unter verteilten Ausbreitungskanälen. Im Anshluss wird

das Mehrantennensystemmodel vorgestellt, anhand dessen das Verhalten einiger

Vorentzerrungsalgorithmen im Zusammenhang vershiedener Ausbreitungsbedin-

gungen erläutert wird, um das Verständnis zu den Experimenten herzustellen.

Der zweite Teil konzentriert sih auf die Messkampagnen. Hierzu werden die Im-

plementierungsdetails des Wiener Sende�lters als ordnungsrekursiven Vorentzer-
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rungsalgorithmus beshrieben. Dieser bietet eine einfahe tehnishe Realisierung

und ermögliht das Umshalten zwishen vershiedenen Antennenkon�gurationen

sowie mehreren Datenströmen über vershiedene Teilnehmer. Danah wird das

Messsystem wie auh -vorgehen erläutert und von der 3GPP LTE Rel. 8 Referenz

abgegrenzt. Hierbei wird auh auf die tehnishen De�zite des Prototyps einge-

gangen. Die Ehtzeitexperimente mit rükgeführten Kanalkoe�zienten sind auf

die Durhführung innerhalb eines Standortes beshränkt, wobei die Signalverar-

beitung in mehreren Basisstationen getrennt erfolgt.

Die Ergebnisse dieser Arbeit wurden auf zwei Arten gewonnen: Zunähst er-

folgte ein Abgleih gemessener Datenraten unter vershiedenen Modulations- und

Kodiershemata zu beobahteten Signal-zu-Interferenz-und-Raushverhältnissen.

Das ermögliht die Prädiktion von Messergebnissen basierend auf physikalishen

Kanalkoe�zienten. Während weiteren Messfahrten wurden diese Koe�zienten

dann groÿ�ähig bestimmt, um spektrale E�zienzen in Zellrandszenarien zu er-

halten.

Es konnte ein Gewinn an spektraler E�zienz von mehr als 100% an Zellrän-

dern erzielt werden, wobei zusätzlih der Anteil des Zellrandes an der Gesamt-

�ähe zu berüksihtigen ist. Die Ergebnisse bestätigen den Kompromiss zwishen

der Anzahl der verwendeten Datenströme und der räumlihen Mehrnutzerinter-

ferenz, weil die Ausbreitungsbedingungen häu�g eine Sihtverbindung zwishen

Sendern und Empfängern aufwiesen. Auÿerdem stellen die Verfahren ohne volle

Kooperation einen guten tehnishen Kompromiss dar, wenn die Ergebnisse auf die

gesamte Zell�ähe bezogen werden. Die Verfahren ohne volle Kooperation einen

guten tehnishen Kompromiss nur dar, wenn die Ergebnisse niht auf die gesamte

Zell�ähe bezogen werden. Dann rehtfertigen die erreihten Datenraten mitunter

niht den zusätzlihen Implementierungsaufwand und die Signalisierung für den

verwendeten Vorentzerrungsalgorithmus. Das Messsystem erreiht eine homogene

Verteilung der Datenraten innerhalb der Zelle. Aber das Übertraungsverfahren

beshränkt sih auf ausgewählte Nutzungsszenarien und bedingt eine präzise Syn-

hronisation mit feingranularer Kanalkenntnis.
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Sx,k]

Spatial streams of MTs k sk ∈ C[N
Sx,k×1]

Estimated spatial streams MT k ŝk ∈ C[N
Sx,k×1]

Spatial noise at MT k vk ∈ C[N
RxAnts,k×1]
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5 List of Aronyms

3GPP 3rd Generation Partnership Projet

AWGN additive white Gaussian noise

BS base station

df umulative distribution funtion

CFO arrier frequeny o�set

CIR hannel impulse response

Cl-WF losed-loop water �lling

CoMP oordinated multi-point

Coord. BF oordinated beam-forming

CP yli pre�x

CPE ommon phase error

CR ode rate

CSI hannel state information

CSI-RS CSI referene symbol

CSIT CSI at the transmitter

CTF hannel transfer funtion

DFT disrete Fourier transformation

DM-RS demodulation referene symbol

DL downlink

DoA diretion of arrival

DoD diretion of departure

eNB enhaned Node B

EVD eigenvalue deomposition

FD frequeny domain

GF geometry fator

GPS Global Positioning System

i.i.d. independent and identially distributed

ICI inter-arrier interferene

IDFT inverse disrete Fourier transformation

ISI inter-symbol interferene

LD linear detetion

LMMSE linear minimum mean-square error

LS least-square

LO loal osillator

LOS line-of-sight

LTE Long Term Evolution

LTE-A Long Term Evolution - Advaned

MCS modulation and oding sheme

MI mutual information



xxiv Nomenlature

MIMO multiple-input multiple-output

MMSE minimum mean-square error

MSE mean-square error

MT mobile terminal

MU multi-user

MU w/o Pre. multi-user reeption without preoding

NLOS non-line-of-sight

OFDM orthogonal frequeny-division multiplexing

OFDMA orthogonal frequeny-division multiple aess

PDCCH physial downlink ontrol hannel

pdf probability density funtion

PDP power delay pro�le

ppm parts per million

PRB physial resoure blok

PSD power spetral density

PUSCH physial uplink shared hannel

PDSCH physial downlink shared hannel

QAM quadrature amplitude modulation

rms root mean squared

RS referene symbol

Rx reeive

RxZF reeive zero foring

RxWF reeive Wiener �lter

SC subarrier

SCO sampling lok o�set

SIC suessive interferene anellation

SINR signal-to-interferene-and-noise ratio

SISO single-input single-output

SNR signal-to-noise ratio

STO symbol timing o�set

SU single-user

SVD singular value deomposition

TD time domain

TDMA time division multiple aess

TTI time transmit interval

TDOA time di�erene of arrival

TUD Tehnishe Universität Dresden

Tx transmit

TxBD transmit blok diagonalization �lter

TxWF transmit Wiener �lter

TxZF transmit zero foring �lter

UL uplink



CHAPTER 1

Faing Cellular Multi-Point Transmission Experiments

1.1 Contributions

This thesis attempts to redue the gap between theoretial results and �eld trial

experiments in the area of ellular mobile ommuniations inluding the onep-

tual understanding, prototype realization and veri�ation. The extension of ur-

rent tehnologies requires system engineering to verify the feasibility of fresh ideas.

But already the exploration of suh ideas draws new impliations, hanges the per-

spetive and o�ers solutions or even alternatives. Pratial suboptimal results will

outperform omplex ones. An additional hallenge remains in the identi�ation of

hidden obstales in upoming systems that ontain fundamental di�erenes and

even extensions ompared to existing tehnologies. Often the omplexity and also

the error sensitivity raise and fous the attention towards the testability. Wireless

ommuniation evolves onstantly at an inreasing pae and integrates itself even

more into the ommon habits. It beame a fundamental property in the everyday

life.



2 Faing Cellular Multi-Point Transmission Experiments

This thesis is intended to researhers in theory who want to broaden their view

and inlude �eld experienes into own algorithm design from the beginning on.

Also the prototype researh may gain from the realization methods and perfor-

mane metris. Furthermore, industry may irumvent one-way road developments

and redue the time to market of produt deployments.

This thesis presents the realization and publishes �eld trial results for ell-edge

and ell-enter terminals whih were gained within a ellular base station testbed.

Di�erent spatial on�gurations of linear downlink (DL) preoding are ompared

to an unoordinated transmission. The e�ort to haraterize suh a losed-loop

system in a ellular environment is tremendously high. Therefore, an evaluation

approah will be presented that veri�es the losed-loop proedure on seleted po-

sitions with predited results from measured hannel transfer funtions. With this

method, testbed results are antiipated from hannels of the entire area. The

oordinated multi-point (CoMP) performane gains are weighted by the geome-

try fator proportions of the entire luster to draw a omparison to onventional

ellular systems.

The Vodafone hair onduted the installation and administration of the testbed

in downtown Dresden, Germany, where fortunately ommerial base station sites

ould be used. The author's ontribution overs the de�nition of the linear pre-

oder as an extension of 3GPP LTE Rel. 8 enhaned Node Bs (eNBs) whih were

aquired from National Instruments Dresden GmbH, formerly known as Signalion

GmbH. This step inludes the algorithm and its transformation into the �xed-

point number desription as pre-ondition for a VHDL implementation given in

hapter 4. The real-time preoder's ounterpart realizes the hannel state infor-

mation feedbak at terminal side, �gure 1.1 on the faing page. While the system

evolved into a 3× 3 CoMP DL setup, a multitude of testing and veri�ations has

been onduted. In addition, the author aomplished with the help of students an

automati measurement setup that inludes the Global Positioning System (GPS)

and the onstrution of measurement tables, �gure 1.2.

Beside these steps, the setup was presented to a broad sienti�, standardization

and even ommerial audiene, for example at the ICC2009 onferene with the

�rst running 2×2 real-time demo [20℄, an International Teleommuniation Union

workshop [19℄ or at the Easy-C workshop with the �rst 3 × 3 CoMP DL intra-
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Figure 1.1: The mobile terminal measurement equipment.

ell transmission [18℄. Finally, the author elaborated the planning, exeution and

evaluation of the �eld trials in hapter 5.

(a) The base station equipment (left) and spetrum

analyzer (right).

(b) The measurement table for two-

dimensional terminal antenna positioning.

Figure 1.2: The base station in the laboratory and antenna positioning table at

terminal side.
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1.2 The Challenge of Downlink CoMP Testbed

Measurements

Conduting and evaluating �eld measurements is the end of a long journey and

overs a wide and omplex �eld. The start of the entire projets goes bak to the

year 2007 where the deision to build a testbed from srath for a new generation

of ellular radio was made. The profound planning of the entire steps was followed

by labor-intensive engineering to build the �rst prototypes of base stations and

terminals. The �rst enthusiasti ideas, how to demonstrate the apabilities of

ooperating mobile networks, were steadily redued onto the ore algorithms that

re�et the goals. Ideas were quikly raised but with eah new implementation

detail, their realization turned out to be tougher than expeted. A limitation

that ould be extended was followed by an even harder one whih was hidden by

the previous stage. An often underestimated fat of suh projets is the team

oordination. No one an expet to know all the details and the researh personal

at university hanges quikly. Espeially the possibilities for students were often

limited sine their short term labor ontrats prohibited a longer examination with

the prototypes. To the author's surprise, only a few students were able to handle

the spei� behavior of the hardware suh that the outome of results beomes

larger than the spend e�ort. But the less who gained detailed insight emerged to

valuable support personal.

The math of theory and results is the most hallenging part. This is the start

to understand how the entire system runs in a non-arti�ial environment. It turns

the tehnial demonstrator into a sienti� tool. Here, a lot of hidden shortfalls are

only o�ered at this stage. These kinds of faults are not those whih are overed by

tests of the single proessing units or of the entire system whih are based on rather

arti�ial senarios. The author learned that trouble shooting and error analysis

overed the most researh e�orts. On the one hand, this is the most frustrating

part and but is also the most interesting, if suessful, on the other.
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1.3 Struture of this Dissertation

The thesis is strutured as follows: Chapter 2: The Transmission Model, Syn-

hronization and Channel Estimation introdues the wireless hannel models. On

the one hand, the single-input single-output ase for the time-frequeny domain is

given and on the other the spatial perspetive. Then, the basi signal proessing

steps between the single antenna links desribe the orthogonal frequeny-division

multiplexing transmission inluding hannel estimation proedures and the en-

haned CoMP DL synhronization.

Chapter 3: The Coordinated Multi-Point Downlink System Model embodies the

notation in the spatial domain. Here, performane metris are de�ned and di�erent

transmission strategies are onsidered from a theoretial point of view. System

veri�ation in �eld trials is almost infeasible sine the operating point remains

only an estimate whih is limited to a single measurement position. Furthermore,

a huge amount of �eld measurements has to be ombined and summed up into a

lear understanding. Due to the author's opinion, sanity heks relate the observed

performane to physial parameters like the hannel's eigenvalue struture. They

also provide an outlook to alternatives from the realized and quite stati hardware

system.

The realized linear preoding algorithm is presented in hapter 4: Preoding Im-

plementation Challenges and ompared to other matrix omputation andidates.

The hosen order reursions are desribed step by step to map the algorithm into

the pipelined hardware arhiteture.

Chapter 5: Field Trials of Multi-Point Downlink Transmissions in Cellular Sys-

tems overs a desription of the testbed and the observed physial parameters.

The measurement setup is stated also with its limitations. Then, the �eld trial

methodology motivates the performane results with a disussion of the observed

spetral e�ienies.

This thesis is �nalized in hapter 6: Summary and Conlusions with a review

and the key �ndings of this work.
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1.4 The Evolution Towards LTE-Advaned and

CoMP

The ellular ommuniations represents a global suess story. It goes bak

to the mid-1980s when its seond generation entered the markets with digital

transmission tehnology. Wireless telephone servies have been enabled almost

everywhere and at any time. Sine the 1990s and still today, GSM operates as

bakbone partiularly for voie servies and limited data transmission. In the

2000s, UMTS and others of the third generation rose towards mobile broadband

servies and indued a onstantly growing demand for high network throughput.

With the roll-out of 3GPP LTE Rel. 8 in the 2010s, a multiple-input multiple-

output (MIMO)-orthogonal frequeny-division multiple aess (OFDMA) based

broadband system enters the market whih features high system apaity and

overage, low lateny and bandwidth �exibility. But already with the standard-

ization of 3GPP LTE Rel. 8, the neessity beame obvious to overome drawbaks

and ondut tehnologial extensions: Cell-edge users on the same time-frequeny

resoures su�er from spatial multi-ell interferene. Frequeny planning still re-

mains an obligation with the drawbak of a dereased spetral e�ieny. The

International Teleommuniation Union published a all for International Mobile

Teleommuniations-Advaned tehnology proposals with targets for future ellu-

lar systems in Marh 2008 [5/L08℄. Some months later, the study phase for Long

Term Evolution - Advaned (LTE-A) started. At the same time, the German

Federal Ministry of Eduation and Researh (BMBF) funded the Easy-C projet

with the ambition to investigate ideas for LTE-A in large sale testbeds, �gure 1.3

and �gure 1.4. The tehnologial know-how in Europe and the ollaboration be-

tween di�erent players in the ommuniation industry should be stimulated. One

of the LTE-A enablers ontains the multi-user (MU) interferene mitigation in

the downlink between distributed base stations by CoMP linear preoding. In

theory, the CoMP DL transmission an lead to a signi�ant inrease in the spe-

tral e�ieny for ell-edge users, if hannel state information at the transmitter

is available, [GHH

+
10, IMW

+
09℄. These onepts are re�eted in the subsequent

3GPP LTE releases. The 3rd Generation Partnership Projet (3GPP) onsortium

pushed the extension of 3GPP LTE to meet the requirement of a higher demand


