
Jörg Holfeld

Field Trial Results in Coordinated
Multi­Point Downlink Systems





Field Trial Results
in Coordinated Multi­Point

Downlink Systems

Jörg Holfeld

Beiträge aus der Informationstechnik

Dresden 2015

Mobile Nachrichtenübertragung
Nr. 76



Bibliografische Information der Deutschen Nationalbibliothek
Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der
Deutschen Nationalbibliografie; detaillierte bibliografische Daten sind im
Internet über http://dnb.dnb.de abrufbar.

Bibliographic Information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data are available on the
Internet at http://dnb.dnb.de.

Zugl.: Dresden, Techn. Univ., Diss., 2015

Die vorliegende Arbeit stimmt mit dem Original der Dissertation
„Field Trial Results in Coordinated Multi­Point Downlink Systems“ von Jörg
Holfeld überein.

© Jörg Vogt Verlag 2015
Alle Rechte vorbehalten. All rights reserved.

Gesetzt vom Autor

ISBN 978­3­938860­93­9

Jörg Vogt Verlag
Niederwaldstr. 36
01277 Dresden
Germany

Phone: +49­(0)351­31403921
Telefax: +49­(0)351­31403918
e­mail: info@vogtverlag.de
Internet : www.vogtverlag.de



TECHNISCHE UNIVERSITÄT DRESDEN

Field Trial Results

in Coordinated Multi-Point

Downlink Systems

Jörg Holfeld

von der Fakultät Elektrote
hnik und Informationste
hnik

der Te
hnis
hen Universität Dresden

zur Erlangung des akademis
hen Grades eines

Doktoringenieurs

(Dr.-Ing.)

genehmigte Dissertation

Vorsitzende: Prof. Dr.-Ing. habil. Renate Merker

Guta
hter: Prof. Dr.-Ing. Dr. h. 
. Gerhard Fettweis

Prof. Dr.-Ing. Gerhard Bau
h

Prof. Dr.-Ing. Dr. h. 
. Karlheinz Bo
k

Tag der Einrei
hung: 02.02.2015

Tag der Verteidigung: 08.07.2015



August 10, 2015



Abstra
t

The extension of 
ellular 
ommuni
ation standards with multiple transmit and

re
eive antennas is 
onstantly 
rossing new te
hnologi
al frontiers from point-to-

point towards spatially distributed 
ommuni
ation links. This thesis investigates

a 
oordinated multi-point transmission system in the downlink to over
ome the

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

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

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

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


on�gurations are 
ompared to interferen
e limited systems in terms of the spe
tral

e�
ien
y.

At �rst, the system model of OFDM is introdu
ed and the impli
ations of dis-

tributed radio 
hannel links espe
ially onto the syn
hronization me
hanisms are

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

also the performan
e of pre
oding algorithms is related to spatial 
hannel param-

eters. This derives the 
onne
tion to the �eld trial experiments.

The se
ond part 
on
entrates on the measurement 
ampaigns. Implementation

details are presented for the transmit Wiener �lter as an order-re
ursive pre
oding

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 in
lud-

ing a 
omparison to the downlink of 3GPP LTE Rel. 8 as referen
e te
hnology. But

also the short
omings of the prototyping hardware are illustrated whi
h restri
t

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

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

that data-rates over multiple modulation and 
oding s
hemes mat
h to observed

post-equalization signal-to-interferen
e-and-noise ratios and enable the predi
tion

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

physi
al 
hannel 
oe�
ients to anti
ipate the spe
tral e�
ien
y at the 
ell-edge.

From these �eld trials, a spe
tral e�
ien
y 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 interferen
e of multiple users and additional streams

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

that the transmission 
on
epts without full 
ooperation are valuable alternatives

only if the 
ell-edge will not be 
onsidered. Then, the a
hieved performan
e gains

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

pre
oding s
heme. Although the system a
hieved homogenous performan
e results

over the entire 
ell, appropriate s
enarios with pre
ise syn
hronization and �ne-

granular 
hannel knowledge are required.



Zusammenfassung

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

Mehrantennensysteme zu räumli
h verteilten und koordinierten Kommunikations-

systemen gewandelt. Die vorliegende Arbeit untersu
ht die Mehrpunktkommu-

nikation experimentell mit dem Ziel, die räumli
he Interferenz zwis
hen Mobil-

funkteilnehmern anhand der Abwärtsstre
ke zu begrenzen. Es wird dargelegt, dass

insbesondere die Teilnehmer am Zellrand von einer gemeinsamen Sendestrategie

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

frequenz verwendet. Die Hauptergebnisse dieser Arbeit wurden dur
h Übertra-

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

vers
hiedener Antennenkon�gurationen vergli
hen werden, die au
h interferenzbe-

grenzte Systeme umfassen.

Der erste Teil der Arbeit betra
htet das OFDM Systemmodel und bes
hreibt

die Syn
hronisation unter verteilten Ausbreitungskanälen. Im Ans
hluss wird

das Mehrantennensystemmodel vorgestellt, anhand dessen das Verhalten einiger

Vorentzerrungsalgorithmen im Zusammenhang vers
hiedener Ausbreitungsbedin-

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

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

plementierungsdetails des Wiener Sende�lters als ordnungsrekursiven Vorentzer-
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rungsalgorithmus bes
hrieben. Dieser bietet eine einfa
he te
hnis
he Realisierung

und ermögli
ht das Ums
halten zwis
hen vers
hiedenen Antennenkon�gurationen

sowie mehreren Datenströmen über vers
hiedene Teilnehmer. Dana
h wird das

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

abgegrenzt. Hierbei wird au
h auf die te
hnis
hen De�zite des Prototyps einge-

gangen. Die E
htzeitexperimente mit rü
kgeführten Kanalkoe�zienten sind auf

die Dur
hführung innerhalb eines Standortes bes
hränkt, wobei die Signalverar-

beitung in mehreren Basisstationen getrennt erfolgt.

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

folgte ein Abglei
h gemessener Datenraten unter vers
hiedenen Modulations- und

Kodiers
hemata zu beoba
hteten Signal-zu-Interferenz-und-Raus
hverhältnissen.

Das ermögli
ht die Prädiktion von Messergebnissen basierend auf physikalis
hen

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

dann groÿ�ä
hig 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 zusätzli
h der Anteil des Zellrandes an der Gesamt-

�ä
he zu berü
ksi
htigen ist. Die Ergebnisse bestätigen den Kompromiss zwis
hen

der Anzahl der verwendeten Datenströme und der räumli
hen Mehrnutzerinter-

ferenz, weil die Ausbreitungsbedingungen häu�g eine Si
htverbindung zwis
hen

Sendern und Empfängern aufwiesen. Auÿerdem stellen die Verfahren ohne volle

Kooperation einen guten te
hnis
hen Kompromiss dar, wenn die Ergebnisse auf die

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

guten te
hnis
hen Kompromiss nur dar, wenn die Ergebnisse ni
ht auf die gesamte

Zell�ä
he bezogen werden. Dann re
htfertigen die errei
hten Datenraten mitunter

ni
ht den zusätzli
hen Implementierungsaufwand und die Signalisierung für den

verwendeten Vorentzerrungsalgorithmus. Das Messsystem errei
ht eine homogene

Verteilung der Datenraten innerhalb der Zelle. Aber das Übertraungsverfahren

bes
hränkt si
h auf ausgewählte Nutzungsszenarien und bedingt eine präzise Syn-


hronisation mit feingranularer Kanalkenntnis.
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Sampling frequen
y f
s

= 1
T
s

Continuous time, delay and frequen
y t, τ, f ∼, l, n
Symbol duration T

O

= N
C

T
s

i

Number of sub
arriers N
C

n

Number 
y
li
 pre�x samples N
CP

Carrier and Doppler frequen
y f



, f
D

Sampled 
hannel length L l

Sub
arrier spa
ing ∆f
SC

= 1/T
O

15kHz

Time-variant impulse response h(t, τ)

The additive white Gaussian noise v(t)

Continuous/dis
rete transmit signal x(t), x[k]

Continuous/dis
rete re
eive signal y(t), y[k]

DFT-matrix and IDFT matrix F,FH

Channel matrix in frequen
y domain H

Cir
ular 
hannel matrix in time domain h

Transmit symbol ve
tor in FD and in TD X, x

Re
eived symbol ve
tor in FD and in TD Y , y

AWGN symbol ve
tor in FD and in TD V , y

Channel's 
oheren
e bandwidth and time B

oh

, T

oh

Channel's root mean squared delay spread T
d

Channel's ex
ess delay τ̄
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In 
hapter 3, 4 and 5 :

Des
ription Abbreviation Index

Number of ...

base stations N
Tx

l = 1, . . . , N
Tx

transmit antennas at BS l N
TxAnts,l

Total no. of transmit antennas N
Tot,TxAnts

mobile terminals (MTs) N
Rx

k, k = 1, . . . , N
Rx

re
eive antennas at MT k N
RxAnts,k

Total no. of re
eive Antennas N
Tot,RxAnts

spatial streams for MT k N
Sx,k

Total number of streams N
Tot,Sx

Lo
al equalizer MT k Gk ∈ C[N
Sx,k×N

RxAnts,k]

Global spatial 
hannel H ∈ C[N
Tot,RxAnts

×N
Tot,TxAnts

]

Lo
al spatial 
hannel Hk,l ∈ C[N
RxAnts,k×N

TxAnts,l]

E�e
tive 
hannel MT k H̃k,k ∈ C[N
RxAnts,k×N

Sx,k]

Global pre
oder W ∈ C[N
Tot,TxAnts

×N
Tot,Sx

]

Lo
al pre
oder for streams

k to l-th BS Wl,k ∈ C[N
TxAnts,l×N

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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ronyms

3GPP 3rd Generation Partnership Proje
t

AWGN additive white Gaussian noise

BS base station


df 
umulative distribution fun
tion

CFO 
arrier frequen
y o�set

CIR 
hannel impulse response

Cl-WF 
losed-loop water �lling

CoMP 
oordinated multi-point

Coord. BF 
oordinated beam-forming

CP 
y
li
 pre�x

CPE 
ommon phase error

CR 
ode rate

CSI 
hannel state information

CSI-RS CSI referen
e symbol

CSIT CSI at the transmitter

CTF 
hannel transfer fun
tion

DFT dis
rete Fourier transformation

DM-RS demodulation referen
e symbol

DL downlink

DoA dire
tion of arrival

DoD dire
tion of departure

eNB enhan
ed Node B

EVD eigenvalue de
omposition

FD frequen
y domain

GF geometry fa
tor

GPS Global Positioning System

i.i.d. independent and identi
ally distributed

ICI inter-
arrier interferen
e

IDFT inverse dis
rete Fourier transformation

ISI inter-symbol interferen
e

LD linear dete
tion

LMMSE linear minimum mean-square error

LS least-square

LO lo
al os
illator

LOS line-of-sight

LTE Long Term Evolution

LTE-A Long Term Evolution - Advan
ed

MCS modulation and 
oding s
heme

MI mutual information



xxiv Nomen
lature

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 re
eption without pre
oding

NLOS non-line-of-sight

OFDM orthogonal frequen
y-division multiplexing

OFDMA orthogonal frequen
y-division multiple a

ess

PDCCH physi
al downlink 
ontrol 
hannel

pdf probability density fun
tion

PDP power delay pro�le

ppm parts per million

PRB physi
al resour
e blo
k

PSD power spe
tral density

PUSCH physi
al uplink shared 
hannel

PDSCH physi
al downlink shared 
hannel

QAM quadrature amplitude modulation

rms root mean squared

RS referen
e symbol

Rx re
eive

RxZF re
eive zero for
ing

RxWF re
eive Wiener �lter

SC sub
arrier

SCO sampling 
lo
k o�set

SIC su

essive interferen
e 
an
ellation

SINR signal-to-interferen
e-and-noise ratio

SISO single-input single-output

SNR signal-to-noise ratio

STO symbol timing o�set

SU single-user

SVD singular value de
omposition

TD time domain

TDMA time division multiple a

ess

TTI time transmit interval

TDOA time di�eren
e of arrival

TUD Te
hnis
he Universität Dresden

Tx transmit

TxBD transmit blo
k diagonalization �lter

TxWF transmit Wiener �lter

TxZF transmit zero for
ing �lter

UL uplink



CHAPTER 1

Fa
ing Cellular Multi-Point Transmission Experiments

1.1 Contributions

This thesis attempts to redu
e the gap between theoreti
al results and �eld trial

experiments in the area of 
ellular mobile 
ommuni
ations in
luding the 
on
ep-

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

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

But already the exploration of su
h ideas draws new impli
ations, 
hanges the per-

spe
tive and o�ers solutions or even alternatives. Pra
ti
al suboptimal results will

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

hidden obsta
les in up
oming systems that 
ontain fundamental di�eren
es and

even extensions 
ompared to existing te
hnologies. Often the 
omplexity and also

the error sensitivity raise and fo
us the attention towards the testability. Wireless


ommuni
ation evolves 
onstantly at an in
reasing pa
e and integrates itself even

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

life.
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This thesis is intended to resear
hers in theory who want to broaden their view

and in
lude �eld experien
es into own algorithm design from the beginning on.

Also the prototype resear
h may gain from the realization methods and perfor-

man
e metri
s. Furthermore, industry may 
ir
umvent one-way road developments

and redu
e the time to market of produ
t deployments.

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

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

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

to an un
oordinated transmission. The e�ort to 
hara
terize su
h a 
losed-loop

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

approa
h will be presented that veri�es the 
losed-loop pro
edure on sele
ted po-

sitions with predi
ted results from measured 
hannel transfer fun
tions. With this

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


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

try fa
tor proportions of the entire 
luster to draw a 
omparison to 
onventional


ellular systems.

The Vodafone 
hair 
ondu
ted the installation and administration of the testbed

in downtown Dresden, Germany, where fortunately 
ommer
ial 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 enhan
ed Node Bs (eNBs) whi
h were

a
quired from National Instruments Dresden GmbH, formerly known as Signalion

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

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


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

mation feedba
k at terminal side, �gure 1.1 on the fa
ing page. While the system

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

been 
ondu
ted. In addition, the author a

omplished with the help of students an

automati
 measurement setup that in
ludes the Global Positioning System (GPS)

and the 
onstru
tion of measurement tables, �gure 1.2.

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

and even 
ommer
ial audien
e, for example at the ICC2009 
onferen
e with the

�rst running 2×2 real-time demo [20℄, an International Tele
ommuni
ation 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, exe
ution and

evaluation of the �eld trials in 
hapter 5.

(a) The base station equipment (left) and spe
trum

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

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


overs a wide and 
omplex �eld. The start of the entire proje
ts goes ba
k to the

year 2007 where the de
ision to build a testbed from s
rat
h 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 redu
ed onto the 
ore algorithms that

re�e
t the goals. Ideas were qui
kly raised but with ea
h new implementation

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

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

the previous stage. An often underestimated fa
t of su
h proje
ts is the team


oordination. No one 
an expe
t to know all the details and the resear
h personal

at university 
hanges qui
kly. Espe
ially the possibilities for students were often

limited sin
e their short term labor 
ontra
ts prohibited a longer examination with

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

the spe
i�
 behavior of the hardware su
h that the out
ome of results be
omes

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

valuable support personal.

The mat
h 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 te
hni
al demonstrator into a s
ienti�
 tool. Here, a lot of hidden shortfalls are

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

tests of the single pro
essing units or of the entire system whi
h are based on rather

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


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

part and but is also the most interesting, if su

essful, on the other.
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1.3 Stru
ture of this Dissertation

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


hronization and Channel Estimation introdu
es the wireless 
hannel models. On

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

given and on the other the spatial perspe
tive. Then, the basi
 signal pro
essing

steps between the single antenna links des
ribe the orthogonal frequen
y-division

multiplexing transmission in
luding 
hannel estimation pro
edures and the en-

han
ed CoMP DL syn
hronization.

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

notation in the spatial domain. Here, performan
e metri
s are de�ned and di�erent

transmission strategies are 
onsidered from a theoreti
al point of view. System

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

only an estimate whi
h 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 
he
ks relate the observed

performan
e to physi
al parameters like the 
hannel's eigenvalue stru
ture. They

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

system.

The realized linear pre
oding algorithm is presented in 
hapter 4: Pre
oding Im-

plementation Challenges and 
ompared to other matrix 
omputation 
andidates.

The 
hosen order re
ursions are des
ribed step by step to map the algorithm into

the pipelined hardware ar
hite
ture.

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

tems 
overs a des
ription of the testbed and the observed physi
al parameters.

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

methodology motivates the performan
e results with a dis
ussion of the observed

spe
tral e�
ien
ies.

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

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

CoMP

The 
ellular 
ommuni
ations represents a global su

ess story. It goes ba
k

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

transmission te
hnology. Wireless telephone servi
es have been enabled almost

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

ba
kbone parti
ularly for voi
e servi
es and limited data transmission. In the

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

servi
es and indu
ed 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 frequen
y-division multiple a

ess (OFDMA) based

broadband system enters the market whi
h features high system 
apa
ity and


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

ization of 3GPP LTE Rel. 8, the ne
essity be
ame obvious to over
ome drawba
ks

and 
ondu
t te
hnologi
al extensions: Cell-edge users on the same time-frequen
y

resour
es su�er from spatial multi-
ell interferen
e. Frequen
y planning still re-

mains an obligation with the drawba
k of a de
reased spe
tral e�
ien
y. The

International Tele
ommuni
ation Union published a 
all for International Mobile

Tele
ommuni
ations-Advan
ed te
hnology proposals with targets for future 
ellu-

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

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

Federal Ministry of Edu
ation and Resear
h (BMBF) funded the Easy-C proje
t

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

and �gure 1.4. The te
hnologi
al know-how in Europe and the 
ollaboration be-

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

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

the downlink between distributed base stations by CoMP linear pre
oding. In

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

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

is available, [GHH

+
10, IMW

+
09℄. These 
on
epts are re�e
ted in the subsequent

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

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


