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Abstract

The main fo cus of this thesis is to highlight the imp ortance of PHY ab-

straction for the system level evaluations in the framework of 3GPP Long

Term Evolution (LTE) networks. This thesis presents a pragmatic approach

towards the use of PHY abstraction in LTE based system level simulators.

PHY abstraction is an extremely valuable low complexity to ol for e�cient

and realistic large scale system evaluations. This thesis shows that apart

from the primary purp ose of PHY abstraction of providing instantaneous

link quality indicator for the purp ose of system level evaluations, it can b e

further used for an improved channel quality indicator (CQI) feedback based

on the di�erent antenna con�gurations and for the p erformance prediction

of LTE networks based on the real life channel measurements.

This thesis is mainly divided into two parts; metho dologies and applications.

The �rst part presents the complete design and validation metho dology of

PHY abstraction schemes for various antenna con�gurations corresp onding

to di�erent transmission mo des in LTE. The validation is p erformed using

link level simulators and it also highlights the calibration issues necessary

for the PHY abstraction to b e accurate in predicting the p erformance of

capacity achieving turb o co des.

For the sp ecial case of multi-user multiple-input multiple-output (MU MIMO)

an improved PHY abstraction mo del is presented which exploits the knowl-

edge ab out the fact that multi-user interference (MUI) deviates greatly from

its Gaussian assumption and therefore must b e exploited while predicting

the PHY p erformance esp ecially in the case of interference aware receivers.

The �rst part also presents a novel semi-analytical PHY abstraction ap-

proach towards incorp orating the incremental-redundancy hybrid automatic

rep eat request (IR HARQ) for a wide variety of resource blo ck assignment

in LTE and it further reduces the storage requirements for PHY abstraction

by bringing down the numb er of required reference curves to only three from

hundreds.

The second part presents the applicable scenarios where the concepts of

PHY abstraction can b e e�ectively utilized. The most imp ortant and pri-

iii



iv Abstract

mary use of PHY abstraction is to reduce the necessary simulation time in

system level simulators by predicting the link quality based on the instan-

taneous channel by a fewer numb er of op erations than are required for the

pro cessing of complete PHY pro cedures. Thus by doing so it was found that

the overall simulation time for large scale simulation can b e decreased enor-

mously by sp eeding up the simulation by a factor of at least 30 times. Which

means that the simulation which to ok the run time of a month can now b e

p erformed with in a day only. Furthermore, it is shown in this part that

the p erformance predicted by PHY abstraction matches the p erformance

obtained by running the simulations with full PHY pro cedures.

The second part also presents the complete metho dology for the use of PHY

abstraction in the CQI feedback calculation necessary for the scheduling

purp oses. In this part we prop ose to exploit the knowledge on the antenna

con�guration for the CQI mapping for an improvement in the link adapta-

tion at the MAC layer. Last but not the least, the second part presents a

complete metho dology for the PHY abstraction to b e used for the validation

of di�erent LTE transmission mo des based on real channel measurements in

rural areas at 800 MHz. We use concepts from PHY abstraction to predict

the p erformance of LTE network by means of the channel measurements

which were stored during a measurement campaign. We showed that using

PHY abstraction not only the p erformance of the system b eing op erated in

di�erent transmission mo des can b e predicted but also it can b e used for the

validation of soft LTE mo dems. This shows that PHY abstraction mo dels

has lots of p otential and are an imp ortant to ol for the research community

in b oth industry and academia.

All of the results presented in this thesis have b een obtained using op en-

source Op enAirInterface platform which is implemented in highly optimized

C. It is one of the very few op en-source platforms who have the capability

of p erforming simulations with b oth full PHY or PHY abstraction and are

comp osed of b oth link level simulator and system level simulator. Further it

can b e used for simulation, emulation and real life demonstrations using the

LTE hardware esp ecially designed for it.



Abstract

L'ob jectif de cette thèse est de souligner l'imp ortance de l'abstraction de

la couche physique (PHY abstraction) dans l'évaluation des systèmes LTE

(Long Term Evolution). Cette thèse prop ose une appro che pragmatique p our

l'utilisation de PHY abstraction dans les simulateurs des systèmes LTE. PHY

abstraction est un outil très imp ortant p our l'évaluation des systèmes LTE

à grande échelle car il est e�cace, pratique et à complexité réduite . Dans

cette thèse, nous prouvons que, à part son ob jectif principal et qui consiste à

fournir un indicateur instantané de la qualité de liaison p our l'évaluation du

système, le PHY abstraction p eut aussi: améliorer le feedback de l'indicateur

sur la qualité de canal (CQI) en se basant sur les di�érentes con�gurations

d'antennes, et la prédiction de la p erformance des réseaux LTE en se basant

sur des mesures de canal réelles.

Cette thèse est principalement divisée en deux parties: métho dologies et ap-

plications. La première partie présente la conception complète et la métho dolo-

gie de validation des systèmes de captage PHY p our di�érentes con�gura-

tions d'antennes corresp ondant à des di�érentes mo des de transmissions en

LTE. La validation est e�ectuée en utilisant des simulateurs de niveau de

liaison. Nous soulignons aussi les astuces de calibrage nécessaires p our que

la pro duction PHY soit précise dans la prédiction de la p erformance de ca-

pacité réalisant turb o-co des.

Pour le cas particulier de multi-utilisateur multiple-input multiple-output

(MU MIMO) un mo dèle amélioré de l'abstraction PHY est présenté, il ex-

ploite la connaissance du fait que l'interférence multi-utilisateur (MUI) s'écarte

considérablement de son hyp othèse Gaussienne et doit donc être utilisé p our

la prédiction de la p erformance de PHY notamment dans le cas des récep-

teurs conscients de brouillage. La première partie présente aussi une nouvelle

démarche d'abstraction PHY semi-analytique p our intégrer l'hybride de-

mande de rép étition automatique incrémentielle de redondance (IR HARQ)

concernant une variété de cession de blo cs de ressources dans le LTE. Ca

p ermettra aussi de réduire les b esoins de sto ckage p our PHY abstraction en

abaissant le nombre de courb es de référence requis de centaines à seulement

trois.

v
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La deuxième partie présente di�érents scénarios, là où les concepts de PHY

abstraction p euvent être utilisés davantage. L'utilisation la plus fondamen-

tale de PHY abstraction est de réduire le temps de simulation nécessaire dans

les simulateurs de niveau système en estimant la qualité de la liaison basée

sur le canal instantanée par un moins d'op érations que celles qui sont néces-

saires p our le traitement des pro cédures complètes PHY. En faisant ainsi,

on a constaté que le temps global de simulation p our la simulation à grande

échelle p eut être diminué en accélérant la simulation par un facteur d'au

moins 30 fois. Ce qui signi�e que la simulation qui a eu le temps d'exécution

d'un mois p eut maintenant être e�ectuée p endant une seule journée. En

outre, c?est clair dans cette partie que la p erformance estimée par PHY ab-

straction corresp ond à la p erformance obtenue en exécutant des simulations

avec des pro cédures complètes PHY.

La deuxième partie présente également la métho dologie complète p our l'utilisation

de l'abstraction PHY dans le calcul de feedback CQI nécessaire aux �ns de

scheduling. Dans cette partie, nous prop osonsd'exploiter les connaissances

sur la con�guration d'antenne p our la cartographie CQI p our une améliora-

tion de l'adaptation de liaison à la couche MAC. En�n, la deuxième partie

présente une métho dologie complète p our l'abstraction PHY à être utilisé

p our la validation des di�érents mo des de transmission LTE basés sur des

mesures de canaux réels dans les zones rurales à 800 MHz. Nous utilisons

des concepts d'abstraction PHY p our prédire la p erformance de réseau LTE

au moyen des mesures de canal qui ont été sto ckées au cours d'une cam-

pagne de mesure. Nous avons montré qu'en utilisant l'abstraction PHY, non

seulement la p erformance du système étant utilisé dans di�érents mo des de

transmission p eut être prédite, mais aussi il p eut être utilisé p our la valida-

tion des mo dems LTE soft. Cela montre que les mo dèles d'abstraction PHY

ont b eaucoup de p otentiel et sont un outil imp ortant p our la communauté

de la recherche à la fois dans l'industrie et le milieu académique.

Tous les résultats présentés dans cette thèse ont été obtenus en utilisant la

plateforme op en-source Op enAirInterface qui est implémentée en un langage

C hautement optimisé. Elle est l'une des rares plates-formes op en source qui

ont la capacité d'e�ectuer des simulations soit de la couche PHY complète ou

bien d'une abstraction de la PHY et sont constitués à la fois de simulateur

de niveau de liaison et un simulateur au niveau du système. En outre, elle

p eut être utilisée p our la simulation, émulation et p our les tests et démon-

strations grandeur réelle de la vie en utilisant le matériel LTE sp écialement

conçu p our elle.
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Chapter 1

Intro duction

1.1 Motivation and Scop e

Mobile communication has truly revolutionized the way world communicates.

It has provided a complete paradigm shift in the �eld of telecommunication

from wired to wireless and has reached to even those remote areas where

the deployment of wired infrastructure was once a question mark. As p er

the estimates of International Telecommunication Union (ITU) for 2013, the

mobile subscriptions around the world have reached a numb er of 6.8 billion

which is almost 96% of to day's world p opulation [1]. The evolution in the

mobile subscription as compared to other subscriptions is shown in Figure

10.1 which clearly demonstrates the strong desire of the p eople around the

world to communicate with each other all the time while on the move. An-

other imp ortant technology which undoubtedly transformed the world into

a global village is the internet . With the latest concept of cloud computing,

it has b ecome an indisp ensable global network which is now b eing used in

almost all asp ects of daily life i.e., medical, defense, business and not to for-

get the so cial media. It can b e observed from Figure 10.2 that to day almost

80% of homes in the develop ed world and 43% of homes in the over all world

are equipp ed with broadband internet access. Similar trend can b e observed

for the individuals using the internet across the glob e. The rise in the mobile

subscriptions and in the usage of internet shows an ever increasing trend for

the demand of internet based data services and mobile connectivity.

Over the last 10 years the mobile communication has evolved from complete

circuit switched network to all IP network. Due to this evolution it has b e-

come p ossible to provide such higher data rates on mobile devices which were

1
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Figure 1.1: Global ICT development 2001-2013 [1]

only p ossible on �xed broadband networks only a decade ago. To day, the

third generation partnership pro ject (3GPP) Long Term Evolution (LTE) [3]

for cellular networks has already b een deployed in some regions of the world

and it is providing almost 100Mbps on the downlink and 50Mbps on the

uplink. As p er ITU statistics, not only the numb er of mobile subscrib ers are

increasing but the mobile broadband subscriptions are also on the increase.

This can b e observed from Figure 10.1 which presents the global Information

Communication Technology (ICT) trends and it can b e seen that b efore 2006

the mobile broadband subscriptions were zero and since then it has reached

the level of 30% of world's p opulation. This is a clear indication that there

will b e a signi�cant increase in the demand of higher data rates for mobile

data services in the future.

However, to meet the increasing demand of higher data rates, it is required

to investigate more e�cient and innovative techniques which can not only

provide the required data rate by b eing more sp ectral e�cient but are also

environment friendly in terms of energy consumption. One example of such

e�orts is the standardization of the 3GPP LTE system. It deploys not only

the large scale networks where multiple antennas are used at mobile and base

station, but also small scale networks which make use of the base stations

transmitting at a very low p ower, i.e., femto cell networks, to increase the

sp ectral e�ciency. Also it supp orts the co-op erative communication where

the base stations of neighb oring cells can share data and control signals in
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Figure 1.2: Increasing Use of Internet in daily lives [1]

order to avoid interference and increase the signal strength at the desired

mobile user. It also supp orts advanced concepts like virtual multiple-input

multiple output (MIMO) and relaying.

The gains o�ered by these techniques on the single communication link do

not necessarily represent the same gains when deployed in a huge system.

Therefore, the system level simulations are an absolute necessasity for the

p erformance evaluations b efore the deployment of such schemes. And this

is where one realizes the imp ortance of system level simulators. In system

level simulations the true p erformance of the prop osed techniques is evalu-



4 Chapter 1 Intro duction

ated with full scale system implementation and the compatibility of these

schemes with already existing ones is also validated.

System level simulations normally require heavy computations for extremely

long duration of time b ecause of the characterization of the radio links b e-

tween each user and base station. The link level simulations of all such links

is the b ottle neck in these simulations. To �nd ab out the impact of the link

level computations we p erformed a small simulation with one eNo deB (LTE

acronym for base station - enhanced No deB) and one UE (LTE acronym for

mobile station - user equipment) using Eurecom's Op enAirInterface (OAI)

system level simulator which has an integrated link level simulator as well.

To �nd out ab out the resources sp ent on the physical layer we p erformed

pro�ling on di�erent blo cks of the simulator. During the simulation we cal-

culated the time which has b een sp ent on each blo ck in the simulator and

also the frequency of calling a certain blo ck was calculated. This is shown in

Figure 10.5 where the b oxes in green corresp onds to the main tasks related

to the downlink link level simulator

1

. It can b e seen that most of the sim-

ulation time and resources are sp ent on the blo cks which corresp ond to the

link level simulator.
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Figure 1.3: Simpli�ed Pro�ling Diagram for System Level Simulations

1

Please note that pro�ling was p erformed using gprof under Linux op erating system

and gprof has the limited capability of pro�ling and can not pro�le for the hardware

sp eci�c instructions. In OAI simulator Turb o deco der is implemented with high precision

and extremely low complexity using Intel instruction set and the calls to Turb o deco der

are not visible in the pro�ling �gure.
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A rather simpli�ed version of pro�ling is shown in Figure 10.3 where the

p ercentage of the time duration sp ent for the link level simulations and rest

of the system level related tasks is shown. Although it was an extremely

trivial system but still more than 82% of the simulation time was sp ent on

the link level simulation whereas only a small fraction of time was sp ent on

the proto col stack and other system related tasks.

Therefore, to reduce the complexity and duration of system level simulations

it is absolutely necessary to have an accurate physical layer (PHY) abstrac-

tion mo del which replaces the actual link level computations and provides

the higher layers with necessary and accurate link quality metric, i.e., blo ck

error rate (BLER) or packet error rate (PER). A link abstraction mo del is

used to determine the required system level quality indicator using ideal link

adaptation without actually having to simulate any PHY pro cessing , i.e.,

co ding, mo dulation, convolution of channel with signal, demo dulation and

deco ding. This is depicted in Figure 10.4 where it can b e seen that PHY

abstraction provides upp er layers with necessary decision on the deco dability

of the packet under instantaneous channel conditions whereas in full PHY

pro cessing this decision is only obtained from the deco der itself. In this form

it is an extremely valuable low complexity to ol for e�cient large scale system

simulations. Moreover it can also b e used for fast resource scheduling, fast

link adaptation using adaptive p ower control and adaptive mo dulation and

co ding.

Figure 1.4: Comparison of Proto col Stack with and without PHY

abstraction
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The main motivation of this thesis, therefore, was to investigate and prop ose

new PHY abstraction mo dels for di�erent antenna con�gurations in LTE and

provide a pragmatic approach so that these abstraction mo dels have higher

level of applicability, accuracy and realism. This shall not only provide the

fundamental basis in the improvement for the system level simulators, with

which it shall b e p ossible to test di�erent higher layer proto cols and schedul-

ing schemes, but also these PHY abstraction schemes can b e used in the real

time evaluations of the base stations.

Moreover, this thesis provides fundamental parameters for the PHY abstrac-

tion of di�erent transmission mo des of LTE and provides an in-depth anal-

ysis on the various asp ects of PHY abstraction. The problem of having an

analytical solution for the inclusion of incremental redundancy hybrid au-

tomatic rep eat request (IR-HARQ) is also handled in this thesis and two

semi-analytical approaches has b een prop osed to map the b ene�ts of IR-

HARQ with high level of precision and e�ciency.

Another ob jective of this thesis is to show that PHY abstraction techniques

have actually lot of p otential and can b e used in more than one scenario and

for more than one purp ose. We show that the PHY abstraction implemented

in system level simulator provides at least 30 times the sp eed up of the simu-

lation as compared to the system with full PHY pro cessing. We also showed

by providing an aggregated throughput over the given numb er of frames to

show that PHY abstraction provides exactly same kind of p erformance as

a system with full PHY pro cessing. This provides an extremely encourag-

ing and p ositive result for the use of PHY abstraction in system simulations.

Also we showed that it can improve the channel quality indicator (CQI) feed-

back for the selection of appropriate mo dulation and co ding scheme (MCS)

on the downlink and with a slight mo di�cation it can also b e used for real

channel estimates to prove fundamental communication concepts in various

environments.

1.2 Outline and Contributions

This thesis is mainly divided in two parts, metho dologies and applications.

Some basic concepts related to LTE and the topics covered in this thesis are

presented as background knowledge in Chapter 2. Part-I describ es the PHY

abstraction schemes for di�erent transmission mo des of LTE and their vali-

dation through link level simulators. At �rst this part provides a global view

on the metho dology of PHY abstraction and answers some very imp ortant

questions ab out the validation of these schemes with the help of link level

simulators. Then it extends the abstraction schemes for the case of multi-

user (MU) MIMO communication where the interference is non-Gaussian
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and its structure is exploited during the deco ding therefore the PHY ab-

straction should also b e able to exploit the knowledge ab out interference for

accurate mo deling. The inclusion of IR-HARQ for LTE is then discussed

in detail and two novel semi-analytical pro cedures are prop osed which make

use of only three reference additive white Gaussian noise (AWGN) curves

and provide simple solution for variable bandwidth assignment.

Part-I I presents some of the p ossible applications of PHY abstraction start-

ing with its implementation for system level simulations and then comparing

di�erent asp ects of PHY abstraction where it is b ene�cial. It can also b e

used for the fast link adaptation in LTE where an e�cient CQI can b e cal-

culated using PHY abstraction and an appropriate mo dulation and co ding

scheme (MCS) can b e selected for the downlink. Another very imp ortant

application of PHY abstraction is the validation of di�erent communication

asp ects with the help of measured channel estimates. A brief overview of

each chapter is presented b elow.

1.2.1 Fundamentals

This chapter covers the basic concepts related to the LTE standard in gen-

eral and sp eci�cally ab out the physical layer. It is intended to provide a

quick reference to di�erent concepts ab out LTE system which shall b e fre-

quently used in the rest of the thesis. It starts with a very brief history

on the evolution of cellular standards and discusses the LTE proto col, LTE

frame structure and downlink pro cessing, e.g., channel co ding, mo dulation

etc, and forward error correction in LTE using IR-HARQ. Then it provides a

short intro duction to an imp ortant concept of bit interleaved co ded mo dula-

tion (BICM) and presents the BICM capacity for the quadrature amplitude

mo dulation (QAM) alphab ets. Finally this chapter concludes with a formal

intro duction of PHY abstraction for orthogonal frequency division multi-

plexing (OFDM)-based systems.

1.2.2 Part I - Metho dologies

Chapter 3

This chapter presents PHY abstraction metho dologies for single-user (SU)

communication in LTE. It provides the detailed training and validation of

PHY abstraction schemes with the help of link level simulator for di�erent

transmission mo des of LTE. It answers the various fundamental questions

ab out the design and validation of PHY abstraction schemes with the help

of detailed results. It provides the AWGN reference p erformance curves used

for the link quality indication and shows that the calibration of adjustment

factors in p opular PHY abstraction schemes is a necessary step esp ecially for

the case of mutual information based PHY abstraction and multi-antenna
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con�gurations. The metho dology is presented for single-input single-output

(SISO) channel and for multiple-input single-output (MISO) channels, em-

ploying space time blo ck co des (STBC), i.e., Alamouti co des and transmit

preco ding. Some of the results from this chapter are published in,

� Imran Latif, Florian Kaltenb erger Navid Nikaein and Raymond Knopp,

� Large scale system evaluations using PHY abstraction for

LTE with Op enAirInterface �, EMUTOOLS 2013, 1st Workshop on

Emulation Tools, Methodology and Techniques, March 5, 2013 , Cannes,

France in conjunction with SIMUTo ols 2013, 6th International ICST

Conference on Simulation Tools and Techniques, March 5-7, 2013 ,

Cannes, France.

and will b e presented as one part of the invited pap er in,

� Imran Latif, Florian Kaltenb erger and Raymond Knopp, � On Scal-

ability, Robustness and Accuracy of physical layer abstrac-

tion for large-scale system level evaluations of LTE networks �,

ASILOMAR 2013, 47th Annual Conference on Signals, Systems, and

Computers, November 3-6 , 2013, Paci�c Grove, CA, USA.

Chapter 4

This chapter presents a novel PHY abstraction mo del for incorp orating the

knowledge of interference along with the desired signal strength to predict the

link p erformance for the MU MIMO systems. The imp ortant asp ect of this

metho d is that it can b e used for not only MU MIMO systems but for other

interference limited MIMO systems as well where the interference is non-

Gaussian. A particular example of such scenario is the transmission based

on the spatial multiplexing in LTE with two indep endent data streams. For

this case the interference received on b oth streams is not Gaussian and b e-

longs to a �nite QAM alphab et whose structure can b e exploited during the

deco ding. The prop osed PHY abstraction is able to exploit this information

for the PHY abstraction. This chapter shows the results for the validation of

prop osed scheme with the two state-of-the-art metho ds and its sup eriority

is proved using link level simulator. Some of the results are published in,

� Imran Latif, Florian Kaltenb erger and Raymond Knopp, � Link ab-

straction for multi-user MIMO in LTE using interference-

aware receiver �, WCNC 2012, IEEE Wireless Communications and

Networking Conference, April 1-4 , 2012, Paris, France.

and will b e submitted as one part of journal pap er,

� Imran Latif, Florian Kaltenb erger and Raymond Knopp, � Link Per-

formance Prediction for Single and Multi-User MIMO in LTE

with Interference Aware Receivers �, under preparation.
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Chapter 5

This chapter presents two novel semi-analytical PHY abstraction mo dels

which predict the link p erformance of LTE systems with IR-HARQ for vari-

able bandwidth assignment. These prop osed mo dels make use of an intelli-

gent design of rate matching in LTE for making the mo deling of IR-HARQ

indep endent of the size of transp ort blo ck size (TBS) and reduces the stor-

age requirements for the PHY abstraction by utilizing reference p erformance

curves corresp onding to the mother co de rate. The two prop osed approaches

are symbol level modeling and bit level modeling . As it is clear from the names

that former is based on symb ol level mo deling and is thus easier to implement

whereas the latter is based on bit level mo deling and is more accurate. The

results for di�erent rounds of IR-HARQ are shown in this chapter and it is

observed that the prop osed mo dels provides very accurate validation results

from the link level simulator. The results from the symb ol level mo deling

are published in,

� Imran Latif, Florian Kaltenb erger, Raymond Knopp and Joan Olmos,

� Link abstraction for variable bandwidth with incremental re-

dundancy HARQ in LTE �,WiNMEE 2013, 9th International Work-

shop on Wireless Network Measurements , in conjunction with 11th Intl.

Symposium on Modeling and Optimization in Mobile, Ad Hoc, and

Wireless Networks (WiOpt 2013), May 13-17 , 2013, Tsukuba Science

City, Japan.

and the results for the bit level mo deling are published in,

� Joan Olmos, Alb ert Serra, Silvia Ruiz, Imran Latif, � On the use of

mutual information at bit level for accurate link abstraction

in LTE with incremental redundancy H-ARQ �, COST IC 1004,

5th MC and Scienti�c Meeting, Technical Research Report IC1004

TD(12)05046, 24-26 September 2012 , Bristol, UK.

These results are also b eing planned to b e published in journal pap er.

1.2.3 Part I I - Applications

Chapter 6

This chapter presents a complete metho dology for implementing the PHY

abstraction in a system level simulator with the help of Eurecom's OAI

system level simulator. It shows that how the PHY abstraction should b e

transparent to the upp er layers of the LTE proto col stack to b enchmark the

p erformance of PHY abstraction and full PHY pro cessing. It provides a

detailed comparison of di�erent transmission mo des of LTE for the simula-

tions with and without PHY abstraction. It shows that PHY abstraction is

a valuable to ol for large scale system simulations by providing very similar
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results as a system with full PHY pro cessing would provide. It also shows

that using PHY abstraction can provide a huge amount of sp eed up in the

simulation and thus can b e used for an e�cient real time p erformance eval-

uations without the loss of real transceiver p erformance. The results from

this chapter are published in the pap er presented at EMUTOOLS and shall

also b e published in the invited pap er at ASILOMAR 2013.

Chapter 7

This chapter provides another imp ortant application of PHY abstraction. It

provides the p erformance comparison of di�erent LTE transmission mo des

in rural areas at 800 MHz band with the help of real channel estimates and

mutual information based PHY abstraction scheme. It provides a detailed

metho dology for the use of PHY abstraction for such exp eriments. It can not

only validate some of the well understo o d concepts of communications but

can also b e used for extensive analysis by extrap olating the results to various

other scenarios. In this chapter the results for MU MIMO are extrap olated

from the channel estimates of another transmission mo de and it is shown that

it is advantageous to do opp ortunistic MU MIMO whenever it is p ossible as

it provides overall b etter throughput even when we restrict our results to

only lower mo dulation. The results from this chapter are published in,

� Imran Latif, Florian Kaltenb erger, Rizwan Gha�ar, Raymond Knopp,

Dominique Nussbaum, Hervé Callewaert, and Gaël Scot. � Perfor-

mance of LTE in Rurual Areas - Bene�ts of Opp ortunistic

Multi-User MIMO �, PIMRC 2011, 22nd Annual IEEE International

Symposium on Personal, Indoor, and Mobile Radio Communications,

September 11-14 , 2011, Toronto, Canada.

� Andrea F. Cattoni, Hung T. Nguyen, Jonathan Duplicy, Deepaknath

Tandur, Bilijana Badic, Ra jara jan Balra j, Florian Kaltenb erger, Im-

ran Latif, Ankit Bhamri,Guillaume Vivier, Istvan Z. Kovacsk, Peter

Horvat, � Multi-user MIMO and carrier aggregation in 4G sys-

tems: the SAMURAI approach �, WCNC 2012, IEEE Wireless

Communications and Networking Conference, April 1-4 , 2012, Paris,

France.

Chapter 8

This chapter presents the problem of fast link adaptation (FLA) in LTE and

shows that using the knowledge of antenna con�guration from the control

channel information, an improved CQI can b e calculated with the help of

mutual information based PHY abstraction. Then using this improved CQI

the scheduler at the eNo deB can select more appropriate MCS which can

increase the overall system throughput. We show that when a UE is b eing
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scheduled in transmission mo de 6 then this improved link adaptation can

provide gain in the throughput of the system by selecting a more feasible

MCS on the downlink. The results from this chapter shall b e published in,

� Imran Latif, Florian Kaltenb erger and Raymond Knopp, � Improved

Link Adaptation and Scheduling for Transmit Beamforming

in LTE using Op enAirInterface �, under preparation.

1.2.4 Conclusion & Future Work

Finally this chapter concludes the thesis by giving a quick summary of the

achievements of the thesis and also provides the guidelines for the future

directions in which this work can b e further extended.
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Figure 1.5: Pro�ling for System Simulation with 1 eNo deB and 1 UE in the

context of LTE, SISO channel, frequency selective Rayleigh channel and

constant bit rate tra�c.



Chapter 2

Fundamentals

2.1 Brief history of Cellular Standards

The �rst p opular cellular system Advanced Mobile Phone Service (AMPS)

was deployed in 1983 in USA and was purely based on analog communica-

tion. Later it was deployed in several countries in South America, Asia and

North America. With the installation of the �rst global system for mobile

(GSM) in 1991 came the era of second generation (2G) mobile communica-

tions. It was a ma jor break through in terms of quality, latency and privacy

of mobile communications. GSM was the �rst complete digital mobile phone

system which was immediately welcomed by the ma jor countries of the world

and still holds the ma jority of global market share. The second generation

was initially designed to b e circuit switched system for an improved voice

communication but later with the demand of data services an additional

plane for the packet-based services was included in this standard. This data

plane was known as general packet radio service (GPRS) which evolved into

enhanced data rates for GSM evolution (EDGE). EDGE could provide p eak

data rates up to 384kbps and the average data rate of 80-120kbps. But so on

the desire for higher data rates moved the standardization b o dies to develop

standards which can provide higher data rates with low latency and multi-

media supp ort which lead to the design of third generation (3G) systems.

The third generation systems were a signi�cant improvement over 2G sys-

tems with comparatively higher data rates, improved voice capacity as well

as advanced data services and applications. These systems were wideband

communication systems and were based on co de division multiple access

(CDMA). The �rst 3G standard was named as universal mobile telephone

13
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Table 2.1: Summary Comparison of GSM (2G), WCDMA (3G) and LTE

GSM WCDMA LTE

Standard GSM 3GPP release 99 3GPP Release 8

Frequency Bands 850/900MHz,

1.8/1.9GHz

850/900MHz,

1.8/1.9/2.1GHz

700MHz,

1.7/2.1GHz,

2.6GHz, 1.5GHz &

more

Channel Bandwidth 200KHz 5MHz 1.3, 3, 5, 10, 15,

20MHz

Multiple Access TDMA,FDMA CDMA OFDMA (DL) &

SC-FDMA (UL)

Duplexing FDD FDD FDD & TDD

Peak Data Rate GPRS 107kbps;

Edge 384kbps

2048kbps 150Mbps (DL) &

75Mbps (UL)

User Plane Latency 600-700ms 100-200ms 5-15ms

service (UMTS) Release 99 by the 3GPP and was published in 1999. It

b ecame very p opular and so on it was deployed in most of the countries.

UMTS Release 99 was further enhanced by intro ducing high sp eed packet

access (HSPA) and HSPA + whose evolution is still ongoing. But all these

systems were still not able to meet the data requirement of to day's market

and thus in parallel to these standards, 3GPP started from scratch to develop

a new standard known as Long Term Evolution (LTE) which can provide

high amount of data rates and low latency [4]. A detailed comparison of

LTE with legacy mobile standards in terms of latency, p eak data rate on DL

and UL, sp ectral e�ciency, etc. is given in Table 2.1.

2.2 Third Generation Partenership Pro ject - Long

Term Evolution

3GPP �nalized the standardization of its �rst LTE release in 2008 and as

a result it was named Release 8. LTE was designed primarily with a goal

in mind to e�ectively provide the p erformance comparable with the wired

broadband services. It was designed to provide 100Mbps at the downlink

(DL) and 50Mbps on the uplink (UL). Almost a decade ago, these data rates

were only p ossible on broadband wired networks but to day LTE Release 8

has even surpassed its minimum requirements by providing even higher data

rates on b oth UL and DL. the LTE standard uses OFDM as the underlying

mo dulation scheme with OFDMA on the downlink and single-carrier (SC)-

FDMA on the uplink. OFDM has numb er of b ene�ts when compared to

its predecessor WCDMA, esp ecially the ease of frequency domain equaliza-

tion and the inclusion of cyclic pre�x to �ght inter-symb ol-interference (ISI).

Furthermore, OFDM converts a frequency selective broadband channel into
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several narrowband �at fading channels b ecause of which it b ecomes ideal

candidate for the MIMO techniques. Moreover, the use of OFDM allows

frequency domain resource allo cation in LTE which increases the sp ectral

e�ciency of the system.

Among other improvements in LTE are the supp ort of multi-layer trans-

mission using multiple antennas at the transmitter and receiver, inclusion of

capacity achieving Turb o co des, bit interleaved co ded mo dulation (BICM),

e�cient rate matching, HARQ at the physical layer and adaptive mo dula-

tion and co ding (AMC) at the MAC layer. Although it is not absolutely

necessary in the scop e of this thesis to highlight the core network comp o-

nents of LTE, a few details of the evolved packet core (EPC) nevertheless

b e mentioned. LTE has in fact revolutionized the cellular communications

by providing a complete paradigm shift to all IP network core from the ar-

chitecture of having a separate circuit switched and packet switched cores.

It is shown in Figure 2.1 that all the comp onents which were necessary in

2G and 3G networks are replaced by rather simple and e�cient all IP-based

EPC.

Figure 2.1: LTE: From separate circuit-switched and packet-switched cores

to an all-IP core [2]

2.2.1 Evolved Packet Core

EPC is designed in Release 8 to provide high capacity, all IP, reduced latency,

�at architecture that dramatically reduces cost. It also supp orts advanced,

real time and media rich services with an enhanced quality of exp erience. Its

intelligent design includes backward compatibility to legacy 2G GSM-EDGE
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Radio Access Networks (GERAN) and 3G Universal Terrestrial Radio Access

Networks (UTRAN) connected via Serving GPRS supp ort no des (SGSN).

EPC takes care of access control, packet routing and transfer, mobility man-

agement, security, radio resource management (RRM) and network manage-

ment. More details ab out the LTE network architecture and EPC can b e

found in [2].

Figure 2.2: An example of data �ow in LTE proto col

2.2.2 Proto col Stack and Data Flow

In LTE proto col stack is structured into four main layers and each layer is

resp onsible for di�erent tasks. An example of data �ow b etween these layers

is shown in Figure 2.2 where the data from or to higher layers is known as

service data unit (SDU). The brief intro duction of four layers is given b elow

as,

� Packet Data Convergence Proto col (PDCP) [5] is resp onsible for the

robust header compression of the incoming IP packet and p erforms

ciphering to provide security.

� Radio Link Control (RLC) [6] is resp onsible for segmentation/concatenation

and in order transmission of the RLC SDU. It also p erform RLC re-

transmission employing automatic rep eat request (ARQ).
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� Medium Access Control (MAC) [7] is resp onsible for scheduling, mul-

tiplexing of users and Hybrid-ARQ (HARQ) retransmissions for the

packets which were received in error and could not b e deco ded at the

receiver.

� Physical Layer (PHY) [8] is resp onsible for the actual transmission

and contains pro cesses like channel co ding, mo dulation, multi-antenna

pro cessing, resource mapping etc.

In the rest of this chapter we shall give more details ab out the structure of

the physical layer and the pro cessing p erformed on this layer in the LTE

standard.

2.3 LTE Physical (PHY) Layer

In LTE the physical layer is resp onsible for the �nal transmission and recep-

tion of the data. The communication is organized in the form of radio frames.

Generally one radio frame spans some duration in time and bandwidth in

the frequency domain.

2.3.1 Radio Frame

In LTE the smallest resource for which the data can b e allo cated is the re-

source element (RE). A resource element consists of one OFDM symb ol plus

cyclic pre�x (CP) in time domain and 15kHz of bandwidth in the frequency

domain. In this sense the RE is a two dimensional quantity which can b e al-

lo cated for data transmission. Twelve of such consecutive resource elements

in the frequency domain combined with 6 or 7 (dep ending on the length of

the CP) OFDM symb ols in the time domain form a physical resource blo ck

(PRB). A PRB is a RE grid with a duration of 0.5ms and has a bandwidth

of 180kHz. This is shown in Figure 2.3.

In LTE the whole bandwidth is divided into several PRBs and the users are

allo cated certain numb er of PRBs. The p ossible numb er of PRBs and REs

for variety of available bandwidths in LTE are given in the Table 2.2. Fur-

thermore, the PRB allo cation for a sp eci�c bandwidth of 5 MHz is shown in

Figure 2.4. It can b e seen in Figure 2.4 that there exists some p ercentage

of the total bandwidth which acts as a guard bandwidth and a user can b e

assigned a sp eci�c numb er of PRBs as its allo cated bandwidth.

In the time domain 6 or 7 OFDM symb ols make one slot of duration 0.5ms

and a cyclic pre�x is added to the b eginning of each slot. This can b e seen

in Figure 2.5. In LTE standard there exist two typ es of cyclic pre�xes,

� Normal Cyclic Pre�x (NCP)
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Figure 2.3: Time and Frequency view of LTE Frame Grid

Figure 2.4: An Example for the Frequency Domain Bandwidth allo cation

in LTE with 5MHz bandwidth

� Extended Cyclic Pre�x (ECP)

For an ECP there are six OFDM symb ols in each slot whereas for NCP there

are 7 OFDM symb ols in one slot. A detailed information ab out the length

of a normal and extended cyclic pre�x is shown Figure 2.5. ECP provides

more protection against ISI by having longer duration of CP and is thus used
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Table 2.2: Available Bandwidths in LTE and Corresp onding REs and PRBs

Channel Bandwidth [MHz] 1.4 3 5 10 15 20

Useful Bandwidth [MHz] 1.08 2.7 4.5 9.0 13.5 18

Bandwidth Expansion (%) 23 10 10 10 10 10

Sampling Frequency [MHz] 1.92 3.84 7.68 15.36 23.04 30.72

Numb er of PRBs 6 15 25 50 75 100

Numb er of REs 72 180 300 600 900 1200

for scenarios where the multiple copies of the signal can arrive with a larger

delay.

It can b e seen in Figure 2.5 that two slots are combined together to make

a subframe of duration 1ms. This duration is also called transmission time

interval (TTI) and each TTI duration a new scheduling and AMC decision

can b e taken in LTE. Ten of such subframes combined together make an

LTE radio frame of duration 10ms, which is the main unit for transmission

on the LTE PHY layer. The discussion until this p oint is more relevant to

the time division duplexing (TDD) frame con�gurations. For the case of

frequency division duplexing (FDD) the only di�erence is that there exists

no sp ecial subframe and all of the subframes are allo cated either for the DL

or the UL, whereas in the TDD there exists many di�erent con�gurations

with a sp ecial subframe for the choice of DL and UL communication which

are shown in the Table 2.3.

Table 2.3: LTE TDD Frame Con�gurations

TDD DL/UL

Con�guration

Subframe Numb er

0 1 2 3 4 5 6 7 8 9

0 D S U U U D S U U U

1 D S U U D D S U U D

2 D S U D D D S U D D

3 D S U U U D D D D D

4 D S U U D D D D D D

5 D S U D D D D D D D

6 D S U U U D S U U D

In this thesis, however, all the results are based on the TDD con�guration

3 only where there are 6 DL subframes, 3 UL subframes and one sp ecial

subframe. Also throughout this thesis normal cyclic pre�x is used for all of

the discussions and for generating the results.
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Figure 2.5: LTE Frame structure

2.3.2 PHY Pro cessing

For the LTE downlink the physical layer pro cessing mainly consists of chan-

nel co ding, mo dulation and layer mapping as shown in Figure 2.6. Channel

co ding takes the input from the MAC layer as transp ort blo cks and p erforms

co ding on them to obtain co dewords whereas the mo dulation generates com-

plex valued OFDM basedband signals for each antenna p ort which are then

up converted to the carrier frequency.

Figure 2.6: Channel co ding, Rate matching and Mo dulation Mapping in

LTE
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To provide forward error detection a cyclic redundancy check (CRC) are 24

parity bits is attached to the transp ort blo ck. This CRC is generated using

the cyclic generator p olynomials describ ed in [9]. The co de blo ck segmenta-

tion is p erformed on the resulting transp ort blo ck only if the numb er of CRC

and transp ort blo ck bits b ecomes greater than the maximum allowed size of

the interleaver in the turb o co de(6144). If the segmentation is p erformed

then an additional CRC of 24 bits is attached again to each of the co de

blo ck. After this rate 1/3 Turb o co ding is p erformed on each co de blo ck.

Turb o Co ding and Rate Matching LTE utilizes capacity achieving

turb o co des with rate 1=3 for the downlink transmission. The turb o enco der

in LTE consists of one systematic and two parallel concatenated 8-state con-

volutional enco ders and one internal interleaver. As is shown in the Figure

2.7 (a) the b ox lab eled as systematic bits contains the co de blo ck directly

and the b oxes lab eled as parity bits 1 and 2 contain the bits from the con-

stituent enco der 1 and 2 resp ectively. Each data blo ck has its own interleaver

and the interleaved data bits are written into the circular bu�er. Then for

an arbitrary co de rate transmission the co dewords are generated using the

circular bu�er (CB) and rate matching. Since the CB corresp onds to the

co de rate 1=3 (also referred to mother co de), therefore, the co dewords with

higher co de rate than the mother co de rate can b e generated by transmit-

ting only a p ortion of the CB. And the co dewords with lower co de rate than

mother co de can b e generated by transmitting the CB several times. More

details ab out the structure of LTE rate matching and the CB can b e found

in [9] [10].

(a) Turb o Enco der in LTE (b) Redundancy Versions (rv) in LTE

Figure 2.7: Turb o Co ding and IR-HARQ in LTE
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2.3.3 HARQ in LTE

In LTE HARQ is supp orted at the PHY layer to provide higher improvements

in the PHY throughput. If the �rst transmission is not successful, then the

UE sends back a not-acknowledged (NACK) signal to the eNo deB on its UL

control channel indicating that the co deword is received in error and is not

deco ded correctly. The eNo deB then transmits the either the same copy of

co deword it sent in round 1 or sends a co deword such that it contains some

rep eated bits and mostly new parity bits. This is p ossible in LTE with the

help of redundancy versions (RV) and virtual circular bu�er. The design of

rate matching and puncturing in LTE is very sophisticated and it can b e

used for implementing an arbitrary co de size and HARQ b ene�ts from the

design of di�erent redundancy versions. After receiving the certain numb er

of retransmission, the e�ective signal is calculated at the receiver by applying

the maximum ratio combining on the received log-likeliho o d ratios (LLRs)

during di�erent retransmissions. The gains received after the deco ding can

b e actually divided into two categories, the co ding gain which comes from the

transmission of new parity bits in each retransmission and the receive SNR

gain which comes from the rep etition of co ded bits in each retransmission.

It is very well known that for turb o co des with contention free interleavers,

most of the Hamming weight in the minimum distance resides in the parity

bit streams. Therefore, the retransmissions are designed to have more new

parity bits so that the e�ective minimum distance of the punctured co de is

improved and provides go o d p erformance at higher co de rates. There are

two typ es of HARQ supp orted in LTE,

� Chase Combining (CC) where in case of unsuccessful deco ding at the

receiver, the transmitter sends the copy of the same data as in previous

transmissions.

� Incremental Redundancy (IR) where a combination of some old bits

and some new parity bits is transmitted in the case of unsuccessful

deco ding at the transmitter.

For the IR-HARQ in LTE there are four di�erent redundancy versions (RV)

as shown in Figure 2.7 (b) which are created by reading out the bits from a

di�erent starting p oint in the CB. The adjacent RVs contain equal numb er

of the rep eated bits and if the same MCS is used for retransmission then

each of the RV has the same size.

2.4 Bit Interleaved Co ded Mo dulation (BICM)

Another imp ortant concept in the scop e of this thesis is bit interleaved co ded

mo dulation (BICM). BICM was �rst prop osed by Zehavi [11] and then later

a detailed information theoretic analysis was p erformed by Caire et al [12].
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BICM is b eing used in many of the latest standards, e.g., IEEE 802.11a,

IEEE 802.16 and 3GPPs LTE b ecause of its improved p erformance and ease

of implementation compared to the co ded mo dulation scheme. Figure 2.8

shows a generic baseband BICM channel mo del with iterative deco ding. The

vector of enco ded bits c generated by the enco der is interleaved, generating

c0 = �( c) .

Figure 2.8: Baseband BICM-ID transmission mo del

The output of the interleaver is then given to the mo dulator where these

inteleaved and co ded bits are gathered in length- n co dewords which are then

mapp ed to complex symb ols x 2 � using a binary memoryless mapping

M : f 0; 1gn ! � where � is the constellation alphab et. Then these symb ols

x = [ x0; x1; � � � ; xN ] are transmitted through the channel where N is the

symb ol blo ck length. Then the received signal at time t can b e given as,

yt = ht :x t + zt (2.1)

where ht is a complex channel gain and zt is a zero mean real white Gaussian

noise sample with variance N0 . We shall hereafter drop the index t , as in

the rest of the chapter the individual channel symb ols shall b e considered.

2.4.1 BICM Capacity for QAM Constellation

The mutual information for the system for a �nite size QAM constellation

with j� j = M takes the form,

I (Y ; X jh) = H (X jh) � H (X jY; h)

= log M � H (X jY; h) (2.2)

where H (:) = � E logp(:) is the entropy function. The second term of (2.2)

is given as

H (X jY; h) =
X

x2 �

Z

y

Z

h
p(x; y; h) log

1
p(xjy; h)

dy

=
X

x2 �

Z

y

Z

h
p(x; y; h) log

P
x02 � p(yjx0; h)

p(yjx; h)
dy

(2.3)
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Note that conditioned on the channel, the only source of randomness is the

noise. So (2.3) can b e extended as

H (X jY; h) =
1

M

X

x2 �

Ez log

P
x02 � exp

�
� 1

N0

�
�
�hx + z � hx

0
�
�
�
2
�

exp
h
� 1

N0
jzj2

i

=
1

M

X

x2 �

Ez log

P
x02 � exp

h
� 1

N0
jh(x � x0) + zj2

i

exp
h
� 1

N0
jzj2

i

then the mutual information for QAM constellation symb ols can b e written

as,

I (Y ; X jh) = log M �
1

M

X

x2 �

Ez log

P
x02 � exp

�
� 1

N0

�
�
�h

�
x � x

0
�

+ z
�
�
�
2
�

exp
h
� 1

N0
jzj2

i

(2.4)

Please note that the mutual information of (2.4) represents the case for single

user system with no interference. Figure 2.9 shows the mutual information

for the case of QPSK, 16-QAM and 64-QAM. This mutual information shall

b e used for the mutual information based PHY abstraction in the rest of the

thesis.
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Figure 2.9: Mutual Information versus SNR for di�erent QAM

constellations
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2.5 Op enAirInterface

Op enAirInterface is an op en-source platform for exp erimentation in wire-

less systems with a strong fo cus on cellular technologies such as LTE and

LTE-Advanced. The platform comprises of b oth hardware and software com-

p onents and can b e used for simulation/emulation as well as real-time exp er-

imentation. It comprises of the entire proto col stack from the physical to the

networking layer. The ob jective of this platform is to �ll the gap b etween

the simulation and real time exp erimentation by providing the baselines for

proto col validation, p erformance evaluation and pre-deployment system test.

The key features are

� Extensive LTE Release 8.6 compliance with some features from LTE-

Advanced

� Full proto col stack for b oth UE and eNB implementations

� Provides Linux networking interface to run any application on top

� Carrier aggregation p ossible

� Implements several imp ortant transmission mo des (TM) of LTE

� LTE TM 1 (SISO)

� LTE TM 2 (STBC - Alamouti Co des)

� LTE TM 5 (MU MIMO)

� LTE TM 6 (Transmit Preco ding)

Op enAirInterface comprises of a highly optimized C implementation includ-

ing all of the elements of the 3GPP LTE Rel 8.6 proto col stack for UE and

eNB (PHY, MAC, RLC, RRC, PDCP, NAS driver). Apart from real-time

op eration of the software mo dem on a hardware target, the full proto col

stack can b e run in emulation. The Op enAirInterface emulation environ-

ment allows for virtualization of network no des within physical machines

and distributed deployment on wired Ethernet networks. No des in the net-

work communicate via direct-memory transfer when they are part of the

same physical machine and via multicast IP over Ethernet when they are

in di�erent machines. In the �rst case the emulator can either b e run with

the full PHY layer or with PHY abstraction while in the latter case no des

interface at layer 2. The rest of the proto col stack (MAC and RLC) for each

no de instance uses the same implementation, as would the full system. Each

no de has its own IP interface that can b e connected either to an application

or a tra�c generator. The emulator also comprises a simple mobility mo del

and channel mo dels including path loss, shadow fading and sto chastic small

scale fading.
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2.6 PHY Abstraction

The purp ose of PHY abstraction is to provide an accurate mapping b etween

the link level and system level simulator in terms of the link quality measure.

Traditionally this link quality measure is evaluated in terms of the BLER

which is a function of signal-to-interference plus noise ratio (SINR) averaged

over the several channel and noise realizations of one sp eci�c channel mo del.

It is very imp ortant to mention that average SINR-to-BLER mapping may

su�ce assuming that every transmitted co ded blo ck encounters similar chan-

nel statistics. But this assumption usually do es not hold in recent wireless

mobile systems, due to several reasons:

� In OFDM-based systems, the frequency selectivity caused by multipath

propagation intro duces SINR variations across the sub carriers. The

co ded blo ck is transmitted over several sub-carriers; therefore the p ost-

pro cessing (after equalization) symb ol SINR values are not uniform.

� In multi-antenna systems the same co ded blo ck is transmitted across

several spatial layers, each exp eriencing di�erent channel thus giving

rise to the variations in received SINR.

� The channels are also time selective, causing the channel gains of the

sub-carriers to change in time, esp ecially in the high mobility cases.

� Current systems include HARQ; delays in retransmissions and the

time-varying channel intro duce SINR variations across the transmitted

symb ols.

In this way, symb ols with unequal SINR values may arrive at the receiver.

The co ded bits are fed to the deco der having di�erent qualities, due to trans-

mitting them on di�erent spatial layers, in di�erent OFDM symb ols and on

di�erent OFDM sub carriers. This is equivalent to transmitting the FEC

blo ck through multiple-state channels. Predicting the BLER p erformance

from a channel realization (the instantaneous SINR for each sub-carrier) b e-

comes a key issue for accurate system-level evaluations, and this is the role

of PHY abstraction.

2.6.1 PHY abstraction for OFDM-based Systems

Since all new and up coming cellular standards use OFDM as the basic uplink

and downlink transmission scheme so we are interested in studying the PHY

abstraction schemes for OFDM-based systems. In OFDM-based systems the

pro cess of PHY abstraction can b e rede�ned as the pro cess which predicts

the link quality (in terms of BLER) for a sp eci�c channel realization across

all of the OFDM sub-carriers taking into account the p ower and resource al-

lo cation, mo dulation and co ding scheme (MCS) and other parameters that
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Figure 2.10: Link p erformance mo del

can in�uence the link p erformance. A link p erformance mo del given in [13]

is illustrated in Figure 2.10.

The scheduler sp eci�es how the resources are allo cated to the users and at

which p ower level, and the channel characteristics (e.g., frequency resp onse)

can b e determined taking into account path loss, shadowing, fading and

inter-cell interference. Based on this information, a set of quality measures

� n is derived for all the resource elements n = 1 ; : : : ; N which are o ccupied by

the co ded blo ck (co deword). Usually, these quality measures are the SINR

values after equalization at the receiver.

Figure 2.11: Link-to-System Mapping Pro cedure

The numb er N of resource elements can b e very large for current MIMO-

OFDMA systems, leading to many p ossible combinations of quality measure

values ( � n ). Therefore, multidimensional mapping to BLER is impractical.

The solution is to compress these values into a small numb er of parameters
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(typically a single one), which would allow the mapping of the set of quality

measures to a scalar value. After this, the compressed value is used to ob-

tain the required link p erformance (BLER) using lo ok-up tables (LUTs) or

analytical expressions, which are previously created through link-level sim-

ulations. The mapping function dep ends on the employed channel co de,

interleaving, mo dulation and blo ck length. The channel characteristics are

generated at the system-level and are used to compute the p ost-pro cessing

SINR for each sub-carrier. The set of SINRs is considered as input to the

PHY abstraction which maps this set to a link quality metric (LQM), which

is a scalar value. Normally this LQM is an e�ective SINR ( 
e�

), which is

then mapp ed to the link level curves obtained in advance through simula-

tions for an AWGN channel. This e�ective SINR can b e thought of as an

AWGN-equivalent SNR of the instantaneous channel realization and it can

b e calculated in di�erent ways. This pro cedure is named e�ective SINR

mapping (ESM). A similar Link-to-System (L2S) mapping pro cedure is used

in the IEEE 802.16m Evaluation Metho dology Do cument [14], as illustrated

in Figure 2.11.

To conclude, the Link-to-System interfacing consists of two mapping mech-

anism:

� The �rst one maps the channel state information (CSI) of the instan-

taneous channel realization, usually a set of SINR values, to a link

quality metric (LQM), a scalar value;

� The second one maps this LQM to the required link p erformance mea-

sure (usually the BLER), by using link level results previously gener-

ated for AWGN channels.



Part I

Metho dologies

29





Chapter 3

LTE Single-User (SU) SISO &

MISO Systems

3.1 Intro duction

PHY abstraction also referred as link abstraction, link-to-system (L2S) in-

terface or link prediction has gained quite a lot of attention from the research

community in the last decade. This is due to the lucrative gains it o�ers in

terms of resource and time consumption for large scale system evaluations.

Usually it is thought of an interface which provides the necessary informa-

tion from the link level simulator to the system level simulator to p erform

higher layer tasks, i.e., resource scheduling, link adaptation and radio re-

source management (RRM) and hence the name link-to-system interface. In

the past average value interface (AVI) was the �rst PHY abstraction tech-

nique used for GSM systems under the assumption of slow or �at fading

channels. This scheme was unable to capture the e�ects of the variations

in the channel and thus was limited in its applicability for the evaluation of

real systems. Then actual value interface (AcVI) was prop osed in [15] which

was able to account for multipath and the frequency hopping with the help

of some auxiliary statistics.

However with the invention of capacity achieving Turb o co des and LDPC

co des, use of OFDM as mo dulation scheme, supp ort of multiple antennas at

transmitter and receiver, forward error correction at layer 1 with the help

of HARQ and use of fast link adaptation in recent standards such as 3GPP

LTE has revolutionized the �eld of cellular communications. One of the very

imp ortant features of new systems is the utilization of an instantaneous chan-

31
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nel feedback to b ene�t from the adaptive mo dulation and co ding schemes.

This puts even more strict constraints for the PHY abstraction, other than

to imitate already complicated PHY pro cesses, in terms of accuracy for the

fast fading channels, low complexity and sp eed. Therefore research in this

sp ecialized area is of utmost imp ortance and has b een welcomed by b oth

industry and academia.

3.1.1 Related Work

During the last decade the need for more sophisticated PHY abstraction

mo deling has gained quite a bit of attention from the research community

due to its imp ortance for accurate system level evaluations. Mainly [16] [17]

[18] [19] discuss the p ossible link p erformance mo dels which are capable of

capturing the e�ects of multi-state channels. Exp onential e�ective SINR

mapping (EESM) was �rst intro duced for system level evaluations in [16]

and since then onwards have b een extensively used for link quality mo d-

eling. In [20] it is shown that EESM is a suitable choice for 3GPP LTE

wireless systems and p erforms b etter than other link quality schemes but

mutual-information based metho ds were not considered for the comparison.

They also showed through simulations that the PHY abstraction is inde-

p endent of the used channel mo del. In [18] authors discussed some of the

p ossible link p erformance mo dels and evaluated them in terms of complexity

and p erformance. They showed through their results that for single antenna

systems mutual-information based e�ective SINR mapping (MIESM) p er-

forms b etter in b oth complexity and p erformance than all other approaches.

They also showed that for multi-antenna systems MIESM is able to describ e

the characteristics of mo dulation and co ding schemes in a much b etter way

than other schemes. In [21] authors have intro duced one more calibration

factor for EESM and have shown that it sp eeds up the abstraction pro cess.

In [22] authors have studied the abstraction for generalized spatial channel

mo del (SCM) and in [23] abstraction for OFDM based mobile networks is

discussed. In [19] the authors have used the observation that deco ding of

a co deword is indep endent of mo dulation so they have devised a two step

metho d where received bit information rate is used as a link quality measure

instead of SINR. This metho d is also based on mutual information and do es

not require the calibration for convolution and turb o deco ders. They showed

the sup eriority of MIESM over EESM using this approach. This result was

strengthened by [13] (Wireless World Initiative New Radio- WINNER) and

they chose MIESM as the link p erformance mo deling metho dology. PHY

abstraction mo deling for linear MIMO receivers (i.e. zero-forcing and mini-

mum mean-squared error) and Maximum Likeliho o d (ML) receivers are given

in [14]. Moreover the link quality expressions for simpli�ed HARQ enabled

transmissions are given in [14].
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An interesting result is shown in [24] which states that the training for the

link quality mo del of MIMO systems should not b e done using SISO sys-

tems. They strengthen their p oint by showing results for a 2x2 op en lo op

MIMO system using b oth EESM and MIESM and they have also shown that

MIESM p erforms b etter than EESM. In [17] which is an intermediate rep ort

on a system level simulator, the authors prop osed link quality mo deling for

co op erative communications considering a generic link which consists of the

direct path and the relayed path which in e�ect makes it similar to the pre-

viously discussed link p erformance schemes. They do not discuss the e�ect

of abstracting each (direct/indirect) link b etween transmitter and receiver

and thus it is not really a true link p erformance metric for the claimed co-

op erative communications.

In [25] the author gives very interesting insight into link quality mo del-

ing for the relay assisted transmissions with di�erent relay scenarios using

deco de-and-forward scheme. The author in [25] makes use of the fact that the

relay assisted communication can b e seen as virtual MIMO with distributed

antennas and then he uses EESM for the link quality mo deling.

3.1.2 Contributions

In this chapter most p opular PHY abstraction techniques are presented with

a strong emphasis on their p oint-to-p oint pragmatic implementation for var-

ious typ es of transmission and reception schemes in LTE systems. The

two widely used PHY abstraction schemes are EESM and MIESM. Both

of these schemes are based on the concept of e�ective SINR mapping which

is explained in the next section. An imp ortant parameter for b oth of these

schemes is the adjustment factor(s) for di�erent typ es of transmission strate-

gies and channel mo dels. In this chapter we shall provide clear understanding

of these adjustment factors and on their requirement for the accuracy of the

mo del. We show that the adjustment factors need to b e calibrated and

validated to make sure that the PHY abstraction provides the realism by

imitating the full PHY p erformance.

Most of the work in the literature presents the results for very limited sys-

tems whereas in this chapter we present a generic understanding on di�er-

ent asp ects of PHY abstraction with the help of various antenna con�gu-

rations including single-input single-output (SISO) channel, multiple-input

single-output (MISO) channel with transmit diversity [26� 31] and transmit

b eamforming techniques [32� 41]. These schemes are referred as transmis-

sion mo de 1, 2 and 6 in LTE systems resp ectively. This chapter provides

a complete metho dology of the calibration and validation of the mentioned

PHY abstraction schemes and presents results with the help of OAI link level

simulator.
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Table 3.1: Downlink Transmission Mo des in LTE

UE DL Transmission Mo de Transmission Scheme of PDSCH

Mo de 1 Single-antenna p ort

Mo de 2 Transmit Diversity

Mo de 3 Op en-Lo op Spatial Multiplexing

Mo de 4 Closed-Lo op Spatial Multiplexing

Mo de 5 Multi-User MIMO

Mo de 6 Closed-Lo op Rank-1 Preco ding

Mo de 7 Beamforming Single-antenna p ort

p ort 5

Mo de 8 Dual Layer Beamforming

Mo de 9 Multi-user MIMO Rank>1

seamless switching b etween SU

and MU-MIMO

3.2 LTE Signal & System Mo del

The system under consideration is an LTE single cell scenario with one eN-

o deB and U active UEs. The eNo deB is equipp ed with N t antennas and

the all of the UEs are equipp ed with one antenna only. It is assumed that

there is no co ordination b etween UEs for the communication to the eNo deB

and all UEs have indep endent and identically distributed (iid) channels. It

is further assumed that there is no intercell interference in the system. The

scheduler can decide to serve K users out of the U available users dep ending

on their channel conditions and the requested bandwidth. The eNo deB can

b e con�gured to serve the selected K UEs in di�erent available LTE trans-

mission mo des on the downlink. These transmission mo des are listed in the

Table 3.1. Latest release 10 of LTE has up to 9 di�erent downlink transmis-

sion mo des dep ending on the di�erent antenna con�guration and transmit

or receive strategy.

In this chapter the abstraction metho dology for transmission mo de 1, 2
and 6 is presented but the metho dology for transmission mo de 6 can b e

equivalently used for the transmission mo de 7 as well.

3.2.1 LTE Transmission Mo de 1

LTE transmission mo de 1 is the most basic and simplest transmission mo de

in which a single antenna eNo deB communicates with single antenna UEs.

The system mo del for this transmission mo de is shown in Figure 3.1. For

the mo del shown in Figure 3.1 the received signal at the k -th UE for n -th
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Figure 3.1: SISO: system mo del with one singe antenna eNo deB and U

single antenna UEs

resource element can b e written as

yk;n = hk;n xk;n + zk;n ; n = 1 ; 2; � � � ; N

where hk;n 2 C symb olizes the SISO channel from the desired eNo deB to

the k -th UE, zk;n is zero mean circularly symmetric complex Gaussian (ZM-

CSCG) white noise of variance N0 at k -th UE. Complex symb ol xk;n is

assumed to b e indep endent and b elongs to a discrete M-QAM constellation

with variance � 2
k = 1 . For such a system mo del the received signal to noise

ratio (SNR) at k -th UE on n -th resource element is given by

 k;n =
jhk;n j2:� 2

k

N0
=

jhk;n j2

N0
(3.1)

3.2.2 LTE Transmission Mo de 2

In LTE transmission mo de 2 employs transmit diversity which is a technique

to combat multipath fading in wireless communication. LTE utilizes Alam-

outi space time blo ck co des which were prop osed in late 1990s [26]. The

main idea is to send the copies of the same signal, co ded di�erently, from

multiple transmit antennas giving rise in the transmit diversity. In transmis-

sion mo de 2, two complex symb ols (i.e. x1 and x2 ) are transmitted over two

symb ol times from the two transmit antennas. Figure 3.2 shows the system

mo del for LTE TM 2 where a dual antenna eNo deB is communicating with

single antenna UEs. We assume that the channel is i.i.d but stays constant

for the duration of the two symb ol times. In the �rst symb ol time x1 and x2
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Figure 3.2: Transmit Diversity: system mo del with a dual antenna eNo deB

and U single antenna UEs

are transmitted whereas in the second symb ol time � x �
2 and x �

1 are transmit-

ted through antenna 1 and antenna 2 resp ectively. The received signal for

transmission mo de 2 at u -th UE on n -th resource element after two symb ol

times is given by

y k;n =
1

p
2

X k;n h k;n + z k;n ; n = 1 ; 2; � � � ; N

X k;n =
�

x1 x2

� x �
2 x �

1

�
; h k;n =

�
h1k;n

h2k;n

�
and z k;n =

�
z1

z2

�

where

1p
2

is the p ower normalization factor for b oth antennas, h k;n 2 C2� 1

is the MISO channel from eNo deB to the k -th UE, X k;n is 2 � 2 matrix

in which each column represents the 2 � 1 vector of indep endent complex

symb ols x1 and x2 of variance � 2
k at k -th UE for two symb ol p erio ds, z k;n

is vector of ZMCSCG white noise of variance N0 at k -th UE for two symb ol

p erio ds. At the receiver joint pro cessing for the two symb ols is applied and

the received SNR at k -th UE on n -th resource element can b e calculated as,

 k;n =
jh1k;n j2 + jh2k;n j2

2:N0
(3.2)

Because of the p ower normalization factor the gain in the received SNR is

lost in transmission mo de 2 but the gain in diversity is still obtained.

3.2.3 LTE Transmission Mo de 6

In LTE transmission mo de 6 employs transmit b eamforming where multiple

antennas at the eNo deB are used to transmit the same signal appropriately
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weighted for each antenna element so that the transmission can b e directed in

the direction of the desired user only. For transmission mo de 6 in LTE, a high

SNR is obtained at the receiver by using transmit preco der p which fo cuses

the transmit energy to a sp eci�c user. Figure 3.3 shows the system mo del

for LTE TM 6 where a dual antenna eNo deB p erforms transmit preco ding

towards single antenna UEs.

eN
od

eB
 UE-1 

…
 

UE-U 

Figure 3.3: Transmit Preco ding: system mo del with a dual antenna

eNo deB and U single antenna UEs

The received signal for LTE TM 6 MISO transmission at k -th UE on n -th

resource element is given by

yk;n = h

y
k;n p k;n xk;n + zk;n ; n = 1 ; 2; � � � ; N

where h

y
k;n p k;n is the e�ective preco ded channel from eNo deB to the k -th

UE, p k;n is the preco der requested by k -th UE and zk;n is ZMCSCG white

noise of variance N0 at k -th UE. In LTE the user can request one of the four

available preco ders,

p k;n =
1

p
2

�
1
1

�
;

1
p

2

�
1

� 1

�
;

1
p

2

�
1

j

�
;

1
p

2

�
1

� j

�

The received SNR at the k -th UE on n -th resource element is given by

 k;n =
jh1k;n + qh2k;n j2

2:N0
(3.3)

where q 2 f� 1; � j g. Because of the b eamforming e�ect, transmission mo de

6 extends the range of the cell in LTE and b ecause of the directed b eams it

also reduces the interference on the neighb oring UEs.



38 Chapter 3 LTE Single-User (SU) SISO & MISO Systems

3.3 PHY Abstraction in LTE

In LTE the main purp ose of PHY abstraction is to accurately provide the

p erformance of LTE air interface for the MAC layer. A more generic view

of abstraction is shown in Figure 3.4. In LTE the air interface is based on

the bit interleaved co ded mo dulation with iterative deco ding. The details

ab out BICM in LTE are already given in Chapter 2. As explained in the

Figure 3.4: PHY Abstraction in LTE

previous chapter PHY abstraction usually consists of two main steps; link

quality metric calculation and link p erformance mo deling. Since the link

quality metric has to re�ect the state of the channel in a useful way that

is why most of the times SNR (or SINR in case of Gaussian interference)

is the b est candidate for it. The link p erformance mo deling consists of two

further steps; compression of multiple link quality metrics into one e�ective

link quality metric and its mapping onto AWGN based link p erformance

curves of sp eci�c MCS to obtain the link quality indicator.

3.3.1 Link Quality Metric

The link quality metric can b e de�ned as the quantity which is capable of

capturing all the phenomenon e�ecting the link quality b etween the eNo deB

and UE. The link quality metric should b e able to capture the e�ects of

interference, pathloss, multipath fading etc. and give a simple measure of

the quality of the link. Normally the received SINR is the b est candidate

for the link quality metric and for the system mo del of this chapter, the link

quality metrics can b e obtained using (3.1), (3.2) and (3.3) for the case of

transmission mo de 1, 2 and 6 resp ectively.

3.3.2 Link Performance Mo deling

An imp ortant step in link p erformance mo deling for PHY abstraction is to

calculate the e�ective SNR in a way that it is able to transform the multi-

state channel in to a single state channel. For this purp ose the basic prop osed



3.3 PHY Abstraction in LTE 39

scheme in the literature is e�ective SNR mapping which at �rst compresses

the varying SNRs of a co deword to an e�ective SNR ( 
e�

) value then this


e�

is used to obtain the link quality indicator as an equivalent BLER from

the AWGN p erformance curves of a particular mo dulation and co de scheme

(MCS).


e�

(� 1; � 2) = � 1I � 1

"
1
N

NX

n=1

I
�

 n

� 2

� #

; (3.4)


e�

! BLER

A

( MCS ) (3.5)

where BLER

A

( MCS ) is the BLER of sp eci�c MCS for an AWGN channel,

� 1 and � 2 are called adjustment factors to comp ensate for di�erent mo dula-

tion orders and co de rates. Further details ab out these adjustment factors

is given in the next section. In (3.4) N is the numb er of channel symb ols in

a given co deword and I ( n ) is a mapping function which transforms SINR

of each channel symb ol to some �information measure� where it is linearly

averaged over the co deword. The choice of this information measure in ESM

is of very much imp ortance. It should b e able to re�ect the e�ects of fre-

quency selectivity exp erienced by each channel symb ol within the limits of

a communication channel which in the case of LTE is based on the BICM

capacity for QAM constellation. Due to this restriction the very famous

Shannon's capacity can not b e used as an information measure in LTE as

it is an unb ounded measure of information b eing a function of S(I)NR. It is

shown in Figure 3.5. Therefore the ideal choice for LTE systems will either

b e the BICM capacity function or some equivalent function which is similar

to BICM capacity in terms of p erformance.

There has b een many investigations in the literature for �nding the prop er

information measure which is not only easy to implement but also accurate.

In this resp ect the two most studied link abstraction metho dologies are the

EESM and MIESM where in the former an exp onential function is used

as an information measure and in the latter normalized BICM constrained

capacity is used as an information measure. These are shown in Figure 3.5.

EESM

For EESM the information measure function I ( n ) is calculated using Cher-

no� union b ound of error probabilities [16] and can b e given as,

I ( n ) = 1 � exp(�  n ): (3.6)

and the reverse information function is easily computed from (3.6). Then


e�

for the EESM can b e written as,


e�

(� 1; � 2) = � � 1 ln

"
1
N

NX

n=1

exp
�

�
 n

� 2

� #

: (3.7)
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In (3.7) the compression is p erformed on N channel symb ols and then

the compressed value is transformed back into the SNR domain to obtain


e�

(� 1; � 2) for the purp ose of lo ok-up from the corresp onding AWGN lo ok-

up tables to provide the link quality indicator.

MIESM

In the case of MIESM there are no closed form analytical formulations of

information measure and thus one has to rely on numerical approximations.

For the BICM the approximation of the information measure function and

the reverse information function comes from the normalized mutual infor-

mation for discrete QAM constellations. For the ease of implementation and

calculation of the mutual information for each channel symb ol, these values

are pre-computed for di�erent QAM mo dulations over a wide range of input

SNR and are stored in the form of lo ok-up tables. In general the normalized

BICM mutual information for an arbitrary channel symb ol  n and M-QAM

mo dulation can b e given as,

I M ( n ) =
1

logM

8
>><

>>:
logM �

1
M

X

x 2 �

Ez log

P
x 02 � exp

�
�

�
�
� n

�
x � x

0
�

+ z
�
�
�
2
�

exp
h
� j zj2

i

9
>>=

>>;

(3.8)

where � is the set of the QAM constellation p oints with j� j = M and

z 2 CN(0; 1). To complete the pro cess of the PHY abstraction the I M is cal-

culated for all of the N channel symb ols and is then compressed (averaged)

to a single mutual information value. This mutual information value is then

used to p erform the reverse information mapping to obtain the 
e�

(� 1; � 2)
for reading the BLER from AWGN lo ok-up tables. Figure 3.5 shows the

normalized mutual information for di�erent QAM mo dulations and the in-

formation measure for EESM.

For the PHY abstraction the link quality metric can b e calculated using

(3.1), (3.2) and (3.3) for LTE transmission mo des 1, 2 and 6. Then any of

the two explained metho ds can b e used to obtain 
e�

(� 1; � 2) so that it can

b e used to read BLER from the previously calculated AWGN p erformance

curves corresp onding to the sp eci�c MCS, i.e.,

BLER ( ; MCS ) ' BLER

A

(
e�

(� 1; � 2) ; MCS ) (3.9)

Where  represents the N � 1 vector of  n and BLER

A

represents the AWGN

blo ck error rate obtained for a sp eci�c MCS. In LTE there are 29 di�erent

MCS with a wide range of co de rates and 3 p ossible mo dulation schemes;

QPSK, 16-QAM and 64-QAM. Figure 3.6 shows the AWGN p erformance

curves for these MCS which are obtained from the OAI LTE link level sim-
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Figure 3.5: Comparison of Normalized Mutual Information functions and

EESM function

ulator for mapping the e�ective link quality metric to an equivalent link

quality indicator.

3.4 Calibration of Adjustment Factors

An extremely imp ortant feature of PHY abstraction is that it must b e very

accurate in providing as much realism in the p erformance of a system as a

simulation with full PHY pro cessing. Therefore, b efore we implement the

PHY abstraction for the system level evaluations it has to b e validated.

For this purp ose we used Eurecom's Op enAirInterface link level simulator

and applied b oth ESM metho ds. Figure 3.5 shows the normalized mutual

information functions for QPSK, 16-QAM and 64-QAM and the information

function from (3.6) for EESM. It can b e seen that the EESM function is very

similar to that of the QPSK normalized mutual information function which

is why the calibration is not a critical issue for the case of QPSK but for the

case of 16-QAM and 64-QAM, calibration is a necessary step if EESM is to

b e employed in the system.
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Figure 3.6: AWGN Link Performance Curves in LTE with 5 MHz

Bandwidth for MCS 0 - 27

3.4.1 Link Level Simulations

The main idea of validation is to check whether the PHY abstraction is go o d

enough for any random channel realization or not. In other words can the

PHY abstraction b e applied in any random scenario and b e able to transform

the e�ects of a multi-state channel into a single-state channel by providing

an accurate link quality indicator.

The answer can b e found with the help of link level simulations for the

three describ ed transmission mo des. If it is made sure that the link level

simulations are p erformed for a highly frequency selective channel with a

very large numb er of channel and noise realization then it shall b e able to

capture the e�ect of highly variant channels for the PHY abstraction. The

complete parameters of these simulations are describ ed in Table 3.2.

For each of the link level simulations, a huge numb er of i.i.d channel real-

izations are generated and during the simulation of each channel realization

the channel is kept constant. Then link level simulation is p erformed for

10000 packets or 5000 erroneous packets with random AWGN noise. These

simulations to ok a very long time to �nish but these were necessary to prove

the validation of the PHY abstraction schemes. We could have applied the

PHY abstraction of the channel realizations directly in the link level simu-

lator while these simulations were running but that would have limited the

applicability and the scop e of these simulations as we could p erform PHY
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Table 3.2: Simulation Parameters for Link Level Simulator

Op enAirInterface Link Level Parameters

Transmission Mo de 1, 2, 6

Transmission Bandwidth 5 MHz

FFT Size 512

Sub carrier Spacing 15 KHz

Useful Sub carriers 300

Subframe Length 1 ms

Cyclic Pre�x Normal

Physical Resource Blo cks 25

Channel 8-tap Rayleigh Channel Mo del

Delay Spread 1e-6 second

Channel Estimation Real & Ideal

Deco der Max-log Map

MCS 0 - 22

abstraction just once during the execution of the simulations. But instead

we chose to save the estimates of channel realization and necessary infor-

mation from these simulations as a channel trace into an external �le which

can b e used for further analysis. This way the trace �les can b e easily used

for exp erimenting on the di�erent asp ects of PHY abstraction and for future

references. Therefore, from these simulations we saved the trace �les con-

taining each of the channel realization, its corresp onding BLER and other

parameters necessary for the PHY abstraction. Then we applied b oth of the

ESM PHY abstraction schemes on the saved channel realizations and tried to

map the instantaneous BLER onto pre-computed AWGN curves. The com-

plete algorithm for generating the trace �les from the link level simulations

for each of the MCS is given in Algorithm 1 [42].

3.4.2 Su�cient numb er of Channel estimates for Trace Files

An imp ortant asp ect while saving the channel trace �le from link level simu-

lations is the cardinality of it. That is how much numb er of channel estimates

are su�cient enough to p erform an e�cient PHY abstraction. With the as-

sumption that the channel stays constant for the duration of 1ms, i.e. for

a subframe still it is required to have 1200 estimates for the bandwidth of

20MHz. However this numb er can b e further reduced by utilizing the intel-

ligent structure of cell-sp eci�c reference symb ols (CRS) which are used for

channel estimation in LTE. They are very optimally and intelligently placed

in a diamond shap e in each of the subframe so that even the most simple

linear interp olation b oth in time and frequency domain is enough for esti-

mating the channels on other sub carriers. For this reason we store these
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Algorithm 1 Algorithm for the Generating the Trace �les from Link Level

Simulation for PHY Abstraction

for c = 1 : 1 : Nch (lo op over channel realizations) do

Generate h c (and if required) p c
for j = 1 : 0.2 : J (lo op over SNR p oints) do

e = 0 (for instantaneous error rate)

for k = 1 : 1 : K (i.i.d AWGN realizations) do

Generate zk of variance � 2
j

Perform LTE transceiver op erations

Calculate deco ding decision: BLER ( h c; zk )
Up date e = e+ BLER ( h c; zk )

end for

Calculate BLER
�

h c; � 2
j

�
= e

K

Store BLER
�

h c; � 2
j

�
to an external trace �le

Store SNR j , � 2
j to an external �le

if BLER
�

h

y
c; � 2

j

�
� 1e� 3

then

break SNR lo op

else

Set SNR j +1 = SNR j + 0 :2
end if

end for

Store h c (and if required) p c to an external trace �le

end for
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CRS channel estimates for the validation of PHY abstraction. There are

two sub carriers for each antenna p ort in a PRB which means that for the

bandwidth of 5MHz we store 2 � 25 = 50 estimates for SISO transmission

and 4 � 25 = 100 estimates for MISO transmission.

Figure 3.7: Symb ol Reference Signals (SRS) with NCP used for the channel

estimation in LTE. For antenna p ort 0,1 on the left side and for antenna

p ort 0, 1, 2 and 3 on the right.

3.4.3 PHY Abstraction without Adjustment Factors

To �nd out the imp ortance of adjustment factors �rst we assumed that

� 1 = � 2 = 1 , i.e., there are no adjustment factors in (3.4). With such

an assumption it is exp ected that the PHY abstraction employing normal-

ized mutual information functions as information measure in (3.4) from (3.8)

should b e �ne. This is due to the reason that 
e�

obtained from these nor-

malized mutual information functions already corresp onds to an averaged

normalized BICM channel capacity and hence there is no need of any cali-

bration of the adjustment factors. But for the case of EESM the calibration

must b e p erformed b ecause it is an approximation of the normalized BICM

channel capacity and very likely it might deviate from the actual value. The

deviation can b e calculated as a mean squared error value either b etween

the simulated BLER p oints and predicted BLER p oints, i.e.,

MSE =
1

NchJ

N chX

c=1

JX

j =1

�
�

BLER

�
h c; � 2

j

�
� BLER

A

( e� )
�
�2

(3.10)
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or b etween the predicted SNR obtained for the BLER

�
h c; � 2

j

�
from reference

AWGN curves and the 
e�

for current channel realization

�
h c; � 2

j

�
, i.e.,

MSE =
1

NchJ

N chX

c=1

JX

j =1

�
� 

A

�
BLER

�
h c; � 2

j

��
�  e�

�
�2

(3.11)

where in (3.10) Nch is the numb er of channel realizations, BLER

�
h c; � 2

j

�
is

the blo ck error probability stored for the c-th channel and j -th SNR p oint,

BLER

A

( e� ) is the predicted blo ck error rate of the resp ective AWGN curve

which is based on the 
e�

. Whereas in (3.11) 
A

h
BLER

�
h c; � 2

j

�i
is the

predicted SNR for c-th channel and j -th SNR p oint from the link level sim-

ulation and 
e�

is the corresp onding e�ective SNR obtained from the ESM

PHY abstraction schemes. In the rest of the chapter and thesis we shall use

the MSE from (3.11) for the validation purp oses.

Table 3.3: Mean Squared Error (MSE) Values for PHY abstraction of TM

1, 2 and 6 with Ideal Channel Estimation

MCS TM 1 TM2 TM6

MIESM EESM MIESM EESM MIESM EESM

0 0.00845 0.00800 0.01912 0.01969 0.02806 0.02882

1 0.12780 0.11079 0.03062 0.01256 0.03062 0.03238

2 0.21208 0.15241 0.02068 0.01256 0.01607 0.01055

3 0.01569 0.00972 0.03522 0.02004 0.05067 0.02757

4 0.08193 0.02743 0.04810 0.02230 0.03330 0.01646

5 0.21651 0.05721 0.09664 0.04887 0.13142 0.06498

6 0.31502 0.09233 0.23345 0.10487 0.14630 0.07249

7 0.44880 0.11138 0.16165 0.08041 0.28938 0.12268

8 0.58452 0.08906 0.32268 0.11236 0.31194 0.12487

9 0.89817 0.13383 1.02994 0.33643 0.73582 0.26321

10 0.07188 0.36218 0.10805 0.08999 0.11431 0.15981

11 0.09870 0.52267 0.14731 0.06849 0.12385 0.12216

12 0.17014 0.88513 0.14099 0.21051 0.18981 0.29276

13 0.29681 2.02549 0.32245 0.49950 0.19109 0.43130

14 0.51801 1.83117 0.48831 0.45092 0.42177 0.62784

15 0.47026 3.23903 0.93283 0.59642 0.71872 1.12717

16 0.55302 3.37197 0.58283 1.16952 1.05429 1.31727

17 0.28176 6.97156 0.59969 2.36247 0.42909 3.14923

18 0.51119 8.81638 0.57480 4.01219 0.62866 3.67671

19 0.91280 13.58936 1.14600 5.35963 0.69547 4.68949

20 0.69745 13.60889 1.66675 3.92301 1.10408 9.15578

21 1.05521 15.70319 1.91880 6.32198 0.95086 7.36687

22 1.88587 19.86025 2.08107 8.38557 1.97902 11.26809
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In Table 3.3 and 3.4 the MSE error values for the transmission mo de 1, 2 and

6 are presented for a wide variety of MCS using b oth EESM and MIESM ap-

proaches for ideal and real channel estimation. The results in Table 3.3 and

3.4 show that PHY abstraction with no adjustment factors p erform within a

reasonable amount of error range only in the case of MIESM and transmis-

sion mo de 1. For all other transmission mo des and abstraction techniques,

the adjustment factor are necessary for the PHY abstraction to b e accurate

and have lower level of MSE even in the case of ideal channel estimation. For

MIESM this result is slightly di�erent than the usual exp ectations where in

the literature it has b een claimed that no calibration of adjustment factors

is required for the MIMO systems. The reason for a di�erent result is that

in the MIMO case the combined LLRs of the received bits at the deco der are

the combination of the bit quality received from di�erent mutiple channels

and when we are comparing this LLR with the SISO AWGN curves then

the predicted BLER shall deviate from the measured BLER. Therefore the

calibration of adjustment factors for the case of MIMO channels has to b e

p erformed even for MIESM in LTE systems.

Table 3.4: Mean Squared Error (MSE) Values for PHY abstraction

( � 1 = � 2 = 1 ) of TM 1, 2 and 6 with Real Channel Estimation

MCS TM 1 TM2 TM6

MIESM EESM MIESM EESM MIESM EESM

0 0.03522 0.06557 2.0508 1.93288 3.02906 2.67547

1 0.09585 0.03805 2.91195 2.47222 2.91195 2.47222

2 0.14284 0.07841 2.0125 1.7958 2.29706 1.88138

3 0.10339 0.12498 2.24767 1.99516 2.28116 1.77651

4 0.01936 0.01988 1.93121 1.63873 1.99104 1.41858

5 0.06068 0.01805 2.2644 1.74546 2.23588 1.58335

6 0.13045 0.01644 2.26935 1.74087 2.15215 1.37451

7 0.212 0.02269 2.67041 1.65489 2.4042 1.35381

8 0.27117 0.02715 2.90936 1.88103 2.47615 1.35297

9 0.26503 0.05717 3.06781 1.64914 2.70605 1.11496

10 0.01307 1.42428 2.2695 0.72383 1.84343 0.49292

11 0.08988 2.05075 2.7936 1.13846 2.07848 0.41211

12 0.03862 3.21134 2.62477 0.55144 1.8545 0.60692

13 0.10495 4.76155 2.68578 0.56758 1.99882 0.85654

14 0.17942 4.7664 2.74274 1.03837 2.19197 2.06321

15 2.24155 6.36159 3.0917 0.74722 2.77398 1.59631

16 0.47506 7.77526 3.3929 0.75006 3.0259 2.71877

17 0.14298 11.24418 3.3967 2.96176 2.07854 2.50113

18 0.19349 14.25836 2.84884 1.95397 2.67095 4.0475

19 0.38208 23.36054 3.21012 4.38324 2.85916 6.40636

20 0.32888 27.36012 14.35266 4.37539 2.84957 8.63553

21 3.56453 29.30248 4.02345 2.68353 3.39659 8.22266

22 2.46121 33.54749 5.33967 4.2515 3.79212 9.94241
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3.4.4 PHY Abstraction with Adjustment Factors

Due to the highly non-linear nature of the information measures used in

b oth ESM metho ds there exists no analytical formulation for the optimum

adjustment factors. Therefore the optimization on the adjustment factors is

p erformed numerically over the large data set obtained from the link level

simulations, i.e.,

(� 1; � 2) = argmin
(� 1 ;� 2)

2

4 1
NchJ

N chX

c=1

JX

j =1

�
� 

A

�
BLER

�
h c; � 2

j

��
�  e� (� 1; � 2)

�
�2

3

5 :

(3.12)

For the optimized values of � 1 and � 2 , b oth of the ESM metho ds are applied

to the stored channel trace from link level simulations. We also p erformed

the optimization (3.12) with the assumption � 1 = � 2 . This means that there

is only one adjustment factor in (3.4) to comp ensate for b oth co ding and

mo dulation. This reduces one degree of freedom (DOF) for the minimization

of the MSE in (3.12) but at the same time it also reduces the complexity of

the optimization problem. In the next subsection we shall see what kind of

results are obtained for the mentioned transmission mo des by using single

and dual adjustment factors with b oth ideal and real channel estimation.

3.4.5 Results With Adjustment Factors

After calibration of optimum adjustment factors we applied b oth of the ESM

PHY abstraction techniques on the saved outputs of the link level simula-

tions. In the following section, we provide the results for b oth ideal and real

channel estimation in the case of transmission mo de 1, 2 and 6. Figure 3.8

shows the mean squared values obtained for EESM and MIESM for the case

of single and dual adjustment factor optimization. It can b e observed that

in the case of ideal channel estimation there is not much of an improvement

in the MSE for using dual adjustment factors than using a single adjustment

factor. Also Figure 3.9 shows the values of b oth dual and single adjustment

factors and it can b e observed that for the ideal channel estimation there is

not much di�erence in the calibrated values of the adjustment factors and

thus the calibration of the single adjustment factor is su�cient enough for

reasonable

1

MSE.

We show the validation results corresp onding to the discussed transmission

mo des for the ideal channel estimation, two adjustment factors and for EESM

in Figure 3.10, 3.11 and 3.12. It can b e noticed that the BLER p oints ob-

tained from link level simulations are very e�ciently mapp ed onto the re-

1

By reasonable we mean the MSE in dB should b e so small that no two adjacent MCS

should b e confused with each other. This can b e observed in Figures 3.10, 3.11 and 3.12

that all BLER p oints are usually around the intended MCS curve.
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Figure 3.8: For Transmission Mo de 1, 2 and 6 using ideal channel

estimation, MSE for di�erent MCS using EESM and MIESM with single

and dual adjustment factors
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Figure 3.9: For Transmission Mo de 1, 2 and 6 using ideal channel

estimation, comparison of single and dual adjustment factors for EESM

and MIESM

sp ective AWGN curves. The reason for the low p erformance for higher MCS

is that in the case of 64-QAM mo dulation the bits are unequally protected

which means that some of the bits have higher received SNR whereas in the

abstraction metho ds all bits are treated as having equal received SNR.

However, for real channel estimation, the results are slightly di�erent and are

shown in Figure 3.13 and 3.14. It can b e observed that the MSE in the case of

single and dual adjustment factors is quite di�erent and there is an improve-

ment in the accuracy of the mo del if the dual adjustment factors are used.

Also the optimum adjustment factors are di�erent for all three transmission

mo des and have to b e calibrated very carefully. The reason for b etter results

with two adjustment factors in the real channel estimation case is that due

to the channel estimation errors the mapping of s multi-state channel onto

a single-state channel can deviate from the predicted AWGN p erformance

and the use of dual adjustment factors can provide b etter comp ensation for
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Figure 3.10: LTE Transmission Mo de 1 - EESM with two calibration

factors for MCS 0 - 22
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Figure 3.11: LTE Transmission Mo de 2 - EESM with two calibration

factors for MCS 0 - 22

b oth co ding and mo dulation.

Comparison of EESM and MIESM

Another interesting p oint shall b e to compare the p erformance of EESM and

MIESM to provide a fundamental rule for these ESM techniques. Since we

have p erformed extensive simulations with b oth of the metho ds, so it shall

b e straight forward to compare b oth of these metho ds with the same data

sets from the link level simulations. We applied b oth of the schemes on all of

the data sets for the discussed transmission mo des with b oth real and ideal

channel estimation. We show results for the real channel estimation case in

Figure 3.15 for a wide variety of MCS in terms of the obtained MSE after
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Figure 3.12: LTE Transmission Mo de 6 - EESM with two calibration

factors for MCS 0 - 22
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Figure 3.13: For Transmission Mo de 1, 2 and 6 using real channel

estimation, MSE for di�erent MCS using EESM and MIESM with single

and dual adjustment factors
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Figure 3.14: For Transmission Mo de 1, 2 and 6 using real channel

estimation, comparison of single and dual adjustment factors for EESM

and MIESM
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the validation of b oth ESM metho ds. It can b e seen that if the adjustment

factors are prop erly calibrated then b oth of the ESM metho ds can provide

almost the same MSE. The results for the ideal channel estimation are also

similar so we did not include them here. But in the end it can b e stated

with con�dence that with prop er calibration of adjustment factors, b oth of

these metho ds p erform equivalently. However, EESM has an advantage of

closed form expression for the calculation of e�ective SNR, making it easier

to implement.
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Figure 3.15: Performance comparison of MIESM and EESM for

transmission mo de 1, 2 and 6 using real channel estimation and dual

adjustment factors.

3.4.6 Global Optimality of Adjustment Factors

Finally the very imp ortant question arises ab out the global optimality of

the adjustment factors. It is of high interest to show that the calibrated

adjustment factors are globally optimal for each of the MCS. For �nding the

optimum values of the adjustment factors an initial value and, the maximum

and minimum values of the search regions for � 1 and � 2 are chosen. The next

imp ortant thing is to cho ose the step size and there is a tradeo� b etween the
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(c) MSE Caclulation for di�erent � (0-10) using EESM

Figure 3.16: Global optimality of the MSE optimization problem

complexity and accuracy of the selection. However we decided to cho ose a

small step size of 0.05. Then the optimization problem of (3.12) is applied

over the saved data set from link level simulations for each of the MCS and

the adjustment factors are swept from minimum to the maximum in given

step size and the MSE is calculated for each value of b oth adjustment fac-

tors. Then those values of � 1 and � 2 are chosen which give the minimum

MSE. Similarly for the case of only one � value maximum and minimum of

� is chosen and the optimization of (3.12) is p erformed with � 1 = � 2 = � .

It is clear from the results shown in the previous section that the chosen ad-

justment factors are optimum and provide the minimum MSE. But a clear

pro of is provided with the help of Figure 3.16 which shows the single cal-

ibrated b eta values over a wide range of di�erent MCS using EESM. It is

clear that for all of the MCS there always exists only one optimum � value.

To make sure that there is no other minimum the function we increased the
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maximum range from 10 to 100 and 1000. The results for these maximum

ranges are also shown in Figure 3.16 and it can b e observed that there exists

no other minimum of the function. The similar pro cedure was p erformed for

dual adjustment factors and similar results were obtained for the calibrated

adjustment factors.

3.5 Summary

In this chapter we have presented the complete metho dology ab out the vali-

dation of the PHY abstraction in LTE systems using Op enAirInterface. We

have provided the detailed training and validation of PHY abstraction with

the help of a link level simulator for di�erent transmission mo des of LTE

corresp onding to di�erent antenna con�gurations. It was shown that with

prop er calibration b oth EESM and MIESM p erform equivalently and thus

anyone of them could b e used for the system evaluations. Furthermore, it

was shown that the calibration is a necessary step for the PHY abstraction

to b e accurate esp ecially in the case of MIESM and multi-antenna con�gu-

rations. In the end it was shown that the calibrated adjustment factors were

globally optimal and provided the minimal MSE values for all of the MCS. It

is very clear from the results that metho dology is very accurate and indeed

can b e directly used for system level evaluations. Further in the App endix A

we present the calibrated adjustment factors for the discussed transmission

mo des which can b e used in system level simulators.
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3.A Calibration Factors and MSE

Tables 3.5, 3.6 and 3.7 represent the adjustment factors using EESM for

transmission mo de 1, 2 and 6 resp ectively. Similarly Tables 3.8, 3.9 and 3.10

represent the adjustment factors using MIESM for transmission mo de 1, 2

and 6 resp ectively. These adjustment factors are calibrated with real channel

estimation.

Table 3.5: Transmission Mo de 1 using EESM

MCS � 1 � 2 MSE � 1 = � 2 MSE

0 2.50200 2.52163 0.00614 3.17266 0.00638

1 0.84047 0.83231 0.01761 0.79766 0.01820

2 0.78195 0.77472 0.04481 0.74258 0.04521

3 1.37929 1.36536 0.10277 1.28672 0.10344

4 1.16871 1.16829 0.00872 1.16631 0.00872

5 1.11906 1.11186 0.00909 1.09287 0.00930

6 1.06303 1.06287 0.01086 1.06250 0.01086

7 1.07447 1.07292 0.01693 1.07041 0.01693

8 1.11403 1.09946 0.01178 1.07881 0.01252

9 1.09223 1.10650 0.01536 1.12725 0.01577

10 2.82502 2.79174 0.00852 2.68711 0.00925

11 2.87556 2.75655 0.00903 2.50146 0.01472

12 3.51254 3.36651 0.01189 3.08525 0.02212

13 3.62920 3.49011 0.01256 3.25283 0.01826

14 3.53638 3.60903 0.01445 3.74209 0.01637

15 2.35980 2.73517 0.36966 3.17852 0.44267

16 3.74126 3.84009 0.03952 3.99219 0.04159

17 8.66532 8.20312 0.02863 7.18301 0.03623

18 7.31772 7.41739 0.02724 7.57412 0.02817

19 9.86882 9.64081 0.03334 9.33271 0.03520

20 10.64939 10.40911 0.02605 10.09463 0.02807

21 6.75208 8.11765 0.34621 9.41289 0.44151

22 9.50664 10.41923 0.18020 11.28281 0.20101
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Table 3.6: Transmission Mo de 2 using EESM

MCS � 1 � 2 MSE � 1 = � 2 MSE

0 0.92257 0.67252 0.00588 0.12139 0.42774

2 1.80445 1.28633 0.04400 0.19541 0.40069

3 1.43175 1.01624 0.07687 0.22090 0.66787

4 1.42093 1.03066 0.00394 0.23564 0.41717

5 1.37381 0.97590 0.00488 0.31299 0.41358

6 1.45392 1.02560 0.00378 0.42373 0.67791

7 1.47255 1.01840 0.00689 0.39258 0.58927

8 1.47451 1.00547 0.00476 0.32793 0.44468

9 1.41235 0.97093 0.00599 0.35654 0.70453

10 3.90797 2.72573 0.00579 0.79502 0.64950

11 3.38557 2.33283 0.00383 0.62441 0.95780

12 4.13059 2.86181 0.00507 0.90195 0.53634

13 4.93355 3.40452 0.00647 1.04883 0.56436

14 4.97277 3.47957 0.00629 1.57578 0.51257

15 6.04951 4.08916 0.00495 1.38467 0.56047

16 5.88896 3.97628 0.00737 1.49580 0.43234

17 8.68076 6.14541 0.03771 2.86875 0.54606

18 10.23746 7.11017 0.01246 2.53779 0.43182

19 12.37069 8.42369 0.01147 3.41221 0.65920

20 5.50538 4.04812 1.44425 2.79697 1.95872

21 17.29612 11.42082 0.03537 3.60771 0.66077

22 17.95050 11.57171 0.05672 5.14805 0.82959

23 13.27095 9.28462 0.28886 4.91787 0.66342
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Table 3.7: Transmission Mo de 6 using EESM

MCS � 1 � 2 MSE � 1 = � 2 MSE

0 0.93374 0.66288 0.36439 0.22627 0.78530

1 1.40389 0.96402 0.31481 0.29404 1.05968

2 1.36670 0.98545 0.30117 0.33535 0.65842

3 1.38679 0.99386 0.20086 0.37646 0.67562

4 1.35707 0.99981 0.17879 0.42607 0.41506

5 1.26353 0.92678 0.16842 0.47217 0.55619

6 1.32360 0.98978 0.15541 0.53184 0.46950

7 1.40164 0.99600 0.12315 0.46357 0.62411

8 1.51843 1.05538 0.12167 0.37715 1.01992

9 1.34868 0.97777 0.09525 0.60176 0.40311

10 3.45839 2.52504 0.04816 1.00518 0.49288

11 3.13726 2.29338 0.03763 1.04209 0.40827

12 3.94768 2.89631 0.03385 1.27129 0.49046

13 4.21966 3.10812 0.02008 1.48730 0.53496

14 4.60750 3.41916 0.02074 2.04482 0.47580

15 4.97894 3.58671 0.02211 1.90596 0.41997

16 5.40755 3.84166 0.01947 2.26533 0.49488

17 8.12814 6.05254 0.01524 2.63701 0.36690

18 10.59221 7.45821 0.02309 3.11152 0.22210

19 12.96427 9.15812 0.01687 4.12158 0.36411

20 13.37323 9.66330 0.01314 5.12168 0.23121

21 14.27206 10.17852 0.01931 5.41904 0.52666

22 16.61779 11.50519 0.03512 6.00830 0.48425
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Table 3.8: Transmission Mo de 1 using MIESM

MCS � 1 � 2 MSE � 1 = � 2 MSE

0 1.32955 1.36875 0.00750 3.03896 0.00692

1 0.59522 0.59304 0.01529 0.58398 0.01538

2 0.54024 0.53870 0.04302 0.53115 0.04306

3 0.98698 0.98239 0.10267 0.96904 0.10291

4 0.81305 0.81637 0.00876 0.83057 0.00889

5 0.76976 0.76847 0.00794 0.76484 0.00796

6 0.69258 0.69842 0.01057 0.71211 0.01115

7 0.69713 0.69885 0.01415 0.70156 0.01418

8 0.70546 0.69967 0.01018 0.69072 0.01050

9 0.69111 0.69826 0.01578 0.70918 0.01605

10 0.81904 0.82660 0.01075 0.89795 0.01100

11 0.72664 0.70559 0.01124 0.59902 0.01668

12 0.79491 0.78404 0.00600 0.73799 0.00764

13 0.72562 0.70670 0.00639 0.64326 0.01028

14 0.53980 0.55393 0.01129 0.59424 0.01521

15 0.33134 0.36893 0.57483 0.41836 0.63788

16 0.50550 0.52225 0.05330 0.55693 0.05762

17 0.40602 0.39752 0.02071 0.34561 0.02369

18 0.40281 0.40494 0.03708 0.41318 0.03733

19 0.47012 0.46239 0.01770 0.44160 0.01950

20 0.50510 0.49247 0.01558 0.45947 0.02003

21 0.23540 0.26900 0.60484 0.30762 0.69461

22 0.32045 0.34504 0.21285 0.37695 0.23012
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Table 3.9: Transmission Mo de 2 using MIESM

MCS � 1 � 2 MSE � 1 = � 2 MSE

0 0.59632 0.43775 0.00573 0.07129 0.44339

2 1.08475 0.78208 0.04437 0.11787 0.41393

3 1.02431 0.72875 0.07511 0.13174 0.68835

4 1.07020 0.77458 0.00361 0.13994 0.43896

5 0.90170 0.64485 0.00491 1.08389 2.36940

6 0.97719 0.69174 0.00332 0.24629 0.69209

7 0.95464 0.66097 0.00547 0.23730 0.60609

8 0.92764 0.63289 0.00404 0.15742 0.53167

9 0.86721 0.59652 0.00572 0.19453 0.79222

10 0.85986 0.61175 0.00612 0.09531 0.71265

11 0.64558 0.44551 0.00284 0.07158 1.01123

12 0.80631 0.56047 0.00333 0.10332 0.56289

13 0.82673 0.57314 0.00231 0.11885 0.59614

14 0.82888 0.57553 0.00526 0.18916 0.58208

15 0.87122 0.58849 0.00359 0.15293 0.59291

16 0.77245 0.52159 0.00650 0.16621 0.45732

17 0.29771 0.21241 0.05151 0.07979 0.58986

18 0.43477 0.30139 0.00816 0.06855 0.46021

19 0.55321 0.37373 0.01569 0.09502 0.75149

20 0.61027 0.32029 4.12362 0.60449 11.94598

21 0.56111 0.37067 0.03984 0.10098 0.73146

22 0.57292 0.36706 0.06210 0.13730 0.88452

23 0.39737 0.27118 0.34545 0.26797 2.03803
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Table 3.10: Transmission Mo de 6 using MIESM

MCS � 1 � 2 MSE � 1 = � 2 MSE

0 0.77532 0.54448 0.37079 0.14473 0.82650

1 1.07544 0.73731 0.32028 0.19150 1.11373

2 1.10571 0.79165 0.30696 0.21650 0.70072

3 1.04099 0.74407 0.20822 0.24180 0.71320

4 0.91638 0.68042 0.18665 0.27021 0.44771

5 0.88644 0.64906 0.17691 0.30068 0.60414

6 0.96405 0.71349 0.16751 0.32861 0.50532

7 0.86709 0.62109 0.14058 0.28271 0.65730

8 0.94066 0.65815 0.13443 0.22422 1.04442

9 0.84430 0.60940 0.10719 0.35410 0.44835

10 1.24478 0.90549 0.06235 0.13379 0.58910

11 1.09665 0.78708 0.05709 0.13506 0.47862

12 1.42604 1.03176 0.04578 0.16250 0.56541

13 0.79541 0.58431 0.03135 0.18564 0.61692

14 0.71847 0.53379 0.02877 0.26777 0.55334

15 0.71604 0.51224 0.02749 0.22578 0.48371

16 0.74561 0.52767 0.02642 0.27158 0.56280

17 0.36431 0.26848 0.02158 0.07578 0.45022

18 0.41536 0.29642 0.03314 0.08809 0.26089

19 0.52175 0.36879 0.01865 0.11836 0.43116

20 0.47096 0.34148 0.01721 0.14600 0.25952

21 0.49977 0.35279 0.01950 0.15439 0.60924

22 0.59728 0.40633 0.04522 0.16816 0.58094



Chapter 4

LTE Multi-User MIMO with

Interference Aware Receiver

4.1 Intro duction

In this chapter we study the PHY abstraction for interference limited sys-

tems and advanced receiver algorithms. This is a challenging task esp ecially

for MIMO communications. MIMO communication provides a linear gain

in the capacity of a system prop ortional to the minimum of the numb er of

antennas at the transmitter and the receiver without having to actually in-

crease the bandwidth or p ower [43] [44]. MIMO systems generally fall into

two categories, SU MIMO and MU MIMO [45]. MU MIMO has several b en-

e�ts over the SU MIMO and inherently solves many of the main problems

of SU MIMO [46] [47]. The main principle in MU MIMO communication

is that more than one user can b e served using same time and frequency

resources thus increasing directly the sp ectral e�ciency and capacity of the

system.

However, the p erformance of MU MIMO mainly dep ends on the channel

state information at the transmitter (CSIT) and the detection algorithm

at the receiver. Real life implementation of MU MIMO in LTE and LTE-

Advanced su�ers from multi-user interference (MUI) due to the imp erfect

CSIT and use of sub optimal single user detection at the receiver. It is

shown in [48] that for LTE release 8 MU MIMO do es not meet the exp ec-

tations of theoretical gains b ecause of the extremely low resolution feedback

for providing CSIT and b ecause of the design of transmit preco der's co de

b o ok which is based on equal gain transmission. This has b een improved in

61
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the latest releases of LTE.

In the latest release of 3GPP there is an improved hierarchical co deb o ok de-

sign for MU-MIMO which provides b etter channel separation for MU MIMO

users but due to the quantization of CSIT there remains a huge amount of

residual MUI in the system which comes from a �nite constellation. There-

fore, use of linear receivers is sub-optimal for the detection in such cases.

The optimal solution for this kind of interference is to pre-cancel the inter-

ference at the transmitter using dirty pap er co ding [49] but it is not feasible

in practical systems due to its huge complexity and requirements on the

feedback for the p erfect CSIT. A go o d solution was presented in [50] where

the authors show that low complexity optimal (capacity achieving) interfer-

ence aware (IA) receivers are feasible with implementable complexity. This

kind of receiver exploits some prior knowledge of interference in deco ding

pro cedure, i.e., in the case of IA receiver, it requires the knowledge ab out

the constellation order of the interfering user. Once this information ab out

the interference is obtained, it exploits the structure of interference in the

pro cess of detection.

Although the gains o�ered by MU MIMO with improved co deb o ok design

and IA receiver are signi�cant on the single communication link [51] the true

p otential of such receiver is tested at system level. However, system level

evaluations normally require heavy computations for extremely long dura-

tion of time due to the characterization of the radio links b etween each user

and the base station. The link level simulations of all such links is the b ottle

neck in these evaluations. Therefore, to reduce the complexity and duration

of system level simulations we need to have an accurate PHY abstraction

mo del.

4.1.1 Related Work

Detailed literature review ab out the PHY abstraction mo dels has already

b een given in previous chapter. An imp ortant work in the �eld of MIMO

communications was presented in [52] where the authors have presented a

semi-analytical p erformance prediction mo del based on MIESM for iterative

MMSE-Interference Cancellation detection and LMMSE semi-blind channel

estimation. Their mo del heavily relies on the Gaussian approximation on

MMSE-IC and channel estimation error. Furthermore, they presented the

results only for SU MIMO case. Another imp ortant work was presented

in [53] for MIMO-OFDM systems with ML receivers. Their mo del is also

based on a variant of MIESM (based on work by [19]) and they mo del the

e�ects of channel mismatch and correlation in the abstraction mo del. They

show results for the rate compatible punctured convolution co des and di�er-

ent MIMO antenna con�gurations. There has not b een much work published
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ab out the PHY abstraction of MU MIMO in the framework of LTE. To the

b est knowledge of author there has b een no work for the case of interfer-

ence limited MIMO-OFDM systems employing turb o co des and esp ecially

for the MU MIMO in the framework of LTE. However, in [54] it was shown

by the authors how the concept of PHY abstraction can b e used for the

throughput calculation of di�erent transmission mo des in LTE with the help

of stored frequency resp onse of MIMO channels. The results from [54] were

the motivation for us to extend the PHY abstraction for the link-to-system

simulators.

4.1.2 Contributions

The most imp ortant feature of PHY abstraction mo dels is to b e able to

not only capture the transceiver features very accurately but also b e able

to provide high level of accuracy for the system level simulator. In this

chapter we investigate the PHY abstraction with the help of MU MIMO in

great detail and improve the metho dology presented in [55] b oth in terms

of complexity and accuracy. We prop ose a novel mutual information based

interference aware PHY abstraction (IAPA) mo del for MU MIMO in LTE

when low complexity IA receivers are used. We show that the prop osed

PHY abstraction mo del is capable of exploiting the interference and provide

accurate link quality indicator. For the comparison we show how standard

PHY abstraction mo dels can b e used for interference aware receivers in LTE

and compare their results with our prop osed PHY abstraction mo del. Fur-

ther, in this chapter we generalize the prop osed PHY abstraction mo del for

interference limited scenarios other than MU MIMO in LTE as well.

4.1.3 Organization

The chapter is organized as follows, Section 4.2 presents an overview of MU

MIMO in LTE up to the latest release 10. In Section 4.3 we present the

system mo del and expressions for the achievable mutual information of QAM

constellations under interference for MU MIMO. In Section 4.4 we discuss

how state-of-the-art PHY abstraction mo dels can b e used for the IA receivers

and present our prop osed interference aware PHY abstraction (IAPA) mo del

for MU MIMO in LTE. In Section 4.5 we explain how our prop osed PHY

abstraction mo del can b e used for interference limited scenarios other than

MU MIMO in LTE. In Section 4.6 we present results of PHY abstraction for

MU MIMO in LTE using Op enAirInterface platform for a frequency selective

channel. Finally in Section 4.7 we conclude the chapter with a summary.
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4.2 Multi-User MIMO in LTE

MU MIMO is supp orted in transmission mo de 5, 8 and 9 and is discussed

next in detail for the di�erent releases of LTE.

4.2.1 MU-MIMO in Release 8

In LTE release 8 MU-MIMO is only supp orted in the downlink transmis-

sion mo de 5 where an eNo deB can schedule two UEs simultaneously using

the same time and frequency resources with single data stream i.e. rank-1

transmission. LTE release 8 was mainly designed to supp ort the SU-MIMO

transmission and supp ort for MU-MIMO was kept at minimum in it [4]. Be-

cause of this reason there is no separate co deb o ok for the preco ding in down-

link transmission mo de 5 and the system has to rely on the low-resolution

co deb o ok-based preco ding of transmission mo de 4 (rank-1) which was ini-

tially designed to provide a compromise b etween p erformance and feedback

overhead. The co deb o ok P for two transmit antennas in LTE is given by,

P =
1

p
2

��
1
1

�
;
�

1
� 1

�
;
�
1
j

�
;
�

1
� j

��
(4.1)

The information ab out the preco der can b e sent back to the eNo deB in a

sp ecial �eld named as preco ding matrix indicator (PMI). This PMI requires

two (for 2 antenna p orts) to four (for 4 antenna p orts) bits of feedback from

the UEs and is rep orted for the whole bandwidth, i.e., wideband PMI. There

is no subband PMI in transmission mo de 5.

The main di�erence in transmission mo de 4 and 5 in LTE release 8 is the

signaling of an additional p ower o�set b etween PDSCH and the CRS. This

p ower o�set is required b ecause the CRS in all releases of LTE are always

QPSK mo dulated and for the correct demo dulation of the signals transmit-

ted by means of higher order mo dulation (16-QAM and 64-QAM), the UE

needs to know the p ower o�set b etween the CRS and PDSCH. Of course

this relationship has to b e re�ned if the transmission is p erformed with more

than one stream b ecause in that case the o�set shall corresp ond to the p ower

o�set b etween the CRS and p er-layer PDSCH p ower.

For the case of MU MIMO, the total p ower is also divided b etween the

transmissions to the co-scheduled UEs which results in low PDSCH p ower

for each transmission. Since in release 8 the UEs are not aware of the presence

of the parallel transmission to the co-scheduled UEs so there is an additional

p ower o�set of -3dB to b e used by the UE in addition to the CRS/PDSCH

p ower o�set signaled by higher layers. Since there is just one additional -3dB

p ower o�set de�ned in release 8, therefore, MU MIMO is limited to rank-1

transmission of two co-scheduled UEs in transmission mo de 5.
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4.2.2 MU-MIMO in Release 9 and 10

The supp ort for MU-MIMO was extended to transmission mo de 8 and 9 in

further releases of LTE with user-sp eci�c demo dulation reference symb ols

(DMRS) [56]. These reference symb ols are initialized using only the cell

identity in order to enable the two orthogonally co de-multiplexed DMRS

p orts to b e used for di�erent UEs (MU MIMO) as shown in Figure 4.1. The

orthogonal co de-multiplexed RSs are generated by means of length-2 Walsch-

Hadamard Orthogonal Cover Co des (OCC), i.e., f (1, 1); (1, � 1)g which can

b e used for the transmission to two UEs in MU MIMO mo de. For more

than two p orts a pseudo random sequence is applied to the DMRS and the

placement of these DMRS is shown in the LTE frame structure in Figure

4.2. The pusedo-random sequence is not terminal sp eci�c in the sense that

each terminal has its own sequence. Rather there are only two sequences

available and information on what pseudo random sequence is used for a

certain DMRS to a certain terminal is provided in the scheduling assign-

ment together with the information ab out OCC. This allows multi-stream

MU MIMO, rank-2 transmission in release 9 and up to rank 4 in release 10.

Figure 4.1: Demo dulation Reference Signal structure for the case of two

antenna p orts

Another improvement for MU-MIMO in the latest releases is that the UE-

sp eci�c RS are preco ded the same way as the data which means that the

preco ding for the MU-MIMO is more �exible and can b e decided indep en-

dent of the 3GPP sp eci�cations. Although MU MIMO in the latest releases

is also invisible for the UEs but at the same time nothing prevents a UE

from assuming that there are transmissions on the other layers corresp ond-

ing to the other demo dulation reference signals. In this case UEs can apply

receiver side signal pro cessing to estimate and suppress the p otential inter-
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Figure 4.2: Demo dulation Reference Signal structure for more than two

antenna p orts

ference. Further the feedback is much more re�ned in these releases and is

supp orted for subband and wideband rep orting on the uplink.

An imp ortant improvement in latest releases of LTE is that the UE can

actually estimate the interference channel by applying the other OCC. Thus

the UE do es not need to have any additional information in the control sig-

nals ab out the preco der of the interferer and it can detect the presence of

other user by analyzing the energy of the interference channel.

4.3 System Mo del

MU-MIMO was �rst intro duced in LTE release 8 therefore to b e backward

compatible we shall fo cus on transmission mo de 5 in this chapter. But the

metho dology presented in this chapter is also valid for the latest releases of

LTE. We consider LTE small cell scenario with a few users and the baseline

con�guration of LTE for MU MIMO downlink channel where an eNo deB,

equipp ed with nt = 2 transmit antennas, serves two single antenna UEs

(i.e., nr = 1 ) on the same time and frequency resource with a single data

stream. The received signal at UE-1 for n -th resource element is given by

y1;n = h 1;n p 1;n x1;n + h 1;n p 2;n x2;n + z1; n = 1 ; 2; � � � ; N



4.3 System Mo del 67

where N is the numb er of total resource elements, h 1;n 2 C1� 2
symb olizes the

spatially uncorrelated �at Rayleigh fading MISO channel from the eNo deB to

UE-1. Its elements can b e mo deled as i.i.d ZMCSCG random variables with

a variance of 0.5 p er dimension. The z1 is ZMCSCG white noise of variance

N0 at UE-1. Complex symb ols x1;n and x2;n are assumed to b e indep endent

and of variances � 2
. These symb ols b elong to discrete QAM constellations,

i.e., � 1;n and � 2;n resp ectively. p 1;n and p 2;n are 2 � 1 preco der vectors

requested by UE- 1 and UE- 2 for the n -th resource element, resp ectively.

The available preco ders in LTE release 8 are given in (4.1). UE-1 selects

the preco ding vector p 1;n which results in the maximization of its desired

e�ective channel magnitude jj h 1;n p 1;n jj , i.e.,

p 1;n = argmax
p 2 P

fj h 1;n p jg (4.2)

and feeds it back to the eNo deB for it to b e scheduled. In the rest of the

chapter dep endency on the resource element index n can b e ignored, since

the pro cessing is assumed to b e p erformed on a resource element basis for

each received OFDM symb ol.

4.3.1 Scheduler

There is no rule de�ned sp eci�cally for the UEs to b e scheduled in SU and

MU MIMO mo de in the 3GPPs sp eci�cations. In general the scheduler

should serve the users in the MU MIMO mo de on the downlink when it is p os-

sible to generate indep endent parallel channels from cross coupled channels

(i.e., eliminating multi-user interference). This is only p ossible if the users

are scheduled with orthogonal preco ders with resp ect to each other which

provides the spatial separation b etween the channels of the co-scheduled

users. Therefore we assume that from the available set of users there exists

a second UE who has asked for the scheduler p 2 chosen on the principle of

(4.2) and is orthogonal to the preco der selected by UE- 1, i.e. p 1 = ? p 2 . For

example if UE- 1 has selected and asked for p 1 = [1 q]T and UE- 2 has asked

for p 2 = [1 � q]T where q 2 f� 1; � j g only then b oth of them shall b e

scheduled for MU MIMO transmission. Using this approach it can b e made

sure that each UE is actually aware of the preco der of the interfering user

but the knowledge ab out the constellation used for the UE- 2 is still unknown

and it is shown in [57] that assuming the same constellation as the desired

UE has negligible e�ect on the deco ding p erformance. Therefore, we shall

use the same constellation as the desired UE in rest of this chapter. Then

this extra information ab out preco der and constellation can b e exploited in

the detection pro cess by the interference aware receiver.

In the following we assume that b oth of the co-scheduled users are served

with the same mo dulation order, i.e., � 1 = � 2 . In LTE the channel can




























































































































































































































