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Chapter 1

Introduction

The use of wireless equipment and standards for mobile conwaions has steadily increased
worldwide. The anticipated migration from the current efanmbile communications towards the
era of mobile computing require highly flexible data ratesni8taneously, future users expect mo-
bile services at any time and anywhere with full reliabifity future cellular systems. Therefore, high
data rates combined with entire coverage have to be guakhnte

High data rates can be achieved by a simple extension of théwbdth. Unfortunately, it is very
difficult to find continuous large segments of spectrum. dadt the spectral efficiency of future
transmission techniques have to increase significantlypeoed to the systems in use today. The goal
of a next generation system can be highlighted by the neemjbfdpectral efficiency in combination
with high packet data flexibility to guarantee throughpt¢saof more thari00 MBit /s outdoor and
evenl GBit/s for indoor applications [THS06].

Recent studies showed that generalized multi-carrier (Gm&smission schemes provide flexi-
ble adaptive packet data traffic [WGO0O0]. The orthogonal desecy division multiplexing (OFDM)
[WE71] as the base technology for the GMC approach usesesftigithe available spectrum and is
very robust in typical mobile radio multi-path environm&n©FDM can be realized in less complex
receivers and offers simple digital realization becausgeadttthogonal basis functions can be readily
obtained from the fast Fourier transformation (FFT). Adbaally, spread spectrum, namely code
division multiple access (CDMA), offers high flexibilitypbustness, and frequency diversity gains.
These benefits are combined in the multi-carrier code dimisnultiple access (MC-CDMA) trans-
mission scheme [FKO03].

The MC-CDMA principle was simultaneously introduced by €laet al. [FP93] and Yeeet al.
[YLF93] in 1993. During the following decade a new resear@idfiemerged and was in the fo-
cus of several research projects, e.g., IST-AMORE [IST[;WINNER [ISTb, ISTc]. MC-CDMA

is also a candidate for next generation transmission simsndrhe feasibility of using an MC-CDMA
based next generation system was shown by field tests ofdeg@&T T DoCoMo where already rates
of 5 GBit/s were achieved [NTTO7].

A further consequential step towards an efficient usageegtfailable spectrum is the reuse of the
whole spectrum in each served cell which corresponds tajaémcy reuse factor of one. By applying
the same frequency band in neighboring cells, the cell b@dgas are prone to inter-cell interference.
This causes severe performance degradation or even cammiesss. The basic principle is illustrated
in Figure 1.1 where a desired mobile station is influenceddighboring base stations.
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Figure 1.1: Cellular environment

Current mobile communications systems approach the probfepotential inter-cell interference in
different ways, which is often a compromise between in&rinterference occurrence and efficient
usage of the available spectrum. In the global system forilencbmmunications (GSM) [ETS] the
reuse of the same frequency band within adjacent cells is@dpwhich results in an inefficient allo-
cation of available frequency resources. In the universadifa telecommunications system (UMTS)
a frequency reuse factor of one is employed. Due to the spaidn of wideband CDMA, the so-
called processing gain provides the robustness agairsterénce [UMT98]. However, at the same
time the near-far problems exists, i.e., one user’s siglogking other users’ communications. This
has to be avoided by tight and fast power controlling [HTO4].

The challenge for future GMC technologies is to develop anddsess concepts both at the base
station and at the mobile station to handle inter-cell fietence. Only this will provide a reliable
and acceptable system performance throughout the whdlsembr site. With respect to inter-cell
interference, four main objectives exist:

e determining the influence and characteristics of the exgstiter-cell interference;
¢ developing interference coordination strategies to stppuoversal coverage;

e investigating and assessing methods to cancel interteliference at the mobile station in
order to increase data rates of the desired user;

e using and benefiting from the inter-cell interference sdbypdeveloping cellular diversity
schemes to offer high and reliable quality-of-service dtlmrders.

Since 1993 the focus in the field of MC-CDMA was based on a shogll layout. Therefore, the
MC-CDMA system was investigated intensively how its bebavs influenced by a mobile radio
channel environment and the occurring intra-cell intexfiee on the link layer, e.g., multiple access
interference (MAI). However, it is necessary to extend theestigations to more realistic scenarios,
i.e., cellular structures. Already in 1998 a first attempstfdying a cellular environment has been
made [NSR 98] which represents an overloaded single-cell downlinkangellular system unfor-
tunately. First results regarding the influence and progedf downlink inter-cell interference in



MC-CDMA were given in [ASDK04, BHWDO05, DL05, BNGO06]. Thesavestigations on the link
level are based on a single interfering cell. Further ingasibns of a single-cell-interference envi-
ronment were based on basic cancellation principles [DIOHL.07].

This thesis develops and assesses concepts both at thetdtame and at the mobile station for the
coordination, cancellation, and use of inter-cell integfece. The knowledge of inter-cell interference
characteristics on the link level, also called physicaélays necessary to investigate and assess new
methods for mitigation schemes of inter-cell interferent&e goal is to investigate the four main
objective of inter-cell interference for an MC-CDMA dowmk system on the link level in a multi-
cell environment.

Cellular MC-CDMA downlink systems have been intensivelyds¢d by the author [1-21]. The find-
ings and recommendations of these publications are codnjpilhe following five chapters. A sum-
mary of the main investigations is highlighted below:

e The cellular setup with its propagation environment ingigdthe used channel models is in-
troduced in Chapter 2. Furthermore, the basic assumpti@ngizen for the transmitter and
receiver based on the multi-carrier transmission.

e Chapter 3 investigates the influences on the desired sigritbbanulti-cell environment. At
this stage, a sectorized system is also studied. The ndttine oellular MC-CDMA signal is
determined and a model for the overall signal is derived.

e The coordination of available orthogonal resources withicellular system are in the focus
of Chapter 4. First, the orthogonal frequency resourcesaoedinated to avoid or mitigate
inter-cell interference. This study is extended to an OFDddeas scheme which provides a
challenging comparative transmission technique for MOMZDA second orthogonal resource
is given by the used spreading codes in MC-CDMA. Thus, a ¢oatithn scheme of spreading
codes for a cellular system is investigated.

o Inter-cell interference cancellation at the mobile statiwoids large management schemes at
the network side. Due to the spreading codes in MC-CDMA, thi&-m redundancy can be
used for detecting the different signals at the mobile@tatChapter 5 introduces different con-
cepts of inter-cell interference cancellation for a catuIC-CDMA system. These concepts
show large performance gains over the whole cell border. &8@&zce one of the investigated
cancellation concepts is based on an iterative processdhaaging extrinsic information, the
extrinsic information is evaluated, also with the use ofiesic information transfer (EXIT)
charts.

e Methods are presented to take advantage of the consteltztizeighboring base stations serv-
ing the same area, namely their cell borders by applyingiegltiversity schemes within this
broadcasted regions. In Chapter 6, cellular diversityriegkes are introduced based on trans-
mit diversity schemes, i.e., cyclic delay diversity and Atzuti coding. Investigations show
that reliable performances are assured throughout theewdrobdcasted areas, the severe cell
border areas respectively.



4 CHAPTER 1. INTRODUCTION

Notation Remarks

Throughout this thesis, the time and sub-carrier indicesdanoted by the subscriptandi. Fur-
thermore, the superscript in parentheses describes the used base station. The sagtaipdion is
given in time discrete signals. The frequency domain syndbopresented by capital letters, e.g.,
X" and the time domain symbol by lower case letters. The symbpls(-)”, and(-)" denote the
cohplex conjugation, transpose, and the Hermitian trasespperations.

Since the world of mobile communications is based on manyeafditions and symbols, a list of the
used abbreviations and variables within this thesis cambed in Appendix D.



Chapter 2

Cellular MC-CDMA

In this chapter, the setup of a cellular downlink environtisrintroduced. Furthermore, the existing
propagation behavior and a description of the mobile radanoel are given. Then, the basic prin-
ciples of the orthogonal frequency division multiplexif@{DM) modulation are briefly explained.

The system design of the multi-carrier transmission is klesd for the transmitter and receiver.

2.1 Cellular Environment

Basic Assumptions

In a simplified approach, a cellular setup can be displayeal lasxagonal grid of cells. A desired
cell surrounded by one tier of 6 neighboring or interferirdi with equal cell sizes is illustrated
in Figure 2.1. Throughout this thesis, the cellular systemssumed to be centralized, i.e., the cells
are coordinated by a central unit. Furthermore, the celldtavnlink system is considered to be
synchronized in time and frequency for simplicity. Sinceémnadtaneously transmission of the signals
in the downlink for all cells is assumed, the system chargsties are independent of the used duplex
mode, i.e., frequency division duplex or time division deplUnless otherwise noted, all cells use the
same system parameter settings as the desired cell. Inlalecsystem designs a cell identification
scheme is provided to guarantee the cell specific signatifiggmation of the desired signal at the
mobile station (MS) in the whole cell area, i.e., also at tinese cell edge [KKHO5]. Therefore, all
Ngg cell specific information from the base stations (BSs) asiiaed to be perfectly available at
the MS. This also includes the perfect knowledge of the cabstate information and signal strength
at the receiver. On the other hand, there is no feedbaekpoiori information of the channel at the
transmitter assumed, unless otherwise noted. Finallycélie belongs to the same operator in our
investigations.

In the following, an appropriate geographical referencsteay for defining the location of the MS is
introduced. As depicted in Figure 2.1 the MS moves towardsbitrder along a straight line from
BS(© to an arbitrary point of the current cell. This line forms argke « with the line connecting
BS® andBS"". The distance between the desired BS and MS is denotégd asd the cell radius

is normalized to 1. For example, the mobile device may batatlialong a line from the desired BS
to the intersection of the desired cell and two interferirtiscBS™Y) andBS1?)). In this case, the
anglea is 30°.
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BS(® BS®Y

Figure 2.1: Cellular environment

2.1.1 Propagation Environment

A propagation loss model is assumed to calculate the retsigmal powerP,, from BSm [Sti02].
The slowly varying signal power attenuation due to path lsggenerally modeled as the product of
the pth power of distance and a log-normal component repreggatiadowing losses. Shadow varia-
tions are caused by large terrain obstacles between thed®&rsuch as buildings and hills [Par92].
Since fast multi-path fading is modeled by the channel tearfsinction and detection mitigates the
more rapidly varying Rayleigh fading loss and other chamingbrtions, such as multiple access in-
terference (MAI), the fast multi-path fading process isinotuded in the propagation model [TCO03].
Hence, the signal power from theth BS received by the MS is

P, = P, -d,?-10m/108 (2.1)

where P, ,,, is the transmitted signal power from theth BS, p is the path loss factor, and,, is
the distance between the MS and théh BS. Furthermore, the shadowing factgy is a Gaussian
distributed random variable with zero mean and standartien o, and is given in dB. Within this
thesiso,, = 8 dB. Thus, the attenuation factor for the signal from BSan be given by

all) = dp - 107 /1098 2.2)

In a multi-cell environment, comparison of path losses agntwwo or more BSs is necessary. Since
the path loss from one BS to the MS correlates with the path fimen another BS to the MS, the
interaction of the combined path losses is included in thdehp/VZ94]. The shadowing factor can
be split into two components: first, a near-field comporenthich is common to all BSs; second,
a component,,, with regard to the received signal at the MS which is indepahdf the individual
BS. Since the single path losses are Gaussian, a joint Gayzsibability density is assumed for the
path losses when receiving from two or more BSs.

The random component of the dB loss for théh BS can be expressed as
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wherea® +0* = 1, E{n,n} = E{(} = E{¢n} = 0, 0; = Var{n,,} = Var{(} = Var{(,,} for all m,
E{{(n} = 0for all m, andE{(,.¢,} = 0 for all m andn with m # n. The correlation coefficient is
defined as the normalized covariance

E{nyin}/or = a®> =1 -0 (2.4)

A reasonable correlation coefficient of 0.5 is assumed lsecdie near field and the BS specific
propagation uncertainties have equal standard devigiornzo4].

2.1.2 Channel Models

For the investigations in this thesis, two different chdmmedels are used. The first channel model
represents the modeling of a realistic mobile radio chardescribed by a tap-delay channel model.
Additionally, a channel model is chosen for investigatimifedent correlation properties by using a
correlated Rayleigh fading channel.

Tap-Delay Channel Model

The mobile radio channel is assumed to be a time-variamji&ecy-selective fading channel, which
is modeled by a tapped delay-line with non-zero taps [Pro95]. Th@, channel taps are mutually
uncorrelated and all tap delays are in the rajige,,..|, wherer,., represents the maximum delay
spread. The channel impulse response (CIR) can be exprassed

Qo—1
Wty = Bty - o(r — 7im), (2.5)
q=0
Wherehﬁ,m)(t) and Tq(m) are the complex amplitude and delay of #tb channel tap for the signal
from BSm. 4(-) denotes the Dirac delta function. The Doppler effect, tasyifrom the motion of

the mobile station, causéém) (t) to be time-variant. Furthermore, the maximum Doppler fextpy
/b .max l€@ds to a band-limited CIR. The coherence time of the cHalwfimes the duration over which
the channel characteristics can be considered as timéanvalt can be approximated by

1
fD,max .

Furthermore, the coherence bandwidth is the bandwidthwkierh the signal propagation character-
istics are correlated. It can be approximated by

(Af)c ~ Tmax

The channel is assumed to be a wide-sense stationary ran@oesp, i.e., the channel has a fading
statistic that remains constant over short periods of tinsgrall spatial distances [Hoe92]. Therefore,
the CIR needs to be constant during one symbol. Thp?, = hém)(lTS’), whereT! is the overall
symbol time including a guard time.

(At). ~ (2.6)

1

(2.7)

For the channel model the fading processes are normalizddtsat the averaged impulse response
energy equals one. Therefore, the averaged ener@%bis given by

Qo—1

> E{hIPr=1. 2.8)

q=0
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Equivalently, the channel can be characterized by the @laransfer functionf (f, )™, which
is the Fourier transform of the CIR in (2.5). After samplitg ttransform at time = (7! and at
frequencyf = i/Tj, given the sole symbol duratidfi, the channel transfer function (CTF) is given
by
Qo—1
H = H™(i/T,,1T}) Z P iz (2.9)

Correlated Rayleigh Fading Channel Model

To investigate the influence of different correlation pndigs a correlated Rayleigh fading channel
model is described in the following. The channel on eacharber is assumed to be a slowly-
varying frequency-non-selective Rayleigh channel. &gti = 0, ..., N. — 1, denote the fade am-
plitude variable on théth sub-carrier out ofV, sub-carriers. The Rayleigh random variablefave
zero mean and unit variancg{|«;|*} = 1, and uniform random variables ovi 27). The fading
correlation property between sub-carrig@ndk can be described by the correlation coefficient

Cov{a;, oy }

Pik = Nar{o, Nar{ar] 0<|pjxl <1, (2.10)
where the covariance is defined by [LG94]
Cov{ojar} = E{(a; — E{a;})(on — E{on})"} . (2.11)
The sub-carriers are said to be
uncorrelated if: p;, =0, totally correlatedif: |p;| =1. (2.12)

For the investigations, the correlation factor remainsstamt over all sub-carriers, and therefore,
pe = pj k- Thus, the channel and its correlation properties can beritdesl by one parameter.

2.2 MC-CDMA System

In this chapter, the basic principles of the underlying OFBMdulation in multi-carrier code divi-
sion multiple access (MC-CDMA) are briefly described. A mdegailed description can be found
in [FKO3] or [vNPO0O] for example. The general transmittedéescribed in the following. The receiver
for an MC-CDMA transmission scheme is also introduced idiclg the additional needs and aspects
within a cellular setup. For comparison, the basic multgdeess scheme orthogonal frequency di-
vision multiplex access (OFDMA) [SK98] is also describedendnthe differences to MC-CDMA are
pointed out.

2.2.1 OFDM Principles

During the last decades the OFDM modulation scheme has echasya robust and spectral efficient
multi-carrier scheme for multi-path propagation chanrBig90]. OFDM is already widely used
in several communications standard, e.g., terrestriatadigideo broadcasting (DVB-T) [DVB04],
digital audio broadcasting (DAB) [DABO0OQ], and wireless &area network (WLAN) [IEEOQ3]. The
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Figure 2.2: OFDM principle with rectangular pulse shaping

principle of OFDM is to superimpos®. orthogonal signals(¢),...,zx._1(t), which are located
on equidistant center frequenciés . .., fy.—1, by using rectangular pulse shaping. These center
frequencies are commonly called sub-carriers. To achiev@tthogonality between the signals, the
sub-carrier spacing is

1

F=— 2.13

T (2.13)
which represents the inverse of the OFDM symbol durafipmvith f; = F; - i. Without loss of
generality the time indekand base station index are skipped in the following of this section.

After serial-to-parallel conversion of a stream/@f complex-valued symbolX;, rectangular pulse
shaping, and modulating on the sub-carrier frequency {(glire 2.2), the OFDM signal has the form

Ne—1
£\
x(t) = Z X, rect <T> 2t (2.14)

By sampling the OFDM signal(¢) with rate N. /T, the resulting sampled sequence is

Nc—1

a(k- 7)== Z Xl vk (2.15)

The inverse discrete Fourier transformation (DFT) withpr samples is comprised in the represen-
tation of the sampled OFDM sequence, except its normabadéictorl /v/ Npgr, by

Nprr—1
inverse DFT: = > X, o (2.16)
DFT =0
1 Nprr—1  on
DFT: X, = I Nprr H 2.17
: V NDFT VZZO e ( )

For the sake of completeness the DFT is also presented. Tieditoef OFDM is the possibility to
implement the multi-carrier modulation in the discrete @amby using an inverse DFT. For a further
reduction of complexity the inverse fast Fourier transfation (FFT) with Nppr Samples can be
applied. Using the normalized (balanced) form of the inedd$T or inverse FFT results in equal
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averaged signal powers of the time and frequency signalshwhigiven by Parseval’s theorem:

Nprr—1 Nprr—1
DX = D (2.18)
n=0 v=0

By transmitting the OFDM signal in a mobile communicationiemnment, the signal undergoes the
influence of a multi-path channel. Two main effects on theaigan be highlighted: First, due to
reflections and scattering, adjacent signals overlap aedféne because of different delays of their
propagation paths. The maximum delay spread of the channel describes the highest delay of this
property and it can result inter-symbol interference (ISgcond, variations on amplitude and phase
of the received signal are caused by moving the receivetygttie so-called Doppler spread. The
effect of the Doppler spread on adjacent sub-carrierstsesuinter-carrier interference (ICl) and its
influence is defined by the maximum Doppler sprégg,....

To avoid ICI, the sub-carrier spacing has to be chosen mugerahan the range of the Doppler
power spectrum, i.eky > 2fp max [FKO3]. A guard interval (GI) has to be added to the OFDM
signal to maintain the orthogonality between the signalthensub-carriers, which eliminates the
effects of ISI. A cyclic prefix of each OFDM symbol is taken wlength

TGI Z Tmax (219)
and the overall length of the resulting OFDM symbol is

T =T, + Tar. (2.20)

The sample time is given B¥...,, = 75/ Nrrr. With this setup for the design of the OFDM modula-
tion, the well-known representation of the frequency don@FDM model can be given. Since ICI
and ISI can be avoided by applying the guard interval, eabhcawrier is influenced by a separate
sub-channel. This results in the received symbol

Y= X;H; + N;, (2.21)

which includes the transmitted symh#l, the channel transfer functiai; (cf. (2.9)), and the noise
term V;. The noise is assumed to be additive white Gaussian nois&M)/With variance

o2 = E{|Ni|*} . (2.22)

This simplifies the OFDM multi-carrier modulation to a dist time and frequency transmission
system with/V, different complex-valued attenuatiots and Gaussian channels in parallel. Fig-
ure 2.3 shows the simplified transmission system. Furthegpam OFDM symbol can be described
in a time/frequency representation. Figure 2.4 illussae OFDM symbol and an OFDM frame, i.e.,
a set of N;, OFDM symbols.
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Figure 2.3: Simplified OFDM multi-carrier modulation
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Figure 2.5: Principle of MC-CDMA

2.2.2 Transmitter

The basic principle of an MC-CDMA transmitter is shown in tiig 2.5. The use of spreading codes
merges several users onto one chip. The chips of this CDMaasigre transmitted in parallel over
OFDM modulated sub-carriers. At the receiver side, duetimogional spreading codes, the users can
be recovered. Since one user is spread over several subrsditris also possible to spread them over
several OFDM symbols or both), the receiver can collect adnigrequency diversity at the decoding
process. It was shown that the MC-CDMA transmission can $e s¢en as a special case of multi-
level coding [BSB04, Bos05]. Furthermore, due to the spressils’ data which are superimposed on
the transmitted chips, the broadcast principle [Cov72jlerently included in MC-CDMA.

Multiple access transmission schemes based on the OFDMlatmaiucan be commonly described as
generalized multi-carrier (GMC) [WG00]. MC-CDMA is withitnis GMC principle by introducing
the spreading component. Without the spreading compohef®@EDMA [SK98] scheme is given as
the basic GMC access scheme.

At the transmitter the MC-CDMA and OFDMA transmission sclesndiffer in the sub-carrier allo-
cation and the additional spreading component for MC-CDM#Athe following, the terminology,
notation, and description is identical for both systemg] tre differences are pointed out in this
section.

The GMC transmitter is shown in Figure 2.6. The system cost&}. sub-carriers forV, users. The
system can serve maximal, .. users. A channel-coder encodes the information bit stigdnof
each usen with a coding rate

kCO
R = cd (2.23)

)
Necod

wherek..q andn.,q represent the information length and the code length. Thedsd bits are in-
terleaved by the outer interleavBr,,, and the interleaved code bit§” are passed to the symbol
modulator. With respect to different modulation alphalgetg., phase-shift keying (PSK) or quadra-
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Figure 2.7: Sub-carrier allocation

ture amplitude modulation (QAM)), the bits are modulateddmplex-valued data symbols with the
chosen cardinality. A sub-carrier allocation block arsthe symbols with respect to each transmis-
sion scheme in the following way:

e OFDMA: The allocation of sub-carriers for OFDMA is shown in Figur&(@). The demul-
tiplexer (DEMUX) arranges the passed data symbols from thppar toNg = N¢/Ny max
parallel symbols per user. These symbols can be multipl@Mé&tX), i.e., combined to a block

s = [s1,...,sn,]7, wheres;, = [sg’“>,...,s§’;j]. In the case ofV, < Ny max, the remaining
sub-carriers are set to zero. FS;, = N, max, all sub-carriers are allocated, i.e., the system is
fully loaded.

e MC-CDMA: Figure 2.7(b) shows the MC-CDMA sub-carrier allocationliring the spread-
ing component. Before each modulated signal can be sprehdavequence out of a set of
orthogonal Walsh-Hadamard sequences of length

L = Nymax > Ny (2.24)

a DEMUX arranges the signals 16; < N./L parallel data symbols per user. For the case that
N4 = N./L, the data stream is distributed over all available subi@arr On the other hand,

if Ng < N./L, other data streams are assigned to the remaining sulersassihich are named
user groups [FKO3] and are independent from the aforemestioata stream. This guarantees
equally loaded sub-carriers. Furthermore, an equal tresssom powerF; is assumed in all data
sub-carriers, i.e., the same second montefi/."” |2} per user. The:ith symbol of all users,

d, = [d", ..., d™]7, is multiplied with aL x N, spreading matrixCy, resulting in

Sk:CLdk,SkEC,lgngd. (225)
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Figure 2.8: Cellular GMC receiver

Due to the equal-loaded sub-carriers in MC-CDMA, theretssise relation

Ny
E{lsl’y = 7 R (2.26)

ands;, can also be combined to a blogk= [sy, ..., sy,]”.

For maximizing the diversity gain, the bloekis frequency-interleaved by the inner interlealgy.

By taking into account a whole OFDM frame the interleaving ba done in two dimension, i.e., time
and frequency. An OFDM modulation is performed on each bhléaist, an inverse FFT (IFFT) with
Nrpr > N, points is done. Then, the guard interval is inserted hawagsamples. The front-end
digital to analog (D/A) converts the signal, up-convertsoithe appropriate frequency bands, and
(™) (t) is obtained.

2.2.3 Cellular Receiver

Over the last decades, GMC downlink systems like OFDMA or MIBMA have been studied inten-
sively. However, it is necessary to extend the investigatio more realistic scenarios, i.e., cellular
structures. The receiver design has to take into accoumithdar setup. Therefore, in the following
a cellular downlink receiver is described including the aek definitions within a cellular environ-
ment.

Figure 2.8 depicts the receiver structure of the GMC systéme.signals:™ (t) from them BSs are
transmitted over a mobile radio channel ayid) is received. Then the inverse OFDM is performed
including the removing of the guard interval and the FFT.therchannel fading a quasi-static fading
process is assumed, i.e., the fading is constant for thetidnraf one OFDM frame. With this
quasi-static channel assumption the well-known desomptif OFDM in the frequency domain is
given (cf. (2.21)).

After OFDM demodulation of the OFDM symbol, the receivedsibin a cellular environment is

Nps—1
Yio= X\0HY + > XHT 4N, (2.27)
—— m=1
desired signal v

interfering signal

where the received powers from all BSs are assumed to be iecthé representation.

The inner deinterleavét; ' and a parallel-to-serial converter arranges the receigedkto the block
r;. The re-allocation process of the symbols is applied asvi@land also depicted in Figure 2.9.
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Figure 2.9: Sub-carrier re-allocation

e OFDMA: The blockr;, is demultiplexed in such a way that the data symbols arereagdigp the

corresponding user. With the knowledgelgf), the data symbols can be directly demodulated
including the equalization process, i.e., correcting tiseodtions of the channel by multiplying
each sub-carrier with/H," .

¢ MC-CDMA: The N, data symbol streams are passed to the equalizers. In MC-GRIM&to
different fading coefficients on each sub-channel the gality between the spreading codes
is lost and MAI occurs, ifV, > 1. This can be compensated by restoring the orthogonality by
equalization. An efficient compromise between reducing MA& noise enhancement is the
minimum mean square error (MMSE) equalizer detector forsthgle-user detection [FKO3].
The data symbols for the demodulator process results in

d, = ClGry =[d",....d"™)", (2.28)

whereG represents the diagonal equalization matrix.

In this these, the knowledge dfl(;.”) at the receiver is assumed to be perfect. All symbols of the

desired usezi,(:) are combined to a serial data stream. The symbol and useestdandn are skipped
for notational convenience in the following. By using thexmmaum a posterioriprobability (MAP)
criterion [Pro95], the symbol demodulator demaps the databsls to real valued log-likelihood
ratios (LLRs) [HOP96Db] for each code liby

L(c) = log Ple=1)" (2.29)

The sign of L(c) is the hard decision and the magnitudec)| is the reliability of the decision.
The code bits are deinterleaved and decoded using the MAKNIAP algorithm [RVH95] which
generates an approximation of the LLR for the code bit seceign= [qo . . . ¢, 1] DY
P(c=0lq)
P(c=1|q)
In contrast to (2.29) the LLR valug(c|q) is the estimate of all bits in the coded seque¢&H97].

Another degree of reliability of the decoder output can heegiby the expectation af{c|q}, the
so-called soft bits [KH97, Bos04] which are defined by

Acla) = (+1)- P(c=0[q) + (=1) - P(c =1|q)
= tanh(L(c|q)/2). (2.31)

L(c|q) = log (2.30)
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These soft bits are in the range of
—1 < X\(c|q) <1. (2.32)

The closer to the minimum or maximum the more reliable th@ded bits are. Thereforg(c|q) =0
represents equal probable bits.

Finally, after a correct decoding process, the sent inftionait streami is recovered.

Resource Load

For the multi-carrier schemes a resource load (RL) can beetefiFor the OFDMA system, the RL
is the ratio of the number of assigned sub-carriers to tte mtmber of available sub-carriers. This
corresponds directly to the RL of the MC-CDMA system, whisllefined by the ratio of the number
of active users to the number of maximum users. Note thatmgef total transmitted signal power
SN B X™ |2} per OFDM symbol, the following relation holds:

NyN, Ny
T8 RLyc_coma = — . (2.33)

L, = RL —
R R OFDMA NC L

Signal-to-Noise Ratio

At the input of the receiver, the averaged signal-to-nogé® ((SNR) on theth sub-carrier can be
defined. The SNR describes the ratio of the desired receigadlgpower to the arising noise. There-
fore, the signal powers of the interfering BSs are not takimg account. The time indeand BS
indexm are omitted due to the same averaged SNRs for différantlm. Using the OFDM modu-
lation as illustrated in Figure 2.3 the averaged SNR onttnsub-carrier in the frequency domain is
defined as

_ B{vi

2

i (2.34)
o
The data and channel fading are statistical independentinather due to the frequency domain

model. Furthermore, by assuming equal transmission powadi data sub-carriers the SNR yields

- B{IXiP’} - E{|Hi*} s E{IX]*}

(A
o2 o2

(2.35)

B(HP)=1

If the transmitted signal poweR, is normalized to one, i.eR, = E{|d”|2} = 1 the SNR is given
by

1
%:RL'E

(2.36)

Ps=1

due to the relation in (2.26) and the definition of the resedoad in (2.33). In general, the SNR is
represented in decibel (dB) by

Yiap = 10 -logypy;  [dB]. (2.37)

In this thesis, the knowledge of the SNR at the receiver israssl to be perfect.
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Figure 2.10: Quality of”/I values for a two-cell environment

Carrier-to-Interference-and-Noise Ratio

In contrast to the SNR definition, the interfering signali@ace (respectively the power) from the
neighboring cell sites

NBsfl
oke= Y E{X™ . H™ . ol]?} (2.38)
m=1

are taking into account for the carrier-to-interferenoé-aoise ratio (CINR) depending on the posi-
tion of the MS (cf. (2.2)). The CINR definition can be also saetheBGPP geometry factdBGP06],
i.e., averaged power received from the desired BS to totaived averaged inter-cell interference
plus noise. The CINR is consequentially

E{|X att| }

o2 —1-02

int

YCINR = (2.39)

Carrier-to-Interference Ratio

In the case of an interference-limited cellular system, aenappropriate measure can be given by the
carrier-to-interference rati@{/I). TheC'/I is defined by

0 0 0
E{x - HY - a2

Yo = : 5 . (2.40)

g:

int

Using the same assumptions as in (2.35) (itié can be expressed by

Nps—1 —
BS— E{|X 0)‘ } (@) P' E{|10n0/10dB‘2} (2.41)

en = Z E{‘X(m‘ o \dn E{|107m/10dB|2} B{|H,2}=1 '

Since an equal transmission power on all sub-carriers iM@eCDMA transmitter is assumed, the
C/1 and CINR do not depend on the resource load for MC-CDMA. Tletheé representation

Yosras = 10 - logio e (2.42)

permits a clear interpretation of the MS position for a tvatenvironment, see Figure 2.10. For
Yo/mae = 0 dB the MS is directly located at the cell border. For positive; g values the MS is
allocated within the desired cell. On the other side, the M&utside of the desired cell for negative
Yo/mas Values. For more than one interfering cell the areas aréeshtb the left, i.e., to higher
negative values.
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Chapter 3

Characteristics of Inter-Cell Interference

Before any kind of technique can be developed to handle tfhgemmce of inter-cell interference,
the main characteristics of the arising inter-cell integfece have to be determined. Therefore, this
chapter investigates the quantity, impact, and qualithefémerging inter-cell interference within a
cellular MC-CDMA system.

Additionally, a large complexity reduction exists for mdell simulations on the link level if an
appropriate modeling of the inter-cell interference canglven. Especially the generation of the
channel coefficients demands a high computational contgléi each simulated cellular link.

In this chapter, the influence of the overall received ingt-interference on the MS for different
scenarios is investigated [21, 12, 1]. These studies aenégt to sectorized cellular system to get a
general idea of the inter-cell interference effect [17]eTature of the resulting cellular MC-CDMA
signal is derived [12]. Following these results a model far inter-cell interference is investigated
based on a Gaussian approximation of the inter-cell intemfee [21]. This also leads to a modified
MMSE equalizer for a cellular MC-CDMA system [12]. All simatlons are based on the system
parameters oBystem Acf. Appendix C.1) unless otherwise stated.

3.1 Influence of Inter-Cell Interference

A first step for the investigations of the inter-cell intedace characteristics in an MC-CDMA down-
link system is to determine the most significant contribgiiimerfering base stations to the interfer-
ence experienced by the mobile station. The influence ofrtfes-cell interference can be described
by the resulting distributions of the carrier-to-intedace-and-noise ratio (CINR) (cf. (2.39)) for
different interference scenarios. In the following, th€48IR values are determined for a varying
number of interfering BSs. For the simulations, the first B&e closest to the desired MS, the sec-
ond BS the second closest, etc. The maximal number of imtegfeells is 18 which represents two
tiers of interfering cells in a hexagonal cellular struetsee Figure 2.1. A comparison of the CINRs
produced by different numbers of interfering base statiodgates which of the BSs are the most
significant contributors to the inter-cell interferencgenenced by the MS.

The resulting CINR at the MS is depicted versus the numbentefferers in Figure 3.1. Two MS
positions are chosennner cell represents the MS close to the desired BS with= 30°,d, =
0.2; cell borderdescribes the MS position directly at the cell border with= 30°,d, = 1.0. The
simulation results show that the strongest influence isgée@ by the two closest interfering BSs to
the desired MS. For higher numbers of interfering BSs thetadel! influence is minimal. For both
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Figure 3.1: CINR versus number of interfering base stations

scenarios the strongest influence is generated by the twestlmterfering base stations. In the inner
cell, the CINR difference between 3 and 6 cells is andyB and the MS is already in a very high CINR
region of around0 dB. In contrast, the CINR difference between the first and se@&® is3 dB;
and between the second and thitdt dB. For the position of the MT at the cell border, the CINR is
consequently worse for a higher number of interfering céllere is a CINR difference between first
and second BS ¢f dB; between second and third:25 dB; and between the third and sixth25 dB.
This second scenario confirms the results of the first saemathe inner part of the desired cell. For
the case of one interfering BS the CINR is clos@ ttB. For this scenario the received signal powers
from both BSs are the same. Furthermore, the noise does wetahkarge influence to the overall
inter-cell interference situation. Therefore, the MC-CBMellular environment is an interference-
limited system, i.e., the interference dominates the nodensequently, the carrier-to-interference
ratio (C'/I) (cf. (2.40)) is used in the following.

Figure 3.2 shows the receivéd I ratio at the mobile station for different locations withiretcellular
setup for a varying number of interfering cells. The MS moafesg a straight line between the cell
center and the outer part of the desired cell centered battveeinterfering BSs, i.eq = 30°. At
the positiond, = 1.0, the MS receives the same signal power from the desired B&artd/o closest
interfering BSs. For these simulations the order of intanfe BSs are chosen by their decreasing
distance to the MS. The closest interfering BS is the firstam@®NR of10 dB is given within all
cells.

The simulation results for one interfering BS showdat= 1.0 the expected”/I ratio of 0 dB
because both signals are received with the same power &bd¢hison. By increasing the number of
interfering BSs a degradation of tli&  ratio over all MS positions is given. In the outer regions of
the desired celld, > 0.8) there is no influence on th&/ I ratio for more than two interfering BSs. In
the inner part of the desired cell a small influence of the nemalbinterfering cells is visible because
the MS is nearly equidistant to all surrounding BSs. Thesealte show that the main contribution of
the inter-cell interference in a cellular downlink MC-CDMsystem is generated constantly over the
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Figure 3.2: Influence of varying number of interfering celfstheC'/ I ratios at different MS positions

whole cell area by the two closest interfering BSs. Theeefdris appropriate and sufficient to take
into account only the two strongest interfering signals.

A better view on the influence of the inter-cell interferemes be given by the investigations of the
resulting bit error rate (BER) performances. These ingasibn can determine in which cell areas the
influence of the inter-cell interference is dominant. Feg@r3 depicts the BER versus the distance
do of the MS to the desired BS for different number of cells. Fese simulations, the system is
half loaded and the SNR is set 10 dB. A lower bound of the system, displayed by the unmarked
dashed line, is defined by the performance without any icedrinterference, i.e., no interfering
cells. A BER performance of approximatel§—° is reached. For distances smaller thign= 0.3, all
performances of the multi-cell environment approach theeldbound of the system. By increasing
the number of interfering cells from one to two, a large perfance loss can be seen. Since the
MS moves directly towards the cell boundary, the secondference celBS™? strongly interferes
with the desired signal. Further increase to an even higherer of interfering cells does not entail
large performance losses. The remaining interfering eefidarther away and disturb the signal less.
The influence of the adjacent cells is limited and consedyeestricted to the peripheral area of
the desired cell. A severe performance degradation candmdifiéd ford, > 0.5. Obviously, the
influence of the inter-cell interference concentrates empiripheral cell areas.

Sectorized Cellular System

In a cellular system, cell sectorization can increase tipacé#y of the total communications system,
but also raises the need of a higher hardware complexitidfailowing, inter-sector and intra-sector
interference is investigated to determine if the main ottarsstics differ from pure inter-cell interfer-

ence. In a sectorized system, the cells are divided int@radctors with wide-beam directional BS
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antennas. Each sector has an antenna gain pattern whidmiscey

A(B) = — min [12( b )Q,Am

3dB

: (3.1)

where—180° < 8 < 180°. The boresight of the antenna is the direction with the maxmantenna
gain. In the above equation, the angle between the direatioterest and the boresight of the antenna
is given byg, the3 dB beamwidth3s;qg = 70°, and the maximum attenuatioh, is 20 dB [UMT98].
The antenna gain pattern is shown in Figure 3.4(a).

In Figure 3.4(b) two different distances to the desired B$hef MS in one sector are investigated
regarding the BER in a one-tier cellular environment wittBR of 10 dB. The sectors are arranged
in such a way that = 5. The MS position varies in the angle and therefore, moves from the bore-
sight of the antenna to the lateral edge of the sector. Thestsa large degradation for higher RLs
due to the increased MAI. But the nature of the performantaWers is similar for a half-loaded or
fully-loaded system. The core of the desired céll € 0.4) obtains a minimum of interference which
is known from the previous investigations. Therefore, thime BER of3 - 10~° as in Figure 3.3 is
reached fonr = 30°. Furthermore, the degradation of the performancefor 30° results only from
the influence of the directly neighbored sector. This irsieator interference can be directly mapped
onto the antenna gains pattern in (cf. (3.1)). In the pergharea {, = 0.8), the performance shows
a large degradation from surrounding sector, generatitgg-sector interference and an additionally
weakening by the intra-sector interferencedor 30°.

Consequently, the influence of the directly adjacent sextitre same cell has to be taken into account
by closer investigations of a sectorized cellular systehe dmount of interference is increased within
the whole intra-sector border.

3.2 Modeling of Inter-Cell Interference

Simulations of a cellular system on the link level are higbbmplexity consuming. Not only the
transmitting signal of each active base station has to bergéed, also the channel realization of each
transmitted signal consumes most of the simulation coniyleit the receiver, the simulation com-
plexity depends on the applied cellular signal processiggrahms. Therefore, the main complexity
of a basic cellular downlink link level simulation increadaearly by the number of simulated cells.

By modeling the inter-cell interference, i.e., the impimgsignals from the neighboring BSs appropri-
ately, the complexity would be significantly reduced. Irsteection, the character of the elementary
MC-CDMA signal is investigated. Furthermore, the resgtassumption of an Gaussian approxima-
tion (GA) for the inter-cell interference is analyzed antidated.

3.2.1 Nature of the Cellular MC-CDMA Signal

One approach to determine the nature of the received supesed MC-CDMA signals is based
on the signal’s power density function (PDF) [DLO5]. In thesfistep, the transmitted signal is
investigated without the influence of the mobile radio cledniThe generated discrete signal at the
transmitter can be characterized by its resulting PDF vatidom variable€2 = ¢, + ...9,. The
discrete uniform random variabléls depend on the chosen modulation alphabet. Using the binary
PSK (BPSK) modulation and the binomial theorem [Pro95] a@tbform expression can be given
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for the PDF by

L
PBPSK(T) = <I+L)o.5L, t=—-L,—L+2, ..., L. (3.2)

2

It is possible to approximatggpsk(x) by a Gaussian distribution with meagspx = L/2 and
variancerpqc = L/4. The discrete values are given by= z, and therefore

(w—pepsk)?
- 2
1 208psk

V2o %PSK

In the case of 16-QAM, thd. — 1 times convolution with the PDF of one discrete symbol, i.e.,
[0.25,0.25,0.25,0.25] determines the real PDps_qam(z). For 16-QAM the parameters of the
Gaussian distributio 3", (2 = w) for the discrete values = £ with v = —3L, —3L +
2,...,3L can be setto

Pgﬁsx(ﬂ =w) = ~ pepsK(T) - (3.3)

fi6-qam = 3L/2, U%G—QAM =5L/4. (3.4)

For the overall picture, the 64-QAM distribution is defined k" (7L/2, 21L/4) with w = *££ and
x=—7L,~TL+2,...,7L.

Figure 3.5 represents the PDF of the discrete signals famtbelifferent modulation alphabets, i.e.,
BPSK, and 16-QAM. The parameters of the Gaussian distdbstems to fit very well the real PDFs.
Therefore, the MC-CDMA signal looks Gaussian like and independent of the QAM modulation
scheme.

In the following, a closer look will be taken on the absolut@ebetween the real PDF and the Gaus-
sian PDF, exemplarily for a 16-QAM modulation scheme. Tled amd the Gaussian approximation
PDFs can tak8 L + 1 discrete values. The error between the real and GA signasRbdefined by

e(n) = prs—qam(n) — Pt gan(n) (3.5)
and the absolute error by

: (3.6)

Eabs(N) = ‘p167QAM(’ﬂ) - Pl%éQAM(n)
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Figure 3.6: Gaussian approximation error; 16-QAM, fulldpandL = 32

forn = —3L,—3L + 2,...,3L. The errorss(n) ande,,s(n) are plotted in Figure 3.6 for a fully-
loaded system, i.ely, = L = 32. The maximum error occurs for the most probable discreteesal
and is around.3 - 10~* which presents a tolerable error for the GA. For less prabadlues the error
decreases, respectively almost vanishes.

Since a fully-loaded systenR{. = 1.0) was assumed, the overall absolute error in respect to the
system load is investigated in the following. The overalbefor a 16-QAM modulation is given by

3Nu

1
> eans(2n—3N,), for Ny=1,... L. (3.7)
n=0

5tota1(Nu) — Fu
Figure 3.7 depicts the fast decreasing total error of the @Anicreasing number of users in the MC-
CDMA system. For a system load higher than 10%, the error®f3A is negligible. The Central
Limit Theorem [Pro95] also confirms this behavior becausmareasing number of random process
approximates better a Gaussian distribution. ThereftweMC-CDMA signal at the transmitter is
well represented by a Gaussian approximation.

3.2.2 Gaussian Approximation

At the transmitter the MC-CDMA signal can be well approxistby a Gaussian distribution. In a
cellular setup, these random processes will superimpa$staould increase the Gaussian character.
On the other side the mobile radio channel influences eactalsigdependently and the resulting
superimposed signal at the receiver can behave differemtlghis section, a simplified modeling of
interferes in cellular MC-CDMA is investigated and verifieg approximating the received inter-cell
interference at the desired MS as a Gaussian noise.

Figure 3.8 shows the block diagram of a simulation setup élular MC-CDMA. Each cell has to
be simulated by generating its transmit signal. Additibn#he transmitted signals are influenced by
individual independent mobile radio channel realizatiﬂiﬁg) (cf. (2.9)) and their distance dependent
propagation model (cf. (2.1)). The interfering signals posvare weighted with the factor

d.v- 1(™n/10dB

- dO—P . 10m0/10dB ’

AP, (3.8)
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which are normalized to the desired signal. Therefore,dted teceived signal is

Nps—1

Y = X;f;) Hl(2)+ Z \/APle(7Z”)Hl€T)+Nl,i. (3.9)
m=1

Due to the results of the previous Section 3.2.1 the intBmaerference is assumed to be an addi-
tional AWGN term at the receiver. This reduces significatily simulation complexity. The new
simulation structure for the GA of a cellular MC-CDMA systesmillustrated in Figure 3.9. Thus,
only the desired signal has to be generated, including dasmél transfer functions and the Gaussian
approximation noise term has to be added. Consequentlietieesed signal is

Vi~ XV HY + Noa+ Ny, (3.10)
where the variance of the GA term is set to
Ngsfl (2 26) Ngsfl
ota = E{INaaly = > E{VAPRX'’} =" Y AP,-RL-P.  (3.11)
m=1 m=1

This approach decreases the number of signal and chanhetieas to be simulated for a cellular
environment by the factqtVgs — 1).

Cellular MMSE Equalization

Within a cellular MC-CDMA environment the equalizer at tleeeiver has to take into account the
additional received power from the interfering BSs. In tbkofving the equalization coefficients, ;

of the applied MMSE (cf. Section 2.2.3) are derived for théutar setup. For brevity, but without loss

of generality, the OFDM symbol and sub-carrier indi¢esd: are omitted. Equalization according
to the MMSE criterion minimizes the mean square value of thare

e=X0_qy (3.12)

between the transmitted signal and the output of the earalizhe mean square errdr= E{|¢|*}
can be minimized by applying the orthogonality principlep®1]. This principle states that the mean
square errov is minimal if the equalizer coefficiert¥ is selected such that the errors orthogonal

to the received signal, that is,

!

E{eY"} = 0 (3.13)
and the modified MMSE coefficient (cf. (A.2) in Appendix A) is
(0)*
G H , (3.14)

02402
[HOP + prxaiy



28 CHAPTER 3. CHARACTERISTICS OF INTER-CELL INTERFERENCE

»—x 6 interfering cells
» x 6 interfering cells GA
LA\ 4 interfering cells

le-0p A A 4 interfering cells GA
- 361 2 interfering cells |3
- & |1 2 interfering cells GA-
B o 1interfering cell 7
1e-025— G -© linterfering cell GA
o 8 ]
w - ]
m L i
le-03 E
le-04
[ = 1 I 1
le-0
0 5 10 15 20
C/I [dB]

Figure 3.10: BER versus/ [ for real cellular simulations and Gaussian approximatiah different
numbers of interfering cells; half loaded, .5 = 10 dB

With the assumptions of (2.26) and (3.11) the last term irddr@minator ofy becomes

Nps—1
24 Y MAP,P Nps—1
ttot, L 0T &= om0 N
X0 = N 5 :NJf"+2;‘”% (3.15)
and the resulting modified MMSE coefficient is
HO*
G = - : (3.16)

[ HOR + Lo+ Y AP,
m=1

Therefore, the MMSE has to be scaled by the total simulatgdasipower from the desired and
interfering BSs. In a real MC-CDMA cellular environmentetimodified diagonal matrix entries for
the MMSE for sub-carriei has to be scaled by the total received signal power (cf. j288 (2.38)),
i.e.,
H"
Gi,i = (O) ! . (317)
[H;7' 12+ (5 + o)

Additionally, the MAP criterion in the demodulator is alsdluenced by the received signal power,
and therefore, the demodulator has to take into accountvibialb received powefl/~; + o2,). If
not a Gaussian like inter-cell interference signal can lseimed, e.g., due to a strong line-of-sight
component, the MMSE coefficients are chosen accordingli®)(in Appendix A.

In order to verify the Gaussian approximation in (3.10) Uf&3.10 shows simulation results of a half-
loaded MC-CDMA system in the multi-cell environment®fstem AThe bit error rate is plotted as
a function of theC'/I ratio with the number of interfering cells as a parametere @hshed curves
represent the GA. For a scenario with one interfering cell®A is too optimistic compared to the
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performance of the cellular system. Since the MMSE equaiézeptimum for AWGN [Hay88], the
GA results in a better performance compared to a non-Gaudg#ributed interfering signal. For a
higher number of interfering cells, more random signals superimpose and with the law of great
numbers approximate a Gaussian distribution more cloSétgrefore, in this case the GA models
accurately and is suitable for systems with a larger numbarterfering cells and higher resource
loads.

3.3 Summary

The characteristics of inter-cell interference in a caelttMC-CDMA transmission system are investi-
gated in this chapter. Two main questions arise with regaiatér-cell interference: Where and from
whom emerges the major inter-cell interference and camtiee-cell inference be modeled?

The knowledge of the influence of inter-cell interferencehoverall received signal can ease the use
of concepts for handling the additional disturbance by tighmboring cells. For example, coordinat-
ing or avoiding inter-cell interference can be done moreapately. Only the cell areas which are
influenced are taken into account for this kind of scheme Wwhecluces the coordination complexity
and increases the system efficiency.

By an appropriate modeling of the inter-cell interfereriaege simulation complexities can be avoided.
This reduces significantly the computation times for linkelesimulation. Furthermore, link level in-
vestigations permit inter-cell interference to be studi@in the mobile station perspective. The
characteristics of inter-cell interference on the linkdeare necessary to investigate and assess new
methods for mitigation schemes of inter-cell interfereatthe mobile station or base station.

A cellular MC-CDMA system represents an inter-cell inteefece limited environment, i.e., the inter-
cell interference dominates the noise. Therefore, the tifeea’’ /I ratio is an appropriate choice.
The two closest interfering BSs affect the desired user midss impact is constantly given over the
whole desired cell area. Therefore, it is appropriate affiicgnt to take into account only the two
strongest interfering signals. Already fé§ > 0.5 a performance degradation can be identified by
using the same spectrum in each cell. Therefore, most ofdlharea (more than 70%) is influenced
by inter-cell interference. Severe performance degradatare concentrated on the peripheral cell
areas. This confirms the importance not to neglect the eellafluence on the link level within a
communications system.

With a sectorized design of the desired cell also intraio&dirference exists. The influence emerges
in the intra-sector border areas. Consequently, the infli@f the adjacent sector has to be taken
into account by closer investigation of a sectorized catldystem. On the other side, intra-cell
interference coordination or avoidance can be efficienplyliad due to the direct communication
possibilities within one cell.

The nature of cellular MC-CDMA signals show a very good matzla Gaussian approximation
of the overall inter-cell interference signal. To adjust tleceiver to a cellular environment, the
MMSE equalization and MAP demodulation process has to bptaddo the overall received signal
power. For higher system loads than 10%, the error betwemnetll inter-cell interference signal
and the Gaussian modeled are negligible. Therefore, theQDGHA signal at the transmitter is

well represented by a Gaussian approximation. This is asdirmed by increasing the number
of interfering cells in one-tier environment simulationSor more than two interfering signals the
Gaussian approximation holds.
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At last, it should be emphasized that the Gaussian apprdéiximeannot be used if one interferer is
highly dominating the received inter-cell interferences tlaere is no possible averaging effect any-
more), nor when interference mitigation techniques takeathge of specific signal properties hid-
den by the Gaussian approximation. Among these techniqedstarference cancellation schemes
(which require the interferers being canceled to be modmtedrately) and smart antenna techniques
(which require the spatial correlation of at least the dantirinterfering signals to be modeled ac-
curately). Nevertheless, the Gaussian approximation reaysked in these cases to model the back-
ground interferers which reduces the number of signal aadmél realizations to be simulated.
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Chapter 4

Coordination of Inter-Cell Interference

In a cellular GMC transmission system several orthogorsbueces are available, e.g., frequency,
time, and spatial resources. For an MC-CDMA system the glprgacodes are also an orthogonal
resource. By coordinating these resources inter-celifarence can be reduced or even avoided. For
a mobile communications system it is always desirable &ngit an efficient usage of all available
resources. Therefore, inter-cell interference avoid&xctudes shared resources within one cell. On
the other side, inter-cell interference coordination $a&éoss in performance due to shared resources
but tries to guarantee best performance and maximum resosege.

For avoidance or coordination schemes a certain amountwflkedlge of the actual inter-cell interfer-
ence has to be given. There has to be a communication bethe&Sss or within the network. On the
other side, short-term assignment of orthogonal resouecgsset of sub-carriers, spreading codes,
etc., can reduce the BS-to-BS communication complexitys Tilme-scale can be in the order of sev-
eral OFDM frames. Long-term assignments can be used fodgwimg fractional frequency reuse,
i.e., there exist different frequency reuse patterns ircétiellar setup [Hal83]. These assignments can
be updated at a slow rate, in the order of minutes [3].

This chapter handles inter-cell interference coordimesitbategies for MC-CDMA by using orthogo-
nal frequency resources and spreading codes. Since OFDMArhaasy handling of its sub-carrier
resources, i.e., frequency resources, an idealized c¢wirdn scheme for OFDMA is introduced [20]
and investigated for comparison with MC-CDMA [19, 16]. BatAnsmission schemes are compared
to their BER and throughput performances for different aces. The frequency resource coordina-
tion is studied and a hybrid cellular partitioning conceyativestigated [15, 4]. Finally, the concept of
spreading code coordination for a cellular MC-CDMA systarnnvestigated [18]. Unless otherwise
stated, all simulations are based on the system paramét8ystem Acf. Appendix C.1).

4.1 Frequency Resource Coordination

In an OFDMA system, each user has its own allocated subecsrriTherefore, an inter-cell inter-
ference coordination using sub-carrier allocations cambreduced for a cellular environment to
enhance the performance of the managed users. This can dohban MC-CDMA on sub-carrier
basis due to the spreading component which superimposes#dre anto chips on the sub-carriers.
Another approach of coordination for both systems is theaisdifferent frequency reuse factors.
Since the frequency resources are scarce, the focus is amsywith a frequency reuse factor lof
Nevertheless, higher frequency reuse factors can redecmtirference in the desired cell and no
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complex coordination is needed to achieve reasonablerpeaiftces. On the other hand, the overall
spectral efficiency is reduced.

Frequency Reuse Factor

For all mobile radio systems, there is the possibility of aibaesource management system, namely
static resource allocation [Lee97]. The available specisudivided into a number of sets. These sets
are reused in a systematic fashion to cover all the hexagetlalwith a maximum possible separation
between the same frequency sets. Instead of using the saqueficy in all cells, which corresponds
to a frequency reuse factor &f = 1, the inter-cell interference can be decreased by incrgabm
frequency reuse factor. On the other hand, the spectralesftig of the system decreases by the factor
K.

Sub-Carrier Allocation in OFDMA

A centralized coordination for assigning sub-carriersrioves the performance in the case of OFDMA
due to the exclusively used sub-carriers and the resultioglance of double allocated sub-carriers

between neighboring cells. This coordination processustiiated in Figure 4.1. There is no feedback
information of the channel state information assumed tmagke sub-carriers adaptively depending

on the user’s best possible channels. If in a fully-syncizehsystem the knowledge of all sub-carrier

allocations is available, it is possible to assign the saoiers per BS in such a way that no double

allocation of sub-carriers between the managed BSs oc€hrs.can be guaranteed up to a resource
load of

RLgree = 1/Tncoord ) (41)

wherem.,.:q 1S the total number of coordinated cells. The managed,.q BSs need the same inner
interleavenl;, after the sub-carrier allocation. In spite of coordinatibe frequency diversity of the
OFDMA system is preserved. The uncoordinated cells use ¢t independent inner interleaver.
See Figure 4.1(a) as an example of transmitted OFDM symiidigcouncoordinated BSs and two
coordinated ones. By exceeding the RLI1gin....q, the succeeding assignment of sub-carriers is
done in such a way that the assigned sub-carriers per aualithative user are randomly distributed
over the remaining sub-carriers. This is shown for user remdbn Figure 4.1(b). Therefore, the
probability that any user is entirely disturbed is reduc&tis coordination scheme is callsthart
coordination in the following.

A randomized allocation of the sub-carriers can also be asencoordination and it is the simplest
way to assign sub-carriers. In [NBZ97] the randomized allimn was investigated in terms of capac-
ity. The occurrence of corrupted sub-carriers is investiddor both coordination strategies, namely
therandomizectoordination and themartcoordination.

Randomized coordinatiorConsider that there &/, active users in the OFDMA system, the proba-

bility of an allocated sub-carrier is
Nq - Ny
(Ny) = :
Pr(Nu) N

If all V. sub-carriers are considered, the probability thaf managed interfering cells allocate the
same sub-carrier out of aN. is

(4.2)

mcoor - 1 ms; m, —1—Mint
pr<mm,Nu>=( d )pruvu) ot (1 = pu(Ny)) et 4.3)

Ming
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The probability that an assigned sub-carrier in the desteddis corrupted by an interfering sub-
carrier is

prand<mint7 Nu) = pr(Nu> (1 - pr(oa Nu)) . (44)

Smart coordination:Since this coordination scheme uses knowledge for the auiec allocation,
the sub-carriers of users, up to

Nu,M = L(Nc/mcoord)/NdJ (45)

are allocated in such a way that no sub-carrier is corruptete system. The residual sub-carriers
are randomly allocated for the remaining users. The prdibabf a random allocated sub-carrier for
the residual useW, r becomes

Nd ' Nu,R

Nc (mcoord -1 ) /mcoord

Ps(Nugr) = , forl1 < Nyr < Nymax — Nanr - (4.6)

The probability for the same allocated sub-carriengf; managed interfering cells is given by

Meoord — 1

ps(minta Nu,R) = < )ps(Nu,R)Mim (1 - pS(Nu,R))mcoord_l_mim . (47)

Mint
Finally, for 0 < N, < Nymax the probability of a corrupted sub-carrier which was altedan the
desired cell is

0 for 0 < Ny < Ny
ps(Nur) (1 — ps(0, Nyr)) for Nyg

wherel < Ny g < Nymax — Num andN, = Ny + Nyg.

Figure 4.2(a) shows the probability of a corrupted subteahy increasing the resource load of an ar-
bitrary OFDMA system using both coordination schemes. &mesults are validated by simulations
of a two-cell and three-cell OFDMA environment in Figure 2 As assumed, themartcoordi-

nation can avoid double allocations of sub-carriers ugig.. in contrast to the performance of the

psmart<minta Nu) = { , (48)
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randomizedcoordination. Consequently, all sub-carriers are intedeby a fully-loaded scenario.
The smartcoordination scheme should improve the performance of hnl@eOFDMA system for
RLs smaller thari /mcoorq-

As an example of the performance behavior by applying thecsuber coordination schemes, Fig-
ure 4.3 shows results of an OFDMA system in a two-cell envirent applyingSystem AThe BER

is plotted as a function of the RL for the two coordinationesties. As expected from the results in
Figure 4.2, thesmartcoordination can ensure the maximum performance up to ddedied system
in each cell. Furthermore, the randomized assignment gdrdniRLs prevents a direct adaptation to
the randomizedcoordination performance. The performance of the systetimowt any interfering
cell represents the maximum performance, and therefomsyer lbound of the system.

In the following, therandomizedtoordination is not considered as a coordination compdioerhe
OFDMA system design because this sub-carrier allocaticmigue needs no additional knowledge
from neighboring cells. Therefore, using the term coortiamarepresents themart coordination
scheme.

4.1.1 Comparing MC-CDMA and OFDMA

In contrast to OFDMA, MC-CDMA averages the total transnutsegnal power over all used sub-
carriers. Therefore, the inter-cell interference is agedhat the desired receiver. On the other hand,
the sub-carrier coordination approaches for OFDMA alsddrgvoid burst sub-carrier interference.
Furthermore, the spreading component in MC-CDMA guaranéeeexploitation of frequency diver-
sity but MAI causes performance degradations. These mairacteristics will influence the overall
cellular performances. In the following the two GMC baseshmission schemes are investigated in
terms of BER and throughput performances for different ades.
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A first direct comparison between OFDMA and MC-CDMA in a ciluenvironment$ystem Ais
shown in Figure 4.4, where the BER versus the RL is presefiede the number of active users, the
maximum number of users, the data symbols per user, andaimefsize are equal, the comparison
of the systems is fair. Two scenarios are illustrated.

First scenario,d, = 0.4: Since the interference is negligible fdg < 0.4 (cf. Figure 3.3), the
coordination does not enhance the OFDMA performance. Anspite of the increasing’/I for
lower RLs, the OFDMA performance keeps almost constant byeasing the RL in contrast to the
performance of MC-CDMA. For small RLs, MC-CDMA outperforr@=DMA by far because MC-
CDMA can utilize the whole diversity of all assigned subreas. The benefit of MC-CDMA reduces
with increasing RL because the MAI increases for higher RLs.

Second scenariaf, = 1.0: The MS is at the cell boundary, where two interfering BS dréha
same distance as the desired BS. Thus, the cellular irdaderis maximal. Only in a small region
of lower RLs MC-CDMA gains in comparison to pure OFDMA withitatoordination. For a RL of
3/8, the performances are equal. OFDMA with coordination hasgetperformance gain up to a
RL = 3/8. The sub-carrier coordination can avoid any collision with major interfering signals
from the neighboring cells up tolal. = 1/3.

In Figure 4.4 it is shown that also in a cellular environmengadditional diversity gain can be given
by using an random interleaving over the whole transmittach&é. This is represented by the per-
formance loss using a 1D interleaving fidy, (cf. Section 2.2.2), instead of a 2D interleaving for the
dy = 0.4 scenario. The additional diversity gain, due to 2D interieg, is more significant when the
MAI decreases for lower RLs. For higher RLs, the performarfoe 1D and 2D interleaving merge.

A strong disturbance by the adjacent interfering cellstexis the peripheral area of the desired
cell (cf. Section 3.1). In contrast, the core of the desirell @, < 0.4) obtains a minimum of
interference. Therefore, a huge performance degradagomelen the two scenariegs = 0.4 and

dy = 1.0 is existent in Figure 4.4. In the same way, the performan€t&sgure 4.5 are influenced.
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The BER is plotted as a function of the distangefor different transmission schemes in the same
multi-cell environment. The performances show a distisdyi steeper slope faf, > 0.4.

The performance for OFDMA with coordination and Rh = 1/8 in Figure 4.5 keeps roughly con-
stant because no sub-carriers are doubly allocated due toottrdination scheme. A small perfor-
mance loss exists, resulting from the higher inter-ce#rfgrence. Again, MC-CDMA outperforms
OFDMA for RL = 1/8 in the inner cell area up t@, = 0.75. In contrast, OFDMA slightly exceeds
the MC-CDMA performance in the fully-loaded scenario bessathe MAI is the major degradation
factor of MC-CDMA. Since all sub-carriers are allocatedhe fully-loaded case, there is no differ-
ence between OFDMA with and without coordination.

Figure 4.6 shows performances of the two systems in termfseafeiquired SNR; 45 in all cells for
achieving a target BER af, = 102 for different resource loads. The performances are ittistt
for v; ap versus the position of the MS. The fully-loaded scenarioaghthat only in the core of the
cell the target BER can be reached byjaps between?.5 dB and8 dB for OFDMA. MC-CDMA
loosed).5 dB versus OFDMA because of the high MAL.

In the case oRL = 1/8, the target BER can be achieved in the whole cell for OFDMAwitordina-
tion. At the edge of the cell, MC-CDMA and pure OFDMA cannobyide the BER. OFDMA with
coordination needs a highef s up tod, = 0.8 than MC-CDMA. Furthermore, OFDMA has the
same SNR level as in the fully-loaded case. In contrast, NDBAB can gain up t2 dB compared
to OFDMA.

Finally, we investigate the throughput of the systems amdpare MC-CDMA with OFDMA includ-
ing the sub-carrier coordination scheme. The investigatare limited to the higher medium access
control (MAC) layer automatic-repeat-request (ARQ) scedbCM84]. The fully-loadedSystem A
has a maximum throughput of

MNmax = mod ° R- NC/TS/B7 (49)
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which is approximately,,.. = 1 bits/s/Hz by using QPSK with cardinality/,,,q = 2, a code rate of
R =1/2, N. = 768 sub-carriers, an OFDM symbol duration’ff = 7.58 us, and a used broadband
bandwidth of B = 101.25 MHz. Since the total number of sub-carriers is equally disteduo the
maximum number of users per cell, each user has a maximumghpaott ofr,,.... The throughpug

of the system, by using the probabiliB§(%) of the first correct frame transmission after- 1 failed
retransmissions, is given by

nmax
n= ]; o 1P (k) = (1~ FER) (4.10)
A lower bound of the system is given by the right hand side of@ by only considering: =

0 and the frame error rate (FER). This lower bound is illugitlain Figure 4.7. The throughputs
of both systems have similar performances and match thectesistics of the above-mentioned
investigations foRL = 1/2 andRL = 1. Due to the exploitation of the frequency diversity, MC-
CDMA with RL = 1/8 can provide the maximal effective throughput, except atdélé border.
OFDMA can also achieve the maximum effective throughputdnly by using the coordination
scheme. Without coordination, the throughput of OFDMA deigis almost to zero in the peripheral
area of the cell.

4.1.2 Hybrid Cell Partitioning Concept

The large performance degradation at the cell border canrbentvented by introducing a larger
frequency reuse factok’ than 1. This will avoid the inter-cell interference but alsmluces the
overall spectral efficiency of the system. In the followitige concept of different frequency reuse
factors is investigated by comparing MC-CDMA and OFDMA.
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Figure 4.9: Hybrid partitioned cellular structure for MM®IA and OFDMA

Performances for two different frequency reuse factgrare shown in Figure 4.8. To provide the
same spectral efficiency in the cellular radio systeRis,= 1/4 for K = 1 andRL = 3/4 for

K = 3 are chosen. FoK = 1, MC-CDMA exploits the whole sub-carrier diversity, and risf@re,

it outperforms pure OFDMA and also OFDMA with coordinationthe inner cell up tel, = 0.65.
Since the RL forK = 3 is higher thanRLg.. = 1/3, no coordination scheme is assumed in the
OFDMA system. Due to the trade-off between sub-carrierrditye and increased MAI for higher
RLs, the performance of MC-CDMA almost match the pure OFDMfprmance for’ = 3. The
two performances show a small degradation towards the dg# ¢éhrough the increasing inter-cell
interference. Furthermore, OFDMA with coordination flsr = 1 can avoid inter-cell interference
and performs equal t&" = 3.

For future cellular systems, there will always be the tratfdsetween spectral efficiency and perfor-
mance as seen in these results. For achieving the best enforrmpance, a partitioning of the cell
in two zones is proposed with respect to the lower boundsegitistem performance. Therefore, a
hybrid structure is obtained: an inner zone with bandwigittand an outer zone with bandwidiy.
The inner zone should be served with= 1 and MC-CDMA. To reduce inter-cell interference for
dy > 0.65, the outer zone shard$, among the other cells with a frequency reuse factos.of he
partitioning pattern is illustrated in Figure 4.9. Thenmefothe spectral efficiency for the total band-
width B is reduced by a factor dfB; + 1/3 - By)/B. The outer zones can be served by OFDMA or
MC-CDMA.

It has to be stated, that OFDMA can only outperform signifiliaC-CDMA by applying a sub-
carrier coordination scheme. The performance degradafiMC-CDMA in the fully-loaded case is
minimal. Nevertheless, the coordination schemes demaard@ tommunication complexity between
the centralized coordination unit of the affected BSs. Intcast, MC-CDMA does not rely upon a
coordination scheme. Furthermore, MC-CDMA generates &fi@al averaged inter-cell interfer-
ence without bursting single sub-carriers. MC-CDMA alsovides redundancy due to the spreading
component, and therefore, it supports the possibility tacebthe arising inter-cell interference at the
cell border which is discussed in Chapter 5.
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Figure 4.10: Contrariness of diversity and orthogonaktyarding the correlation properties

4.2 Spreading Code Coordination

The MC-CDMA transmission scheme provides an additiond&lagonal resource, i.e., the orthogonal
set of used spreading codes. Therefore, the idea of a cabi@mhinrscheme for MC-CDMA is using
different spreading codes to avoid inter-cell interfeeenmcthe managed cells.

On the one hand, at the receiver the orthogonality betweed user-specific Walsh-Hadamard
spreading codes is not preserved by uncorrelated fadinmppies but frequency diversity is given. On
the other hand, if the channel fading coefficients are cateedl the orthogonality is preserved [Pro95].
Real channel scenarios show correlations in time and frexyudirection. There exist two extreme
situations:

e The channel coefficients in an OFDM frame are uncorrelatedna and frequency:
This provides maximal diversity but destroys the orthodibnbetween spreading codes of dif-
ferent cells. Without any pre-equalization this orthoddp&annot be recovered by equaliza-
tion methods. Coordinating the resources between neigitoells by using different spread-
ing codes in different cells does not improve the perfornedoc that reason.

e The channel coefficients in an OFDM frame are fully corraldféat) in time and frequency:
This provides minimal diversity, but maintains orthogotyakven between cells and a coordi-
nation over different spreading codes can be used.

Both orthogonality and diversity increase the system perémce if they are increasing. However,
with respect to multi-path channel fading correlation ogbnality and diversity are counteracting
(see the two extreme situations mentioned above and Figtfy.4Therefore, it is interesting to
investigate the system performance for channel scenasimsying different correlation properties.
For these investigations, an academic Rayleigh fadingretlamith adjustable correlation properties
is used (cf. Section 2.1.2). Performance results are alsmgncluding a realistic channel model
which is partly correlated.
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4.2.1 Coordination Management over Spreading Codes

In the following, the coordination strategy over the usetkading codes with in the coordinated
cellsmeoorq 1S given. As in the case of the sub-carrier allocation cawtion for OFDMA, perfect
knowledge about the available and allocated spreadingsdod®C-CDMA in the coordinated cells
is assumed. Each managed cell can assign up to

Lfree - LL/mcoordJ (411)

spreading codes td/, active users without allocating the same spreading codeffereht users.
These users can transmit within the coordinated cells witbisturbing each other if the orthogonal-
ity of the spreading codes at the receiver is preserved. Bgezkng this number of spreading codes,
the succeeding assignment of spreading codes is done r@nddmarefore, a total disturbance of one
user is avoided. The procedure of using the available odhalgspreading codes in different cells
for the spreading code coordination scheme is shown in Eigurl(a) for the case of two managed
cells. In contrast, Figure 4.11(b) shows a scenario witlaoytcoordination. Here, the codes of the
superimposed received chips disturb each other Therdfwespreading codes of the different cells
are not orthogonal anymore and the inter-cell interferenagcreased.
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4.2.2 Impact of Spreading Code Coordination

The influence on the diversity losses and gains due to thelation properties for using the spreading
code coordination is investigated for a cellular setup witk tier of interfering cells. The two closest
interfering cells to the desired MS are coordination with desired BS, i.enmi....q = 3. The residual
cells of the interfering cellular structure are not taketo iaccount for coordination due to their neg-
ligible influence on the overall performance (cf. Sectioh)3If the channel is fully correlated, the
coordination scheme should guarantee inter-cell intenfeg free transmission up to a resource load
of 1/3. TheSystem Aparameter setup is chosen for the simulations with a sprgdeingthZ. = 16.

For the first investigations, the correlated Rayleigh fgadihannel is taken (cf. Section 2.1.2).

Figure 4.12 shows results regarding the bit error rate paidace versus the SN 4 for the single-
user caseKL = 1/16). In the case of fully-correlated Rayleigh fading chanr(gls= 1.0), the
coordination scheme enables to enhance the performancppmgxamately2 dB at the cell edge
(dy = 1.0). Since the inter-cell interference in the inner aréa-€ 0.1) of the desired cell is negli-
gible (cf. Section 3.1), the performances with and withqueading code coordination are equal and
the performance at the cell edge with managed spreadings cod&ches the non-interfered case of
the inner cell. For the uncorrelated channels, there is fierdhce between the coordinated system
and the non-coordinated one due to the lost orthogonalityalF scenarios without coordination, the
performances degrade for higher correlation factors lsxatiless diversity.

This can be also seen in Figure 4.13 where the figure showsHReWRrsus the correlation factor
p.. Furthermore, all three scenarios with different RRd.(= [1/16,3/16,5/16]) show a gain by
using the coordination scheme for higher correlated Rglgl&ading channels. The performances can
be enhanced fop. > 0.2. Obviously, a higher RL degrades the performances becheseesired
spreading code is corrupted by the other active spreadidgscmcluding the codes from the inter-
fering cells. In the case dL = 5/16 inter-cell interference can be still avoided, and therefdine
coordination improves the performance up to the single-ssenario for fully-correlated Rayleigh
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fading channels. The contrariness of diversity and orthafjty is well visible at the local maxima
of the spreading code coordination performanceRbor = 3/16. For less correlated scenarios, the
frequency diversity is beneficial for the performance andhigher correlated scenarios, the orthog-
onality can avoid performance degradation due to intdritigrference.

The simulation results in Figure 4.14 show the BER versusRheTwo different scenarios are in-
vestigated, namely with. = 0.5 andp. = 1.0. It is obvious that the performances with or without
spreading code coordination are close-by for a less coetRayleigh fading channeb(= 0.5). In
contrast, the coordination scheme can ensure the maximtforp@nce up to d/3-loaded system
in each cell. Furthermore, the randomized assignment efsiing codes for higher RLs prevents a
direct adaptation to the performance without coordination

The academic approach by artificially varying of the charometelation properties show the capa-
bilities of the coordination scheme using the orthogonat¢aging codes within a cellular setup. If
the full orthogonality between the coordinated resoursegiven, the inter-cell interference can be
avoided for maximals... spreading codes. Since in realistic mobile radio chanreh#fighboring
sub-carriers are not fully correlated or even totally unelated, the benefits of the spreading code
coordination are investigated for a real scenario in thiefohg.

For the simulations in Figure 4.15 the parameterSydtem And the IEEE channel 802.11n Model C
of System Bare chosen. Three different positions of the MS show theenfte of the BER versus
the resource load. Obviously, the higher the resource loathtger the performance degradation due
to the increased MAI. For resource loads smaller than....q @ performance gain is given for the
MC-CDMA system with coordination over the used spreadindeso Due to the increased inter-cell
interference for larget,, the coordination scheme gains more in peripheral celkadéss also visible
that a small benefit is given for larger RL th&pm....q. On the other side, the performance gains
of the spreading code coordination scheme in a realisticasaeare not dramatic. The real channel
does not provide the extreme and beneficial case of fullyetated sub-carriers, and therefore, the
coordination scheme cannot significantly improve the di/peaformance.
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4.3 Summary

Two main orthogonal resources of cellular MC-CDMA are iigeted to coordinate and avoid inter-
cell interference in this chapter. The first is based on feegy coordination between the neighboring
cells to avoid inter-cell interference. The other schenilezeas the given orthogonal set of spreading
codes in MC-CDMA.

Since the elementary GMC scheme, namely OFDMA, providesiplsiand flexible allocation of the
orthogonal sub-carrier resources, OFDMA is taken as a@hgilhg comparative transmission system
for MC-CDMA. Therefore, amartsub-carrier coordination scheme for OFDMA is introducedilth
has the perfect knowledge of the allocated sub-carriersdrcellular system but does not take into
accounta priori information of the channel at the transmitter. The schemas to avoid burst inter-
cell interference, but cannot entirely circumvent it. Imtast, MC-CDMA cannot coordinate on
sub-carrier basis the frequency resources due to the spgeaoimponent. Therefore, MC-CDMA
averages the influence of the inter-cell interference amtuders burst interference characteristics.
On the other side, MC-CDMA suffers from MAI.

The simulations show that MC-CDMA can outperform ordinafy@MA in the case of varying re-
source loads. In the core of the cell, MC-CDMA exploits theolehsub-carrier diversity and outper-
forms OFDMA for resource loads smaller thafl. The use of the coordination scheme for OFDMA
can highly enhance the OFDMA performance in the periphathlactea and OFDMA surpasses the
MC-CDMA performance. Regarding the SNR behavior at a taBER of P, = 1073, the simula-
tion results present@5 dB gain for OFDMA compared to MC-CDMA in a fully-loaded system.
contrast, MC-CDMA can gain up t® dB in a lower-loaded system. Pure OFDMA cannot provide
any considerable throughput at the cell border in a celletsironment in contrast to MC-CDMA.
To summarize, MC-CDMA outperforms pure OFDMA in most of tleesarios and in some cases
even OFDMA with thesmartcoordination scheme. However, the coordination schem®KDMA
demands a large communication complexity between thetatld8Ss. The MC-CDMA system does
not rely upon a coordination scheme.

In contrast to a frequency reuse of one, inter-cell interiee can be avoided in the outer parts of the
cell by using a frequency reuse of three. In exchange, tmseqat has to put up with spectral loss.
Therefore, a hybrid partitioning for the cell structure @hieve a maximum performance for the
systems. The inner part of each cell is served by an MC-CDMstesy with frequency reuse of one
and the outer parts by OFDMA or MC-CDMA with frequency reuséhoee.

A second source of orthogonal resources in a cellular MC-@D8yistem are the spreading codes.
Therefore, these codes can be coordinated within a celdgap to avoid inter-cell interference.
The investigations show the capability of the coordinaoheme using orthogonal spreading codes.
The degree of orthogonality depends directly on the caroglgroperties of the existing channels.
Consequently, there exists a trade-off between diversity athogonality due to correlation char-
acteristics. The benefit of using this coordination scheond\fC-CDMA depends directly on the
degree of correlation within the channel characteristfdb® cellular system.
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Chapter 5

Cancellation of Inter-Cell Interference

Theoretically, gains from using inter-cell interferengeidance schemes are large [KFV06], but max-
imum gains would require fast and tight inter-cell coordioi. For example, frequency partitioning
in cellular networks on a slower time-scale [KN96] as weltlzs use of power control [FMMO04], dy-
namic channel assignment, and channel borrowing has fargagderiod received interest. Note that
the packet-switched channel-aware scheduled transmsgssibich will take place in future systems
complicates the use of many of the previously suggestedrsehéor inter-cell interference avoidance
or coordination (cf. Chapter 4). It is not, without additedrside information, possible to conclude
that the interference power in a set of sub-carriers isyikelbe higher/lower than average just be-
cause it is measured as high/low at present. Therefore odilee torthogonally spread data symbols
and the resulting redundancy in the transmission the sggactrum technique MC-CDMA provides
the possibility to iteratively remove the inter-cell ifierence at the receiver side without the need of
high complex inter-cell interference management schenoes the network side. Therefore, in this
chapter, inter-cell interference cancellation (ICIC) cepts are introduced.

Due to the larger complexity of the ICIC concept, this teclua can be applied at receivers with
the available processing capabilities. This provides gumselling point for MS vendors. Further-

more, ICIC techniques avoid large configurations at thestratter side, namely, the base stations
and network. By applying ICIC the resulting performance iayement can be utilized requesting a
higher coding-and-modulation scheme, and therefore gagler's benefit the data throughput will be
increased.

Two main approaches of general interference cancellatst: first, successive interference can-
cellation (SIC) [RLJOOQ]; second, parallel interferencacazllation (PIC) [DSR98]. For MC-CDMA,
these concepts focused on single-cell environments indke and therefore, the goal was to reduce
or to cancel iteratively the MAI [KH97, FKO03]. A high latenay given for SIC schemes and error
propagation effects can occur if initial user estimatesesreneous. On the other side, PIC schemes
require higher memory and a large signal processing inlear&ince the storage capacities are not so
critical nowadays and a low latency is preferred, the PI@gipiles are applied for the following ICIC
concepts. These ICIC techniques do not take into accoum&idout the inter-cell interference. The
MAI could be removed as described in [KH97] afterwards.

For ICIC concepts at the receiver, the signaling inforrrabbthe neighboring cells has to be given.
Since a user requires the signaling from its desired BS dnewhole desired cell area, an orthogonal
signaling design is provided in a cellular system. Différerterleavers in cellular MC-CDMA can

also feature a cell-specific sub-carrier assignment fdrssgaration like the scrambling code for
UMTS [HTO4]. Note that the less Gaussian a signal is, theebétie signal can be detected and
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canceled [Ver98]. The major inter-cell interference iseyated by the two closest interfering cells
and the overall impinged signal is Gaussian-like for moenttwo cells (cf. Chapter 3). Therefore, a
cellular MC-CDMA system satisfies the general demands o€ l@incepts.

In this chapter, different approaches of ICIC techniquesgaven and investigated. First, the hard
decisions from the demodulator are used for hlaed ICIC process. Varying combinations of hard
ICICs are studied where the information of the receivedrfateng signal power is included. Addi-
tional, an iterative ICIC technique based on soft valuesésgnted in more detail which is named
softICIC [9, 1]. The impact on the performance is investigated Hre choice of interfering cells
to be canceled [5]. The extrinsic information of the decgdimocess is considered as a degree of
reliability for the soft ICIC process [1]. Further, the matinformation exchange between the inner
and outer decoder is investigated with extrinsic informatransfer (EXIT) charts [8] to analyze the
convergence behavior [7]. The performance of the diffel€hf schemes is compared by means of
simulations within the cellular environment 8fstem A

5.1 Hard lterative Cancellation Techniques

A first approach of ICIC is based on the use of the hard outptie@tiemodulator at the receiver to
reproduce the interfering or desired sign&lg”. This process is namethard ICIC. In [DLO7] three
different combinations of the hard ICIC are proposed. Sifiel block diagrams of the hard ICIC and
its combinations are shown in Figure 5.1 and Figure 5.2. d\thoss of generality the sub-carrier
and time indiceg and: are skipped for notational convenience in the followinge finoposed hard
ICIC concepts in [DLO7] are extended to more than one interdecell. This is done by parallel
processing of the reconstruction of the interfering sigrfed # 0). All blocks are set up with their
specific cell parameters. First, tdaecthard ICIC (D-ICIC) with output

Nps—1

Yo=Y - ) vy (5.1)
m=1

can be seen as the basic concept block. Note that for the O4l& processing of the interfering cells
(m # 0) is used. Thendirecthard ICIC (I-ICIC) tries to reconstruct the desired signadtfand then
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the interfering signals. It should be mentioned that themeged interfering signals will be subtracted
in the final step from the received signalin contrast to Figure 5.2. Therefore, the I-ICIC calculates

oy Sy (5.2)

m=1

WhereYéf’éf represents the estimates depending on the first estiridte- Y — Y(©. Themeanhard
ICIC (M-ICIC) combines the D-ICIC and I-ICIC concepts by

Nps—1 Nps—1
Yu=Y - 05 < SNovin+ Y Y<m>> . (5.3)
m=1 m=1

All three concepts try to remove the inter-cell interferesgnals from the desired signal. In the final
step the output of the hard ICIC is taken to be demodulatediandded.

5.1.1 Combinations of Hard ICIC

In the following the results in [DLO7] are verified by usingetiproposed hard ICIC concepts as
described in Section 5.1. These hard ICIC techniques daaketihto account the possible available
signal powers for the equalization process. Figure 5.3gmtsshe BER performance versus thgl
ratio. The simulations are carried out with an SNR©@#1B and within a two cell environment using
the setup ofSystem Avhere each cell is half loaded. Therefore, the IGW/ values represent the
outer part of the desired cell;/I = 0 dB is the cell border, and positivé/I values are given in the
inner cell area.

All three hard ICIC concepts can increase the BER performdoclow C'/I values and at the cell
border compared to the non-ICIC performance. The comlginatf D-ICIC and I-ICIC, namely
M-ICIC can benefit from their performance behavior and piesithe best performance. Only for
C/I < —5 dB M-ICIC performs worse than D-ICIC because the first compomerthe I-ICIC
generates wrong estimates of the recovered signal. Thaised by the weak desired signal and the
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hard decided output. Since the decoding and re-encodirggsas not used in the hard ICIC concept,
the performances of the D-ICIC and I-ICIC suffer from wroegavered signals in the reconstruction
process for higit’/ I values. This should be avoided by the soft ICIC concept.

5.1.2 Use of Signal Power in Hard ICIC

Due to the use of orthogonal signaling between the cellst pignals can be used to achieve the re-
ceived signal power, for example, if the communicationaysts sufficient synchronized. Therefore,
this information is used for the equalization process @f14)) and MAP demodulator for all ICIC
concepts (cf. Figure 5.4) which should influence and imprtheeoverall performance of the hard
ICICs.

Figure 5.5 shows the performance gains of the different aoations for hard ICIC with the proposed
knowledge of the received signal powers. Since the D-IGES tio remove only the interfering signal,
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Figure 5.5: Performance of half-loaded system with difiéteard ICIC concepts in the cell border
area,yc,qg = 10 dB, with signal power knowledge

it cannot profit from both signal powers and does not outperfime I-ICIC in contrast to Figure 5.3
and [DLO7]. Only for high inter-cell interference scenarihe D-ICIC reconstructs and removes the
interfering signal better than I-ICIC. There is no perfonoes difference between the I-ICIC and M-
ICIC for C'//I > —5 dB. Only for larger inter-cell interference the M-ICIC bensgfitom the parallel
D-ICIC for interfering cellm = 1 (cf. Figure 5.2). But the inner I-ICIC still causes errorsiahe
pure D-ICIC outperforms the M-ICIC.

By comparing Figure 5.3 and Figure 5.5 a performance diffegeexists of the reference curves
without an applied hard ICIC concept due to the knowledgéhefihterfering signal power. There
is also a large performance gain for the hard ICIC conceptis the additional information of this
power. In terms of th€'/I ratio, the M-ICIC or I-ICIC can gain at the cell border abaui dB with
the additional power information compared to the M-ICICheitit power knowledge.

5.2 Soft Iterative Cancellation Techniques

A more sophisticated approach to cancel the inter-cellfi@tence is based on the use of the more
reliable soft-values. In the following,softICIC technique for an arbitrary number of interfering cells
is described. Figure 5.6 shows the block diagram of the meggoft ICIC. The received signglis
processed as described in Section 2.2.3 in respect to itfispeell parameters: for the desired and
inter-cell interference signals in parallel. Furthermahe received signal power as for the hard ICIC
concept is assumed to be known. In contrast to the hard 1CdCess, the demodulator computes
from the received symbols soft-demodulated extrinsiclibglihood ratiosLE___.(c). Unlike the
demodulator in (2.29), here the demodulator exploits tr@edge ofa priori LLRs L5, .4(c) with

P(c=0)

Lgemod(c) = 1Og
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coming from the decodel._ 4(c) is given by

P(c=0|d, L3, .4(c
( | 5 IA) d( )) - L[A)emod(c) : (55)
P(C - 1|d7 LDemod(C))

L%emod<c> = lOg

In the initial iteration, the LLRY.3_ . 4(c) for the demodulator are set to zero. After deinterleaving,
the extrinsic LLRsLE__.,(c) become thea priori LLRs L3 . ,(c) of the channel decoder. The
channel decoder computes for all code bitsdtmosterioriLLRs L(c|q) using the MAX-Log-MAP
algorithm (cf. (2.30)) and the extrinsic informatids___,(c) is given by

Lgecod(c) = L(C|q) - Lgecod(c) : (56)

The extrinsic LLRSLE___,(c) are then interleaved to become thpriori LLRs L4 . (c) used in the

next iteration in the demodulator. The signals of the delsill Y., and the interfering cells;™
are reconstructed and for the next iteration step the ingutse processing blocks are

Nps—1
Yaw = V= Y Vi, (5.7)
m=1
Nps—1
}/;g;n) = Y - Ydes+ Z }/;gjn) . (58)
=1
m!#m

The iterative cancellation process requires high commurtak complexity and storage capacities at
the receiver. Each canceled interfering signal needs time ggiocessing as the desired signal. Fur-
thermore, this complexity is multiplied by the number of ggesed iterations.

In contrast to the hard ICIC concepts, the soft ICIC is noitkeh to one processing iteration. With
this iterative approach the inter-cell interference castepwise removed from the received signal.

Figure 5.7 illustrates the performance regarding the BERuge SNR. Due to the results of Sec-
tion 3.1, a two-cell environment is chosen, and therefdre strongest interfering cells are given and
canceled. The MS is located directly at the cell bordgr€ 1.0, « = 30°) and a single-user sce-
nario is given. As an upper bound of the system the performanth no ICIC is illustrated. The
lower bound is represented by the single-user performaritteut any inter-cell interference. Al-
ready the first iteration increases the performancefes > 2 dB. The second iteration can increase
the performance significantly. Even the single-user bowambz almost reached within 2 iterations
for higher SNRs. With 4 iterations it is possible to reach sirggle-user bound, and therefore, the
inter-cell interference is removed.

For comparison the performance curves of the hard ICIC qus@ee included in Figure 5.7. Since no
decoding is taken into account in this cancellation teaajghe performance does not reach the first
iteration performance of the soft ICIC. Still the M-ICIC aBdICIC can improve the performance
significantly compared to no applied ICIC. In contrast to a tell scenario (cf. Figure 5.5), the I-
ICIC cannot handle the inter-cell interference of sevaradrifering cells appropriately, and therefore,
there exists a large performance loss.

The performance in the cell border area for the soft ICIC espnted in Figure 5.8. The SNR is set
to 10 dB and the system is half loaded in all seven cells. The desimddtse two closest interfering
cells are chosen to be processed in the soft ICIC. The motateos moves along a straight line
from dy = 0.6 to dy, = 1.6 with a = 30°. The performance without any applied ICIC technique
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Table 5.1: Mean received signal power
BS(LD) BS(12) BS@3)

o theor. sim | theor. sim| theor. sim
60° | 0.19 0.20| 3.48 3.74| 0.19 0.20
70° | 0.13 0.13] 2.89 3.03| 0.32 0.32
80° | 0.086 0.097] 1.80 2.0| 0.55 0.58
90° | 0.062 0.066| 1.0 1.04| 1.0 1.06

is represented by the dotted line. For this scenario theitimsition cannot cancel out the inter-cell
interference. Therefore, the hard ICIC concepts alsodailfis scenario, represented by the M-ICIC
performance. The second iteration of soft ICIC can achiesall performance improvement. The
so-called turbo cliff is reached with the third iterationddarge performance gains can be achieved.
A fourth iteration yields no appreciable improvement. Adrfprmance curves merge to the non-
ICIC curve if they reach the inter-cell interference frese#l, < 0.8). Directly at the cell border
(dy = 1.0) all processed signals are received with the same powerthanefore, the signals are at
most difficult to separate and the soft ICIC performance isstvat this point. Due to the different
received signal powers, the soft ICIC can maximize the perémce atl, = 1.2. This performance
is similar to the almost inter-cell interference free cas& a= 0.8. For larger distances to the desired
BS (dy > 1.2), the performance degrades because the desired signahbsaweak and the final
decoding step for the desired signal can fail.

Due to the half-loaded system, the inter-cell interferefiee performance cannot be approached
because the existing MAI degrades the ICIC process. The MAldcbe removed by the additional
use of the interference cancellation principles introduog KH97].

5.2.1 Choice of Interfering Signals

The iterative cancellation process requires very high agatpnal complexity at the receiver and
additionally introduces a delay to the signal processingefich iteration. Each canceled interfer-
ing signal needs the same processing as the desired signghefmnore, this large complexity is
multiplied by the number of processed iterations.

The main interferers are the two closest interfering BShéaiesired MS (cf. Section 3.1). Therefore,
it is sufficient to cancel only the two strongest interferg@dls or even the strongest interferer at the
receiver. This reduces essentially the complexity. Thaaigower of the interfering signals can be
compared and the most powerful can be chosen for the futtidn@tive processing in the soft ICIC.
This selection process can be done frame-by-frame.

Taking into account the propagation and cellular setupxasgn Figure 2.1 and Section 2.1 the mean
power of the received signals from the three closest neigh@paells follow Table 5.1. The received
signal power from each BS is assumed to be normalized to ofg at 1.0. The simulated received
mean power is also given on Table 5.1 for comparison whicliiros the simulations.

Table 5.1 shows the varying influence of the neighboring Rgsmding the MS positionBS"? is
the most dominant interfering BS which has to be always dadcdhe influence oBS™V vanishes
for largera. Still for o = (60°, 70°), the receiver has to decide which BS should be canceled out of
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BS®Y andBS"%). The same situation occurs far= 90° betweenBS*? andBS"? if only one
signal is going to be canceled.

In Figure 5.9 the performance results of two cancellatiostsgies are shown in a cellular setup with
4 cells. The first strategy cancels only the strongest ieterg signal. The second strategy takes into
account the two strongest interfering signals for the iteea CIC process. 2 iterations are chosen
as a good trade-off between complexity and performancefgathese simulations. A lower bound
for the two strategies can be given by the performance witbaaiceled interfering signal within 2
iterations. Furthermore, the performance are limited bygper bound without any ICIC technique
and an absolute lower bound without any inter-cell intenfee. Sincey, 5 = 5 dB, the second
iteration cannot reach the interference-free single-bseind (cf. Figure 5.7). Due to the higher
number of simulated cells and the additional inter-cekifdgrence, the performances do not match
the performances of Figure 5.7 with 2 interfering cells.

The performance without any ICIC strategy gains the cldseMS is to the cell border a&S*? and
BS®?) ie., o = 90°. At o = 90° the least interference is received. In contrasty at 60° from the
closest and the two nearby cells the largest interferenceceived. In the case of the applied ICIC
schemes, the performances act contrary. The ICIC failsstondjuish the interfering signal at= 90°
due to the same received signal powers (cf. Table 5.1).aFer60° the most dominant interfering
signal (fromBS"?) can be successfully canceled which results in the besbipeance. The same
characteristics can be seen for the two different cancafistrategies. There is no large performance
difference fora. < 70° by canceling one or two interfering signals due to the oneidant interferer.
And for o > 75° two interfering cells are dominant, and therefore, thetsgnawith two interfering
cells canceling outperforms the first strategy.
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5.2.2 Evaluation of Extrinsic Information

It is possible to use the extrinsic information (cf. (5.6%) @ degree of reliability for the iterative
process of the signal reconstruction. For the soft ICIC tlkamof the absolute extrinsic information
LE_..4(c) over all desired bits within one OFDM frame is taken to catela reliability information
of the decoded signal in theh iteration following the definition of soft bits (cf. (2.31by

Ny
1
Aj = tanh (E > |L}%ecod<c>\/2> (5.9)
n=0

where N, represents the total number of desired bits. Since the atesedlue ofL5__,(c) is taken,
the range of\; is now
0<A; <+1. (5.10)

The lower); the lower is the reliability of a correct reconstruction bétsignal and vice versa. The
difference
A)‘j-l-l,j - /\j+1 - /\j (511)

represents the reliability change between the iterations.

A whole tier of cells, i.e., 6 interfering cells, around thesded cell are assumed for the following
investigations. The reliability informatiok; of the desired signal is simulated for positions of the
mobile station in the range af, = [0.4, 1.4] around the desired BS. The SNR is settdB and
the system is half loaded. Figure 5.10(a) showslepending on the position for the first iteration
of the soft ICIC in a three dimensional illustration. It ca@ §een that in the inner part of the cell
(do < 0.6) A1 is mostly1.0. Therefore, the desired signal should be detected apptefyiin this
region. For the outer partd{ > 0.6) there is a large degradation of the reliability for the diing
process. Differences between the mobile station positieraéso visible, e.g., the mobile station
experiences one strong interfering BS,(y) = (—1.4,0)) or the mobile station is located between
two weaker interfering BSS ¢, y) = (—1.2, —0.7)). The distribution of\, for the second iteration
is shown in Figure 5.10(c). Already the second iteration icenease), over the whole area for
this scenario compared tq. Even in the cell border aredy = [0.8, 1.2]) A\, achieves values close
to one. Therefore, this second iteration broadens the aresutcessful detection of the desired
signal. Another representation &f within the cellular environment is given in Figure 5.10(imda
Figure 5.10(d) for one and two iterations, respectivelye phsitions of the involved BSs are given by
the rectangular marks. These plots show more preciselyrthiae first iteration the more reliablg
values are limited td, < 1.0. For the second iteration reliablg values stretch already t < 1.2.

Due to the large simulation complexity of the whole celludawvironment and its reproduction, the
differenceA\, ; is provided in the three dimensional plot of Figure 5.11.sltlearly visible that
the rim area gains in reliability for the decoding processiie second iteration. There are corridors
without an increase of, due to the constellation of the cellular environment. Sthessignal strength
of the two closest interfering cells in these corridors .(eag= 30°) do not differ significantly, the
soft ICIC process cannot improve the already gagdalues in the second iteration. If only one BS
is the major interferer (e.goy = 0°) and the signal strength between the desired and mainen¢erf
differ, the soft ICIC can detect both signals in the secoadation more precisely. This confirms the
observations in Figure 5.9 of Section 5.2.1.

The distribution of)\; depends directly on the chosen scenario. Figure 5.12 geedéferent SNR
scenarios within an one-tier cellular environmextis investigated for the desired and the two closest
interfering signals where the mobile station is locategelto the cell border with almost the same
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distance to all these three BSs, i.é),= 0.9, = 30° or (x,y) = (0.78,0.45). The two closest
interfering cells are taken into account for the soft ICI@gass. Furthermore, a single-user case is
assumed within all cells. For low SNR valueg {g < 0 dB), low and constant values of; are
given over all iterations. If the SNR is larger thamB ); increases for higher number of iterations.
In the case ofy; 5 = 8 dB there exists a large step between the first and second ateradit the
following iterations do not increasg; for j > 2 anymore. Due to the small power differences of
the three received signalg,(= 0.9), the reliability information); varies for the detected signals.
It is obvious that a higher SNR provides better detectiorsiiagies than low SNR scenarios for
the desired signal. These investigations confirm the p@idoce characteristics in Figure 5.7 and
Figure 5.8 of Section 5.2.

5.2.3 EXIT Chart Analysis

A well established tool are extrinsic information transfeXIT) charts [tBOO, DASRO06] to predict
and analyze the performance of iterative processes. Th& Eidrts and its properties for the case of
soft ICIC concepts in a cellular MC-CDMA environment arerattuced in this section. It would be
beneficial to know how many iterations are needed for reactia turbo cliff for different inter-cell
interference situations, modulation alphabets, mappicage rates, or system loads.

The a priori LLRs L*(c) for the EXIT chart analyzes has to be modeled as identicadityiduted
Gaussian random variables [tB0O0], i.e.,

LA(c) = E{L*(c)|c} - ¢ + Npa(y). (5.12)

Here Ny is the AWGN with mean zero and variane&. The mean of_*(c) givenc needs to
fulfill E{LA(c)|c} = 2.

2
To generate an EXIT characteristic for a component sucheadeghoder or demodulator in the EXIT
chart, first the variance? from the mutual informatiod® has to be computed. Then, the random
variableL* (c) according to (5.12) is generated ahti(c) is used as priori LLR in the component.
At the output of the component, the extrinsic mutual infotiora/" from the extrinsic LLRSL(c)
is estimated according to [Hag04]

Nﬁamp
1% 1
E o o
IFal— Elj o, (—1 +€|LE(CH)) . (5.13)
/J/:

The underlying assumptions in (5.13) are that the randorogsses such as the noise and channel
variations are ergodic and a large number of samplgs, have been observed. In this case, the
super channel for a received bit can be seen as a binary symmieannel (BSC) with transition
probability p, = w The mutual information of a BSC can be computed with theogaytr

Hy(pe) asl — Hy(pe), Which is averaged oveY observations.
In the following, the BS indexn is skipped for simplicity and without loss of generality. E’lMAP
demodulator in MC-CDMA computes the extrinsic LLRY___,(c) by [DASR06]

ZXn(Cn):CZI p(Yn|Xn)p(Xn) _TA

> (om0 PYal X )p(X,) T 7Pemed

where the index represent thei-th transmitted or received symbol. The indexs related to the
sub-carrier index and MC-CDMA symbol index by n = i+ - N.. Finally, the resulting conditional

L][E)emod(c) =In

(c), (5.14)
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channel probability(Y, | X,,) for the soft ICIC depends directly on the total power of theereed
signal, and therefore, it depends also on the inter-cadtiatence power (cf. (3.17)):

1 _ \Yl*HlSé\Q
e 20wt (5.15)
V 27T(1/7l + Uint)

The block diagram in Figure 5.13 shows the realization oBRET chart analysis for a cellular MC-
CDMA system. For the analyzes, the saapriori values are assumed in each cell to facilitate the
interpretability. Furthermore, the total received sigriab ordinarily generated regarding (2.27). For
the construction of the interfering signals, the modulatis to be considered as a soft modulator, i.e.,
it takes into account the LLRE}_ . (c).

p(Yn|Xn) =

For the investigations of the appropriate use of EXIT chantssoft ICIC concepts the influence of
the choice of?, is studied. Three different approaches are chosen: Fiestéfined:2, (cf. (2.38))

is taken for all iterations in the soft ICIC process. Sinceitiiter-cell interference reduces after each
iteration, this representspessimisti@approach (marked bzygess). The second approach is based on
genieknowledge about the inter-cell interference power on egatation and this is expressed by
Ugenie' The last choice is the opposite of the pessimistic appro@dle to theoptimisticassumption,

there is no inter-cell interference, and therefaty, = o7, = 0. Figure 5.14 shows the influence of

the mutual information on the normalized inter-cell ineeeince power. For the EXIT chart analyzes,
o2, can be linearly approximated.

int

Figure 5.15 shows the EXIT chart of the soft ICIC concept mitihe same simulation environment
as in Figure 5.7. An SNR of dB is chosen. The extrinsic decoder curve is given for the used
MAX-Log-MAP decoder. For the demodulator, three differemtrinsic information performances
are shown depending on the usgd = [02..., 02 .., 02 .].

pess’ ~ genie’ ¥ opt
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For o2, no convergence to low BERs would be expected as the demoduladracteristic and de-
coder characteristic intersect at the paif...q, [5emeq) = (0.1, 0.2) in the EXIT chart. On the other
hand foro?, ., thetunnelis open, and therefore, low BERs can be expected. Similay ifter-cell
interference power is assumed, i, = 02, = 0, the receiver can also achieve low BERs.
Considering the simulated system trajectories, a gooddliserved at na priori information. Using
Ugenie in the demodulator, the trajectory matches fairly well fagtha priori information and shows a
mismatch for mediuna priori information. Still, the system converges as expected flmgrdemod-
ulator characteristics to low BERs. In contrast to the prenin of the EXIT chart, the ICIC system

for o2, converges to low BERSs. In this case, it seems that the deratmfudutput yields a to small

pess
Igemod'

Figure 3.10 in Section 3.2 illustrates that the lower the berof interfering cells and users within
a cellular system, the less Gaussian is the resulting dvetetfering signal. Due to non-Gaussian
interference, the actual interference contribution ir1%).s over estimated. Thus, the demodulator
estimates the LLRs in (5.14) too small. This in turn resut® itoo small extrinsic information
estimates in (5.13) and in the EXIT chart. Consequentlyddraodulator output is too small for the
system trajectory? . in Figure 5.15.

At the same time, the decoder can better decode the codénariekpected. As there is less inter-
cell interference in the actual signal than modeledoly,, the decoder can correct more errors,
and thus, the ICIC can compensate in the 2nd iteration maeefémnence. Finally, it converges to
the single-user bound. Note that in the current simulateing correlated channels and relatively
short outer interleaver lengths 536 are considered. Therefore, both assumption for the LLRs in
the EXIT charts, i.e., they are independent and Gausskitnhilited, are violated. Consequently,
the demodulator and decoder characteristics in the EXITt@ra not tight bounds for the system
trajectories.

5.3 Summary

The goal of inter-cell interference mitigation at the melstation is to achieve high system capacity
with an optimum frequency reuse factor. Therefore, the epnhof inter-cell interference cancellation
at the mobile station is introduced for cellular MC-CDMA &m®is in this chapter which combines
frequency reuse of one and high system performance at theordekr.

The complexity of ICIC techniques is directly proportiotathe number of included interfering BS
signals in the cancellation process. Investigations inp@ra3 concluded that the main inter-cell
interference is contributed by the two closest interfed®g. Therefore, practical implementations
of inter-cell interference cancellation schemes may bééditto detecting the contributions of only
two interfering BSs. The processing complexity can be gphitvo main different tasks: the inter-cell
interference estimation and the subtraction of the inédirinterference estimates from the received
signal.

Both ICIC conceptshard and soft ICIC) take into account these two processing steps. The first
concept, namely hard ICIC, is based on the reconstructidgheofeceived signal by using the hard
decided outputs of the demodulator. Different combinatiohthe hard ICIC are investigated and
with the additional use of the signal power information tiverall performance benefits at the cell
border.
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The second concept, namely soft ICIC, is based on a morestagatted approach which uses the soft
outputs of the decoder to reconstruct iteratively the dgyfwa cancellation. Performance results show
that the soft ICIC approaches the single-user bounds wiihter-cell interference, and therefore, the
interference of the cellular environment can be almostieted. Furthermore, the profit of the soft
ICIC depends directly on the given scenarios and the usedeuof iterations. The performance
degradation due to a reduced number of canceled interfergr@ls is reasonable compared to the
significant complexity reduction of the iterative process.

The extrinsic information of the decoding process can giveliability information about the suc-

cessful decoding process, and therefore, the behavioedddft ICIC for different scenarios can be
described and analyzed. Consequently, extrinsic tramsfermation charts are introduced for the
ICIC concept. The additional inter-cell interference gyenas to be taken into account in the log-
likelihood ratio estimation of the demodulators. The EXHad analysis is only partially correct for

such a complex cellular system, as the assumption of indigmerand Gaussian-distributed LLRs
is violated. Therefore, the convergence characterisawe o be carefully interpreted in the EXIT
chart.

Complexity of the interference estimation task dependmglly on the used technique. In the case
of hard ICIC, the complexity is roughly equal to the demotiola complexity times the number
of interferers. However, in the case of soft ICIC, the comitjefor one interferer can be roughly
evaluated as the demodulation complexity plus the charemdding complexity times the number
of processed iterations, which represents a high proaessirden. Moreover, additional memory is
required to store at the same time the received signal antetimmstructed interference signals, as
well as the incoming signal received during the detectimtess. At last, interference cancellation
schemes, especially when performed in an iterative mamteoduce additional processing delays
due to the need to detect the interferers’ signal beforectietethe useful one.

On the other side, the different ICIC techniques allow digant gains in the cell border area due to
the large influence of the inter-cell interference in thigoa. This gain can be expressed in terms of:
lower transmit power, increase of cell coverage when ddjitive network planning, better quality-
of-service, and especially higher data throughput becaigber modulation orders or channel coding
rate can be used. Due to the high complexity of iterative K2Iff procedures these techniques can
be considered if the MS has the needed processing capailitithe MS cannot support these large
complex iterative decoding strategies, the less complex KGC can still provide significant gains
for dominant inter-cell interference influence on the dessignal.
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Chapter 6

Use of Inter-Cell Interference

Multiple antenna transmission schemes have gained higitatn since they offer a capacity which
rises proportional to the minimum of the number of transimiX) and receive antennas from in-
formation theory point of view [FG98]. In the recent yearsyeral approaches have been pro-
posed, which take advantage of multiple transmit or recamennas. One representative of mul-
tiple antenna schemes is cyclic delay diversity (CDD) [DEP1CDD is a variant of delay diver-
sity (DD) [Wit93] and adapted to communications system#witclic extensions as guard intervals
such as MC-CDMA for instance. Signal delays in DD may caugerisymbol interference. In con-
trast, CDD prevents such additional inter-symbol intesfiee by using cyclic signal shifts. Typically,
multi transmit/receive-antenna techniques like spate-tlock coding (STBC) [TSC98, Ala98] re-
quire signal processing in both the transmitter and thaewecbut can achieve the maximum diversity
gain. However, CDD as well as DD can be implemented solelyeatransmitter, the receiver, or both
sides. The fact that the counterpart — e.g., the receiveaise of a transmit sided implementation —
need not be aware of the implementation makes these ted@mitansparent at the counterpart, i.e.,
standard compatible. They can be implemented as an extefosialready existing systems without
changing the standard.

In a centralized cellular network the MS switches the cqoesling BS when it is requested by the
resource management. The switch is defined as the hand@gsdure from one BS to another. The
handover is seamless and soft when the MS is connected toB8xhat the same time. A softer
handover exists when the MS moves between two sectors andngcted simultaneously to the two
sectors. The sub-carrier resources in an MC-CDMA systerhinve spreading block are allocated
to different users. Some users might not need a handoveegsatk either in a stable position or
away from the cell border. In both cases these users candxeifby inter-cell interference as their
resources are also allocated in neighboring cells. To agp#re different demands of the users, users
with similar demands can be combined within time-frequamays, e.g., chunks, in an OFDM frame.
The requested parameters of the users combined in thes&schta similar, like a common pilot
grid. The spectrum for the users could then be shared betimeecells within a chunk by defining a
broadcast region. By this the affected users of the two eallsld reduce their effective spectrum in
half. This is the price to pay for avoiding inter-cell interénce (cf. Chapter 4). Inter-cell interference
could be tackled by inter-cell interference cancellatiechniques (cf. Chapter 5). Smart BSs could
in addition try to balance the needed transmit power by miglan increase of inter-cell interference
in neighboring cells.

The approaches presented in this chapter use inter-ceifenénce by defining the effected area as
a broadcast region and applying transmit diversity schefimrea cellular system, like cyclic delay
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diversity and STBCs. Therefore, transmit diversity is sfanmed to macro diversity. Part of the
ineluctable loss of spectrum efficiency are compensatedplping additional diversity gains on
the link layer, avoiding the need of complex inter-cell calation techniques and decreasing the
overall inter-cell interference in the cellular network the common good.

In this chapter, the terr@'/I (cf. (2.40)) can be seen as misleading, as the describecthesh@ake
beneficial use of transmitted signals from the neighbori8g.BTherefore/ is not interference any-
more. On the other hand the telty I describes the ratio of the power from the desired base statio
to the other involved base stations. This ratio also inésathere the mobile user is in respect to the
base stations. For example in the case of two involved basierss, the MS is directly between the
two BSs forC'/I = 0 dB, see also Figure 2.10. In the case(9f/ > 0 dB the MS is closer to the
desired BS, and fof’/I < 0 dB the MS is closer to the adjacent BS. Hence, the r@fid is retained

in this chapter.

In the following, two cellular transmit/macro diversitycteniques are in focus. The firstis based on the
cellular cyclic delay diversity (C-CDD) technique [14, Mhich increases the frequency diversity of
the received signal and requires no change at the receiggptoit the diversity. The resulting channel
correlation characteristics are investigated [2]. Furtigge, an adaptive variation of C-CDD for the
transmit power and cyclic delay choice is given which cap &ls seen as soft C-CDD [6]. The other
technique applies the Alamouti scheme which flattens tlgpiacy selectivity of the received signal,
gains a higher diversity than CDD but requires an additialegloding process at the mobile. This
technique is called cellular Alamouti technique (CAT) [1D]. As for C-CDD, an adaptive flavor
of CAT is also presented. Finally, both schemes are comparddiiscussed [2]. Unless otherwise
stated, all simulations are based on the simulation set@ystem Ecf. Appendix C.2).

6.1 Cellular Cyclic Delay Diversity (C-CDD)

Transmit diversity techniques offer the possibility of rmoeliable link performances [Dam06]. Mod-
ified replicas of the original signal are sent from additiomaplemented transmit antennas. For
OFDM based systems, shifts in time domain are possible kigadifications. Since the additional
time domain shift influences the signal spectrum, thesemsebare referred to as frequency domain
diversity techniques. The goal of these techniques is tease the frequency selectivity of the chan-
nel, and therefore, to decrease the coherence bandwidtexploit the additional diversity in an
OFDM system, forward error correction (FEC) is needed. Tamentary method, namely delay di-
versity [Wit93], transmits delayed replicas of a signahfreeveral transmit antennag. with delays
on,m = 0,..., Ny — 1, whered, is given in samples. In DD inter-symbol interference canuoct
the maximum possible delay of the resulting received sigreteds the guard interval lengtky; of
the OFDM system:

N1 > Tmax + max O - (6.1)

Cyclic Delay Diversity (CDD)

A neat solution to provide delay diversity without exceepthe guard interval and the occurrence
of ISI, and therefore, without reducing the bandwidth edinay, is the cyclic delay diversity tech-

nique [DKOla, DKO1b]. By applying CDD no changes at the reeeiare needed, there exists
no rate loss for higher number of transmit antennas, ane ther no requirements regarding con-
stant channel properties over several sub-carriers or ggnamd transmit antenna numbers. This
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Figure 6.1: Principle of cyclic delay diversity

is an advantage compared to already established diveesihniques, e.g., orthogonal space time
block codes [TSC98]. For simplicity of the notation, thewseission of one OFDM symbol is con-
sidered, and therefore, the time indeis omitted in the following. Nrpr data symbolsX;,: =
0,...,Nppr — 1 are obtained from a precedent coding, modulation, and frgrpart (cf. Sec-
tion 2.2.2). These complex valued symbols are transformemthe time domain by the OFDM
entity using the IFFT (cf. (2.16)). This results M-+ normalized (balanced) time domain OFDM
symbols, represented by the samples

Nppr—1

Z X; - e Nerr* | (6.2)

NFFT i=0

Before inserting a cyclic prefix as guard interval, the tiroenéiin OFDM symbol is shifted cyclically
by é¢¥¢ (delays given in samples), which results in the signal

Nppr—1

cyc .
E e ‘]NFFT @n - X - e NFFT k. (6.3)
NFFT o

Tr—69°mod Nppr —

Then-th antenna specific transmit signal is given by

m_ 1
l’k‘ - /NT ' xk*é%ycmod NFFT ) (6.4)

where the signal is normalized Hy /Ny to keep the average transmission power independent of
the number of transmit antennag:. To avoid ISI within CDD, the guard interval lengffi;; has to
fulfill

NGI Z Tmax » (65)

which is independent of the cyclic delay3°. As long as the effective maximum delay, . of the
resulting channel

T o = Tmax + max 0>° (6.6)

max
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Cellular Cyclic Delay Diversity
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Figure 6.2: Block diagram of the C-CDD principle

does not intensively exceell, there is no configuration and additional knowledge at tloeiver
needed. Ifr’ > Ngi, the pilot grid and also the channel estimation process ddsetmodi-

max

fied [Aue04]. This can be circumvented by using differentiadulation [Bau06].
Furthermore, the cyclic delays avoid delayed transmitégdica signals compared to DD which is
beneficial for synchronization processes at the receive.principles of DD and CDD are shown in

Figure 6.1 for the transmission of two successive OFDM syimbia 2 transmit antennas. Due to the
introduced time delay in DD, ISI can occur which is not givgncyclic delays in CDD.

On the receiver side, the cyclic shift can be assigned fdymalthe channel transfer function, and
therefore, the overall frequency domain channel transiectfon

Np—1

1 —j 5 n
> e g 6.7)
n=0

VNt

HZ':

IS observedHf”) represents the CTF from theh antenna. The channel seen by the receiver for the
CDD concept is transformed from a multiple-input singlépat (MISO) channel to a single-input
single-output (SISO) channel. Without loss of generadif}, = 0. Since the receiver sees the overall
CTF, the decoding process gains by the higher amount of éreryudiversity for the new generated
channel.

6.1.1 C-CDD Principle

For the defined broadcast region for users with similar defman users within soft/softer handover
procedures (cf. introduction of this chapter), the CDD gipte can be applied within this cellular
setup by using adjacent BSs. This leads to the cellularcgdiay diversity (C-CDD) scheme. The
main goal is to increase performance by avoiding interiegensing the same sub-carrier resources,
and increasing diversity at the most critical areas.

For C-CDD the neighboring BSs also transmit a copy of thesisggnal as the desired BS to the
designated MS located in the broadcast area. Additioraltyclic shift is inserted to these signals.
A block diagram describes the principle of C-CDD in Figur2.6lherefore, the overall delay of the
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signal from BSm in the cellular system can be expressed by
Om = 0(dpm) + 037¢ (6.8)

whered(d,,) represents the natural delay of the signal depending oardist,,,. The delays can be
also represented in meters. The general relation can bessqu by

d [metef = ¢ - 0 [sample, (6.9)

wherec is the speed of light. At the MS the received signal can berdssst by

Nps—1
R - .
Yii= Xz(,g) Z ol Hl(,?l)ej R N (6.10)

m=0

The usage of cyclic shifts prevents the occurrence of auftitilSI. Additionally, the broadcast sce-
nario from the BSs should ensure that the reception of alladgare within the guard interval, i.e.,

NS, =10(d,) —6(d,)] < Nax,  forall v+ p. (6.11)

At the MS the superimposed statistically independent Rglyldistributed channel coefficients from
the different BSs sum up again in a Rayleigh distributed ne&coefficient. For C-CDD no additional
configurations at the MS for exploiting the increased traihdiversity are necessary and an arbitrary
number of involved BSs can be chosen without a rate loss. simdting the same signals to the
desired MSs from neighboring BS without the CDD principle (iallo$Y¢ = 0) results in pure macro
diversity within a broadcast region.

6.1.2 Channel Correlation Properties of C-CDD

Since the influence of C-CDD on the system can be observed e¢tkiver as a change of the channel
conditions, in the following this modified channel is inugated in terms of its channel transfer
functions and fading correlation in time and frequency dion for two-cell environment. These
correlation characteristics also describe the correspgringle transmit antenna channel seen at the
MS for C-CDD. Due tod;” # 6, and the relation in (6.8), the resulting performance reigard
the MS position of C-CDD should have an asymmetric charetteand can be investigated by the
resulting channel correlation properties.

The frequency domain fading processes for different prapag paths are uncorrelated in the as-
sumed quasi-static channel. Since the number of sub-zisiarger than the number of propagation
paths, there exists correlation between the sub-carndtsei frequency domain. The corresponding
channel which influences the received sigh’éj) (cf. (6.10)) at the receiver is represented by

NBS 1

Hj; = Z ol (e Izt (6.12)

Since the interest is based on the fading and signal chaisdis observed at the receiver, the AWGN
term N, ; of (6.10) is skipped for the following investigations. Theectation

R(ly,la,i1,19) = E{H] ; - Hy ;,} (6.13)
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yields the correlation properties of the frequency domhamnmel fading. Due to the path propagations
gtt and the resulting power variations, the channel transflectfunsH(m) is normalized by the
multiplication factorﬁ which is included foR (7, 7).
m=0 Qatt
The fading correlation properties can be divided in thresesa The first represents the power, the
second investigates the correlation properties betwe2®@#DM symbols (time direction), and the

third examines the correlation properties between thecaubers (frequency direction).

Case 1:Since uncorrelated sub-carriers are assumed the auttatimmeof the CTHI, = I, = 1,4 =
19 = Z) is

=j Om 1 +J Om -t m
R(l,1) § e NFFT v NFFT C“att E{Hl L § aatt ) (6.14)
m=0 =1
E{|H‘m)\ }=1

and the normalized power is

Nps—1 ( )2 Hl(m)
Ru(l,i) = Y ag E{] ’ [} =1. (6.15)
m=0 ZZB:SO_I a;ﬁ)

Case 2:The correlation in time direction is given By +#£ 15,11 = i, = i. Since the channels from the

BSs are i.i.d. stochastic processEi,Hl(ﬂ) m "y = B{H,,; - Hy, ;} and
Nps—1
R(li # l,i) = E{H,, H}, ;} Z o’ (6.16)
Hl ’LHZ* NBS 1
Ro(l # b i) = B{ 2 Z o) = B{H, .1}, ) (6.17)
ZNBS 1 Cz(m)
m=0 att

In time direction, the correlation properties of the resigjtchannel are independent of the MS posi-
tion.

Case 3:In frequency directioni( = [, = [, i1 # i) the correlation properties are given by

NBS 1

R(l,iy # i2) = E{Hy; H};,} - Z o) w7 (6.18)

-~

C—CDD component

For larged,, (aéﬁ) gets small) the influence of the C-CDD component vanishesd there is no
beneficial increase of the frequency diversity close to a B@rmre. The normalized correlation
properties yield

1 Nps—1 2 e s s
o D ol T (6.19)
BS— m

m=0 att m=0

Rn<l77f.1 7é 7’2> E{Hl i1 lzg} ’

J/

VvV
correlation factor pgreq

The correlation factopy,., is directly influenced by the C-CDD component and determinesverall
channel correlation properties in frequency directiomue 6.3 shows the characteristicsgf, for
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Figure 6.3: Characteristic of correlation factgr.,, over the sub-carriers depending @n

an exemplary system with;, = 488.28 Hz, Ngpr = 64,7 = 3.5, Ngs = 2,7 = 300m, 65’ = 0, and
41 = 7. One sample of the delay represessus or approximatelyl0 m. In the cell border area
(200m < dy < 400m), C-CDD increases the frequency diversity by decorregativte sub-carriers.
As mentioned before, there is less decorrelation the clbgeS is to a BS.

A closer look on the area is given in Figure 6.4 where the iahiedelay and the added cyclic delay
are compensated, i.e., féd§ = 335m the delay difference is

AS1 o 2D 6(265 m) + 69 — §(335m) — 63 = 0. (6.20)
The plot represents exemplarily three positions of the NS [334 m, 335 m, 336 m]) and shows
explicitly the degradation of the correlation propertie®oall sub-carriers due to the non-existing
delay in the system.

6.1.3 Impact of C-CDD

In the following, the impact of C-CDD on the performance with two-cell environment is investi-
gated forSystem BThe main outcome and conclusions can be also mapped ortermgmber of
interfering cells. For one interfering cell, tli¢/ I ratio gives an appropriate interpretable measure.

The influence of the cyclic delay is given in Figure 6.5 for BieR and the SNR gain directly at the
cell border for a fully-loaded C-CDD system. Rit“ = 0, pure macro diversity is existing and both
signals are received simultaneously at the MS. By incrgagie cyclic delay additional diversity
is generated due to the higher frequency selectivity of #saillting channel. This affects directly
the system performance and the BER reduces significantliyhigber cyclic delays there exists a
saturation of the performance which reflects the result8aup5]. The SNR gain performance for
a target BER ofP, = 102 depicts also the influence of the increased cyclic delay hadrcrease
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frequency diversity, respectively. Similar to the BER peniance the SNR gain saturates for higher
delays with a gain of abo@ dB. Therefore, a cyclic delay dfo samples£90 m) is chosen in the
following simulation setups unless otherwise stated.

The impact of C-CDD on the error performance for different M8ations is given in Figure 6.6.
Since the C-CCD system s fully-loaded, the performancebesseen as an upper performance bound.
For the reference system both BSs are transmitting indegetlydheir separate MC-CDMA signal.
Therefore, this reference system does not use any transKjitdiversity technique. The reference
system is halfRL = 0.5) and fully loaded RL = 1.0). Due to the increased MAI for higher system
loads, the fully-loaded MC-CDMA system performs worse thiaa lower loaded reference system.
Clearly, the performance degrades the closer the MS is atethborder '/ < 10 dB). And in the
inner part of the desired cell’(/ > 10 dB) the single cell BER performance is given for an SNR of
5 dB without inter-cell interference.

For this scenario with two BSs and the MS in direct line betwe BSs ¢ = 0°, cf. Figure 2.1), the
distances of the BSs to the MS correspond directly to theydeéts ) = 2r — dy. Since the transmitted
powers at each BS are the same and equal shadowing factassaraed, the following relations can

be given
(2.41) d P
Yo = (27" —Odo) (6.21)
and
470 CyC CyC
Aojg=2r— | ——— | +677° = 67°. (6.22)
’ e+ 1

A large performance gain in the close-by area of the cellé&of@// = —10 dB, ..., 10 dB) exists
for the cellular diversity technique C-CDD. FurthermoreCOD enables an additional substantial
performances gain at the cell border compared to pure maeeosity (9;°° = 0). The performance
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Figure 6.7: Throughput per user verstig/ using no transmit diversity or C-CDD with full and
halved transmit powery; 45 = 5 dB

for pure macro diversity degrades@f/ = 0 dB because the delay differenceds), , = 0, and
therefore, no transmit diversity is available. The sameatitan be seen for C-CDD at approximately
C/I = —4.6 dB where the delay difference (cf. (6.22)) for the chosgh = 30 is also

(6.9) 4 -300 m
Adp ="2-300m (3W+1

Since both BSs in C-CDD transmit the signal with the same p@sédhe single BS in the reference
system, the received signal power at the MS is doubled. Tdrerehe BER performances of C-CDD
or pure macro diversity foAd; ; = 0 are still better than the best reference system performéiure
higherC'/I ratios, i.e., in the inner cell, the C-CDD transmit techrdacks the diversity from the
other BS and additionally degrades due to the double loaddh eell. Thus, the MS has to cope with
the double MAI. The loss due to the MAI can be directly seen tmparing the transmit diversity
performance with the half-loaded reference system. THe-fodded reference system has the same
MAI as the C-CDD system, and therefore, the performancegerfer highC'/I ratios.

)+C-30-10ns—0%0. (6.23)

To establish a more detailed understanding, C-CDD withdthtvansmit power is also analyzed in
Figure 6.6. For this scenario, the total designated redgiegver at the MS is equal to the conventional
MC-CDMA system. There is still a performance gain due to thpl@ted transmit diversity for
C'/I < 5 dB. The performance characteristics are the same for haledudiriransmit power. The
benefit of the halved transmit power is a reduction of theringlular interference for the neighboring
cells. In the case of varying channel models or conditiote@adjacent cells, the basic performance
characteristics will be the same but won’t have this symiméghavior anymore.

The maximal achievable throughput for the two-cell scenor C-CDD and the reference system is
shown in Figure 6.7. 4-QAM and 16-QAM are chosen for the matioih alphabets. The simulation
results represent the rate of the maximum throughput per(aket.10) versus th€'/I ratio. The
conventional system is outperformed by C-CDD at the celtlbofor all scenarios. For 4-QAM and
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Adaptive Cellular Cyclic Delay Diversity Extension
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Figure 6.8: Block diagram of the adaptive soft C-CDD priheip

C-CDD, a reliable throughput along the cell border is achikevSince C-CDD with halved transmit
power still outperforms the conventional system, it is fldesto decrease the inter-cellular interfer-
ence by reduced signal powers within the cells. Due to thesivanishing performance fo6-QAM
with halved transmit power for an SNR 5B, this performance curve is not depicted.

6.1.4 Adaptive C-CDD

The goal of the C-CDD technique is to improve the performadficectly at the cell border. Since
the impinging signals at the MS have already a geographe@tident delay, these signals include
inherently pure macro diversity and there is no performayaie by applying C-CDD beyond the cell
border. On the other side, the system has a performanceddggrawithout the applied C-CDD if
the MS is at aneutralposition with the same delay properties from all BSs. Esgilgcat this position
the MS experiences the highest inter-cell interferenceufgg C-CDD, a large performance gain is
given. Therefore, C-CDD can combat this degradation ancpoawide reliable performance. There
is also a worst case for C-CDD (cf. Figure 6.6) if the cyclidage and the inherent delay cancel
out each other4s, , = 0, cf. (6.11)). With a proper choice of the cyclic delays, thavwbacks of
both scenarios (neutral location and,,, = 0) can be circumvented without the need of additional
information at the transmitter and the resulting benefitstwautilized.

A further step for an adaptive component in C-CDD is the yemmof the transmit powers from the
involved BSs in the case of an available feedback channés. |&ads to the so-called soft C-CDD.

Choice of Cyclic Delay

The cyclic delay can be chosen in the following way. For eachl®l transmission a cyclic delay
is randomly chosen out of a set of cyclic del&sFor systems with channel estimation based on
scattered pilots, the maximum cyclic del&y:, of S is restricted by (6.6). Furthermore, the case of
Ad,, = 0 can be avoided by excluding potential cyclic delays whichiseasAJd, , = 0 startingS
with Aé<¢. Therefore, the interval for the randomly chosen cycli@agslis given by

S = [A§Y, 6 . (6.24)

? Ymax
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Soft C-CDD — Transmit Power Adaption

Due to the influence of the propagation path loss, the maximhversity received from all involved
BSs for C-CDD is achieved directly at the cell border or by $hene received signal strengths from
all BSs, respectively. Therefore, the idea is to broademthrimum diversity area by adapting the
transmit powers regarding to the position of the MS. For #asnario, the location of the MS is
expressed by the receivédy I ratio. This information can be transmitted to the BS from M@ in
the uplink.

Since the BSs are limited to a maximum transmit po®gr,, the adaption of the transmit powey,,,
of each BS in C-CDD has to follow the constraint:

Nps—1

> Pim = Puax- (6.25)
m=0

We assume that the maximum transmit power is normalized &amu an adaptive power factor
an, € 10, 1] regulates the transmit powers of each BS,

Nps—1

S Bllan} =1. (6.26)

m=0

With these assumptions, the expectation values in (2.40¢qual except the adaptive power factors
an,. Thus, from (2.40) and (6.25) the adaptive power weightawdrs are given by

Nps—1 1 Nps—1
ag=1— A, Ay, = — Q- (6.27)
m!#m

It is also possible to describe the power distribution by paemeter

\@0\2

AP =10-log ————
%8 T " aol?

[dB] . (6.28)
The parameteA P allows to switch on/off C-CDD softly. Therefore, the adaptpower weighting
within C-CDD can be called soft C-CDD. Note that? = +o0o completely switches off C-CDD. If
the transmission system does not offer a feedback chateeprinciple of soft C-CDD can be also
used by using\ P to reduce or increase the influence of the cellular divessityeme.

Combination of Delay Choice and Power Adaption

It is also possible to combine simultaneously the randonicehaf the cyclic delays and the adaptive
transmit power within C-CDD. This should guarantee a widemaximum diversity region around
the cell border and an avoidance/®d, , = 0. The C-CDD principle with the extension of a combined
random delay and an adaptive transmit power is shown in EigL8.

Influence of Cyclic Delay Choice

Within the given simulation environment &ystem Ba sample duration i$0 ns corresponding to
a sample length o3 m. The maximum channel delay 1s,.. = 200 ns and the length of the guard
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Figure 6.9: BER versu€'/I using different methods of choosing the cyclic delays fa€Bb with
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interval is 80 samples. According to (6.6), the maximum cyclic delay stdea 627 = 60. If
approximately40 m around the cell border should be served by C-CDD in a two-amlironment
and the assumed cell radius3i® m, delays smaller than 25 samples have to be excluded to gaaran
Ady o # 0. Therefore,

S = [25,60] . (6.29)

The simulation results in Figure 6.9 show the BER performeatitaracteristics by using different
choices ofAé¥c. A lower performance bound is given by choosing the totahgelf the system
Adyp = 0, represented with the dotted line. Two performance cureedifferentAy<¥ of S for the
random cyclic delay choice are given, i.A¢“° = 0 andAd¥® = 25. The performance loss in the
area around’/I = —4.7 dB can be compensated. FAp = 0 there are still cyclic delays possible
which cause\d; , = 0. Therefore, the performance is slightly worse comparefd6© = 25.

Figure 6.10 shows the BER gain compared to the standard C-§3@m for the different possible
choices of cyclic delays. The performance wila®>° = 25, i.e., a restricted random choice out of
S, achieves the best performance over the whole cell bor@er. arherefore, the drawbacks of the
neutral position and\é; , = 0 are compensated.

Influence of Adaptive Transmit Powers

For the simulation setup with two cells using the C-CDD tegha, the power weighting factors,
anda, (cf. (6.27)) are

ag = 1-— ai , (630)

-1
1 (6.21) dy )p

= =" |1+ . 6.31

“ 1—1—”)/(3/1 < (27’—d0 ( )
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Figure 6.11 shows the dependence of the power weightingrfagtand theC'/I ratio. The derived
relationship is confirmed by simulation results. The resillustrate that only the cell border area
C/I = [-5dB,...,5dB]is influenced by both stations due to the propagation path [blse other
areas are only served by one BS, and therefore, C-CDD hasanmg®n the MS.

For the following simulations, the relationship betwegna,, andc/ is used for the power adaption.
Applying the power adaption results in the performance esirshown in Figure 6.12. Each BS
is restricted to a maximum transmit power in a regulatedutallsystem (for these simulations a
normalized power of,,., = 1 is assumed). Two cases are investigated: first, both BSsramsmit
at mostP,,.x/2 simultaneously; secondly, one BS can transmit at st according to (6.25).

The C-CDD reference system is based on halved transmit gaatdroth BSs for comparison. Still,
there is a performance gain in the cell border area comparéetreference system without transmit
diversity. Furthermore, the fully-loaded C-CDD systemiaehs a better performance at the cell
border than the half-loaded reference system without-ceérinterference// > 15 dB).

For the first casel,,, < Puax/2), the dotted line represents the performance by using thptive
power factor throughout the cell border area. The receiveersity and the resulting performance
gain is increased in a wider area around the cell border. fifhence of the second BS vanishes for
larger absolute values 6f/ I due to the propagation path loss influence. The performaggeadation
due toAd; o = 0 for C/I = —4.7 dB is still existent. This can be compensated with the comlmnat
of adaptive power and an appropriate choice of the cycliaygeho¥¢ = 25 in C-CDD. A further
performance gain can be achieved by the second dagse € P...x). Obviously due to the higher
transmit power, the performance is maximized over the wbeleborder area.
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Figure 6.13: MC-CDMA symbol design for CAT

6.2 Cellular Alamouti Technique (CAT)

In this section, the concept of transmit diversity by usimg $pace-time block codes from orthogonal
designs [TJC99] is introduced, namely the Alamouti codenc&ithe space dimension in STBCs
is given by multiple transmit antennas at the transmitteg, space dimension can be also shifted
to simultaneously transmitting BSs in a cellular communases system. The use of the simple
Alamouti code as a special case of STBCs leads to the cefAldanouti technique (CAT).

The STBCs are based on the theory of (generalized) orthdgesans for both real and complex
valued signal constellations. The complex valued STBQs peadescribed by a matrix

«— Space—
boo -+ bonp—1 T
B = : : time or frequency, (6.32)
blc—1,0 ce blc—l,NT—l !

wherel, is the STBC length. The simplest case is the Alamouti coda98] with N+ = 2 transmit
antennas antl = 2. The coding rate of this STBC is one. The transmitted symbodse mapped to
the transmit antennas by

B_ ( T @ ) (6.33)

* *
—Ty Ty

Due to the orthogonal design of the Alamouti code, a simpledr combination can separate the
symbols at the receiver by assuming quasi-static fadindition and uncorrelated transmit antennas.

The principles of the Alamouti code can be applied to a catlsktup which transforms the trans-
mit diversity to macro diversity. Similar to the C-CDD tedtjue, the transmitting antennaé; for
the Alamouti code are replaced by two neighboring BSs. Thlidl$ strictly the need of uncorre-
lated transmit antennas. The resulting mapping matrixdguency domain for the cellular Alamouti
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Figure 6.14: MC-CDMA symbol design for CAT serving 2 MSs sitaneously

technique is
BS© Bgtb
xO O
BCAT = l’ZO « lJalj: . (634)
( _Xl(—l—)l,i Xz(,i)

Figure 6.13 illustrate the applied mapping of the CAT for eeeved MS. Since a mobile radio chan-
nel is more likely to be time non-selective, i.e., the fadimg@lmost constant during two successive
symbols, the mapping iBcar follows the time dimension. For the used simulation envinent
System Bhe coherence time (cf. (2.6)) of the used chann¢lNs). ~ 0.034 s and the coherence
bandwidth (cf. (2.7)) iSAf). ~ 5 MHz. The channel is said to be time non-selective and frequency
non-selective for

(At)./Ty>1, and (Af)./B>1. (6.35)

For the simulation setup both coherence characteristiciroothe CAT in time direction, i.e.,

(At)./Ts = 0.034s/16.64 us > 1 = time non-selective (6.36)
(Af)./B = 5MHz/100 MHz < 1 = frequency selective (6.37)

For STBCs from orthogonal designs, channel estimation &mhdransmit antenna at the receiver
is mandatory. Disjoint pilot symbol sets for the transmitegima branches can guarantee a separate
channel estimation for each BS [IFNO2].

Since the correlation of the sub-carrier fading coeffi@entime direction is decreasing with increas-
ing Doppler spread — i.e., the quasi-stationarity assumnpif the fading is incrementally violated

— the performance of this STBC class will suffer from highexdpler frequencies. This is not nec-
essarily true as the stationarity of the fading could alsddtemental in case of burst errors in fading
channels which is shown in the subsequent section.

Figure 6.14 shows two mobile users being situated withinbtloe@dcast region. Both users’ data is
spread within one spreading block and transmitted by tHalaelAlamouti technique using two base
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stations. The base stations exploit information from alb@e# link that the two MSs are in a similar
location in the cellular network. By this, both MSs are sdrseanultaneously avoiding any inter-cell
interference between each other and exploiting the additidiversity gain. For this scenario the
mapping matrix of the cellular Alamouti technique is

BS® BstV
x©  x@®

BCAT,2 = l’Zl % léz* . (638)
_Xl(,i) Xl(,i)

Since in MC-CDMA the transmitted symbd;fl(;”) represent a chip of several users, the described
setup for two simultaneously served MSs can be extendeddtup sf two sets of several MSs.

6.2.1 Impact of CAT

Figure 6.15 shows the performances of the applied CAT indilalar system for different scenarios.
Unless otherwise stated, the systems are using a 1D interigfor the inner interleavdi;,. In con-
trast to the conventional system, the BER can be dramaticapiroved at the cell border. By using
the CAT, the MS exploits the additional transmit diversitiiave the maximum is given at the cell
border. The CAT performances represent an upper bound duéutly-loaded simulated system. If
the MS moves with higher velocity( mph), the correlation of the sub-carrier fading coefficients in
time direction decreases. This incremental violation efgbasi-stationarity assumption of the fading
is profitable compensated by the channel code. The totatiaol of the aforementioned constraint
of CAT is achieved by a fully-interleaved (2D) MC-CDMA frameThere is a large performance
degradation compared to the CAT performance with a 1D{edged frame. Nevertheless, a residual
transmit diversity exists, the MS benefits at the cell bardad the performance is improved. The
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Figure 6.16: Throughput per user versusl using no transmit diversity or CAT with full and halved
transmit power;y; 45 = 5 dB

applied CAT is not only robust for varying MS velocities bild@for non-quasi-static channel char-
acteristics. Similar to C-CDD, there is still a performaigeen due to the exploited transmit diversity
for C/I < 5 dB in the case of halved transmit powers at both BSs.

The same performance characteristics as in C-CDD regattiemghroughput can be seen in Fig-
ure 6.16 for applying the transmit diversity technique CBile to the combination of two signals in
the Alamouti scheme, CAT can provide a higher throughput taCDD in the cell border area. The
CAT can almost achieve the maximum possible throughputarcéil border area.

Comparing the CAT BER or throughput performances with thee poacro diversity shows a signifi-
cant performance gain over the whole cell border area.

6.2.2 Soft CAT

The same principles of adaptive transmit power in C-CDDSefction 6.1.4) can be applied for CAT.
This will also neglect the influence of the propagation pa#sito a certain amount. By using the
same setup of the adaptive power weighting facigr®f (6.27) the CAT can be also switched on/off
softly, leading to soft CAT. The adaptive transmit powess lamited, i.e.,Py.x/2 O Ppax-

Figure 6.17 shows the BER performance for the soft CAT ppileci Due to the power constraints
of P,.x the halved TX power performances are taken as referencerperhces. Within the broad-
cast area, the diversity area can be considerably broadsnapplying the adaptive transmit power
scheme. A wider area is given by choosifg,, < P..x. Again, the soft CAT performance can
improve significantly the performance compared to pure mdurersity.
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6.3 Comparing C-CDD and CAT

Radio resource management works perfectly if all infororagibout the mobile users, like the channel
state information, is available at the transmitter [TVOBhis is especially true if the radio resource
management could be intelligently managed by a single gaareager. As this will be very unlikely
the described schemes C-CDD and CAT offer an improved pegnce especially at the critical cell
border without the need of any information about the chasteke information on the transmitter
side. The main goal is to increase performance by avoiditegfarence and increasing diversity at
the most critical environment.

Since the signal of the neighboring BSs for the desired w&eraot seen as interference, the MMSE
equalizer coefficients of (3.17) need no modification as @ittter-cell interfering case. Therefore,
the transmit diversity techniques require no knowledgeuaitioe inter-cell interference at the MS.
By using C-CDD or CAT the critical cell border area can be asen as a broadcast scenario with a
multiple access channel [Cov72].

For the cellular transmit diversity concepts C-CDD and CAitleinvolved BS has to transmit ad-
ditionally the signal of the adjacent cell, and therefordigher amount of resources are allocated
at each BS. Furthermore, due to the higher RL in each cell tA¢ fof an MC-CDMA system is
increased. There will be always a trade-off between thesaging MAI and the increasing diversity
due to C-CDD or CAT.

Since the desired signal is broadcasted by more than oned@$sbhemes can reduce the transmit
signal power, and therefore, the overall inter-cell irdeghce. Using MC-CDMA for the cellular
diversity techniques the same spreading code set has tgbedat the involved BSs for the desired
signal which allows simple receivers at the MS without mulier detection processes.

Additionally, if a single MS or more MSs are aware that they airthe cell border, they could already
ask for the C-CDD or CAT procedure on the first hand. This waase the handover procedure and
would guarantee a reliable soft or softer handover.
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Table 6.1: Comparing C-CDD and CAT

C-CDD CAT
change at receiver 1 no | yes
new channel estimation & pilot grid 1} no | yes
number of involved BSs 1 unlimited |l restricted to 2 BSs
performance gain | directly at the cell border {} over whole broadcasted ar¢a
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Figure 6.18: Influence of the MAI to the BER performance foryuag resource loads at the cell
border and the inner part of the cell

Two main differences between C-CDD and CAT should be poiatedFor C-CDD no changes at the
receiver are needed, there exists no rate loss for highebauaof transmit antennas, and there are no
requirements regarding constant channel properties everal sub-carriers or symbols and transmit
antenna numbers. This is an advantage over already eb&dbltsversity techniques [TJC99] and
CAT. On the other side, the Alamouti scheme based technidf\fepgovides a better performance
due to the coherent combination of the two transmitted $sjisxh06].

The benefits and drawbacks of the two cellular transmit dityescheme are summarized in Table 6.1.
Furthermore, the two schemes are also compared in Figugef@.h varying resource load within
two scenario, namely directly at the cell bordél/( = 0 dB) and in the inner cell@/I = 10 dB).
These results show the direct influence of the MAI. Both tnaibsliversity schemes suffer from the
increased MAI for higher resource loads which is in the ratfrthe used MC-CDMA system. More
than 1 decade difference of the BERs exist. CAT is not infledray the MAI as much as C-CDD
for both scenarios. The performances mergefpf = 10 dB because the influence of the transmit
diversity techniques is highly reduced in the inner parthef tell. Furthermore, CAT outperforms
always C-CDD due to the higher amount of diversity.



86 CHAPTER 6. USE OF INTER-CELL INTERFERENCE

6.4 Summary

The cell border areas can be seen as a broadcast region due @wdrlapping coverage areas of
neighboring base stations. This geographical settingigesvthe possibility to introduce macro di-
versity schemes to benefit from this inter-cell interfeeeacrangement. In this chapter two transmit
diversity schemes are addressed by using different basenstdor the desired signal to a mobile
terminal within a cellular setup. This transforms the traitgliversity to macro diversity. The result-
ing additional diversity gains on the link layer can be exld which compensate the inescapable
spectrum efficiency losses using the diversity schemes.

The introduced cellular cyclic delay diversity and celluddamouti technique are capable to improve
the performance at the severe cell borders. An upper boutieeafellular diversity schemes is given
by the fully-loaded system performances. Lower loadedesystcan additionally achieve a gain of
BERs of 1 to 2 decades within the cell border areas. Furthexntioe techniques reduce the overall
inter-cellular interference. Therefore, it is desiralbeuse C-CDD and CAT in the outer part of
the cells, depending on available resources in adjacelst cebr example, these cellular diversity
techniques can be utilized for more reliable soft and sdféerdover concepts.

The correlation properties of the resulting channel in CBCEhow the direct influence of the chosen
cyclic delay on the location of the MS. The inducing degramatiue to the loss of uncorrelated
channel characteristics can be compensated by a randooykeidelay choice out of a set of cyclic
delays. C-CDD offers no changes at the receiver, no ratddo$sgher number of transmit antennas,
and no requirements regarding constant channel propesarsseveral sub-carriers or symbols and
transmit antenna numbers.

In contrast to C-CDD, the introduced CAT offers diversityrgaover the whole cell border area. On
the other side, the underlying Alamouti code requires ant@aael signal processing and channel
estimation at the MS. The reliable performance within thealicast area can be simultaneously pro-
vided to two sets of mobile stations without any additiomaér-cell interference. Furthermore, the
investigations show a robust performance to differentaiébs and to non-stationary fading values.

For both cellular diversity techniques, a power adaptatiom the BSs opens the possibility for
the MS to request a higher throughput in the critical celldeorarea. The power adaption combats
the propagation path loss degradations, and thereforegaidens the diversity area. For the power
adaption, an additional feedback of the received signalep@t'the MS has to be given within the
system.

Concluding, the two cellular diversity schemes use theriogdl interference setup (i.e., broadcast
area) and exploit additional diversity compared to coation schemes. Furthermore, C-CDD and
CAT avoid the need of complex inter-cell cancellation taghes and decrease the overall inter-cell
interference in the cellular network.
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Chapter 7

Summary

The demand on high data rates for new applications in mobitencunications, e.g., video stream-
ing, requires a data packet flexible and spectral efficiamsimission technique. Multi-carrier code
division multiple access (MC-CDMA) satisfies both demanéisother major challenge to reach the
envisaged data rates is the required efficient use of théaalaispectrum in all areas of the cellular
system. Therefore, the system designs tend to apply a fnegueuse factor of one, i.e., the same
spectrum is used in each cell. The challenges, new techsiqud requirements for handling emerg-
ing inter-cell interference in a next generation cellula€MDMA downlink on the link level are
investigated in this thesis.

The importance of studying the characteristics of the in&rinterference influence is endorsed by
the shown performance degradations in the peripheral ceisan Chapter 3. The major influence
is caused by the two closest interfering base stations tdebiged mobile user throughout the whole
cell. Therefore, it is necessary to consider at least thesdase stations for cellular investigations.
Additionally, the higher the number of involved base stagiand the higher the load of the system,
the more the resulting inter-cell interfering signal is Gsian like. This Gaussian approximation
offers a simple modeling of a multi-cell environment by armpigpriate additional Gaussian noise
term on the desired signal. The influence of the overall tallsignal power has to be taken into

account at the receiver by a modified MMSE equalizer. Forfi@tence mitigation techniques which

are taking advantage of specific signal properties, the Sauspproximation cannot be used but for
background interferers.

Coordination of orthogonal resources can avoid and méigaterging inter-cell interference. Two
resources are investigated for the cellular MC-CDMA systEirst, frequency resources can separate
the neighboring cells or interfering users. Due to the gfirganature of several users on chips in
MC-CDMA, different frequency reuse factors can be appli@d.the other side, this averaging effect
excludes burst inter-cell interference to one user contprehe OFDM access scheme OFDMA.
In Chapter 4 the MC-CDMA and OFDMA scheme are compared. OFD#®Jesents a challeng-
ing scheme for MC-CDMA because each user can be coordinafetately in each cell to avoid
inter-cell interference. The beneficial properties of MOMNIA by averaging inter-cell interference
and exploiting more frequency diversity show supremacymaned to basic OFDMA within the in-
vestigations. Using an omniscient coordination scheméfeDMA to avoid double allocations of
sub-carrier resources between cells, OFDMA can obviouslyerform MC-CDMA. A hybrid frac-
tional frequency reuse of the cells achieves maximum pedoce. The inner part of each cell is
served by an MC-CDMA system with frequency reuse of one aedotiter parts by OFDMA or
MC-CDMA with frequency reuse of three.
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The second resource which can be coordinated is the usexfjorthl set of spreading codes in MC-
CDMA. The correlation properties of the present multi-patlannel environment determine the de-
gree of orthogonality between the spreading codes, andftirer the potential of avoiding inter-cell
interference. Furthermore, the investigations point batttade-off between orthogonality and fre-
guency diversity depending on the correlation charadtesis As in all coordination schemes, the
absolute avoidance of inter-cell interference is limitgdtbe number of available and addressed
resources. After reaching this limit the coordination sohe try to mitigate the influence of the
inter-cell interference.

In contrast to coordination concepts, the cancellatiomtdricell interference at the mobile station
has no influence on the network side. In Chapter 5 two diftesencepts of ICIC are studied. The first
ICIC scheme makes use of the hard decided outputs of the ddatodto reconstruct the interfering
signals. Different combinations including the additiongke of the signal power information are
investigated. The performance in the severe cell border pnefits from this concept.

Another iterative approach is investigated to cancel thericell interference by using the more re-
liable soft output of the decoder for the reconstructioncpss. The studies show that already the
second iteration can almost remove the inter-cell interfee for a single-user system, and therefore,
the single-user bound of the system is reached. This sdf fiCinciple can achieve significant gains
in performance over the whole cell border area. The perfoomaegradation due to a reduced num-
ber of canceled interfering signals is reasonable compi@rede significant complexity reduction
of the iterative process. Since the iterative process iedas an exchange of mutual information,
the investigation of the extrinsic information reveals teographical influence of the performance
characteristics. A further useful tool is the EXIT chartlgs&s whereas the additional inter-cell inter-
ference energy has to be taken into account in the log-hkeli ratio estimation of the demodulators.
The EXIT chart analysis is only partially correct for suchoaplex cellular system, as the assumption
of independent and Gaussian-distributed LLRs is violated.

The overlapping coverage areas of adjacent cells can beaseebroadcast region. In Chapter 6 this
setup is used to introduce cellular diversity techniqudégréfore, the additional diversity gains on the
link layer can be exploited which compensate the unavoedgiéctrum efficiency loss. Two transmit
diversity techniques are applied to the cellular setupticgelay diversity and Alamouti coding. The
investigations show the beneficial transformation of thesmit diversity to macro diversity, namely
cellular diversity. The applied cellular cyclic delay disgy and cellular Alamouti technique are
capable to improve significantly the performance at thergegell borders. The techniques reduce
the overall inter-cellular interference. C-CDD offers rtanges at the receiver side, no rate loss for
higher number of transmit antennas, and no requiremengésdieg constant channel properties over
several sub-carriers or symbols and transmit antenna msmbé the adjacent base stations there
has to be an inter BS-to-BS communication for the simultasgone synchronized transmission of
the signals. In contrast to C-CDD, the introduced CAT offergersity gains over the whole cell
border area. On the other side, the underlying Alamouti cedaires an additional signal processing
and channel estimation at the mobile station. A more sophisd approach for C-CDD and CAT
includes a power adaptation of the signal transmit powelistwmequires a feedback of the received
signal power at the mobile station. The use of C-CDD and CAdiesirable in the outer part of
the cells, depending on available resources in adjacelst ceébr example, these cellular diversity
techniques can be utilized for more reliable soft and soiédover concepts or broadcasting services
for single-frequency network.

Finally, all main concepts within this thesis are based oferdback links oa priori channel knowl-
edge at the transmitter. The potential of the introducelitieues would further increase by including



89

Table 7.1: Impact on cellular communications system

Principle Processing Location Complexity System Impact
MT BS network
Coordination| Network / BS-to-BS| none low high network communication
Cancellation MT high none none none
Use BS-t0-BS (/ MT) low medium high BS-t0-BS communication
(/none)| (/low?) | (/ medium?)

this additional information. An example is given by poweaptive C-CDD or CAT which provides
more reliable performances over larger areas.

The basic impact on the overall cellular communicationgesysapplying the different concepts is
summarized in Table 7.1.
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Appendix A

Cellular MMSE Equalizer

The MMSE criterion for a cellular environment is derived fao cases: first, the inter-cell interfer-
ence is assumed to be Gaussian; secondly, the Gaussianptissudoes not hold. In general, the

channel state information at the receiver is assumed totimaated, and therefore, it is no random

variable anymore. For brevity, but without loss of geng¢yathe OFDM symbol and sub-carrier in-
dices/ and: are omitted. Furthermore, the Gaussian processes are egsoive white and they have
azeromean, i.ef{N} =0.

Gaussian Inter-Cell Interference

The inter-cell interference is supposed to be Gaussian [iKeerefore, E{Nga} = E{N} = 0,
E{|NGA|2} = O'(Q;A, andE{|N|2} = o2

E{eY*} =

0
E{(X” = G-Y)- (HO"X" + (N* + N&p)}
E{H(O)*\X(O)F} _ E{G(H(O)X(O) + (N + NGA))H(O)*X(O)*}
+ B{XO(N* + N5 )} —E{GHOXO® £ N + Nga)(N* + N5}
0
HO* - B(IXOP} = GIHOPE{X O} + GHO" - E{(N + Naa) XV}
=0
—GHY - E{XO(N + Nga)} —Go? — God\ — G- E{NN}, + N*Ngp}

=0 =0
HO E{ X2} - GIHOPE{| XV} — Go? — Gol, (A.1)

The resulting MMSE coefficient is

HOF
G (A.2)
(HOP + gy
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Non-Gaussian Inter-Cell Interference

For scenarios in which the inter-cell interference canmoadsumed to Gaussian like, e.g., large line-
of-sight components, the resulting properties have to kentanto account for the MMSE coefficient.
Therefore E{ Ny} # E{N} =0, E{|Nis|*} = 02, andE{|N|*} = o2

int?

E{eY*} = 0

— g, E{\X(0)|2} -G - E{\H(O)F\X(O)\Q} + GHO* . E{NX“”*}

=0
+GH* . B{Nw X9} + B{XONY +E{N;,} - GHO . E{XO N*}

=0 =0

} = GE{IN]’} = GE{|Niw|*} — G- E{N N, + N" Ny}
=0
= HY" E{|I X7} - GIHOPE{X O} + GHO"E{NuwXV"} + E{N}, }
~GHOYE{XOYN .} — Go? — Go? (A.3)

n int

—GHWO -E{X(O)N*

int

The resulting MMSE coefficient is

HOE{XOP} + B{N;,}

G =
|[HORE{| X2} — HO*E{N;,, X©*} + HOE{XON*}+ 02+ o2,
(0)x E{N}
_ A+ 5ixdpy (Ad)
T HOp _ AV BN X HO BXON, J o4y, '
[HOP = B{XO2}
and finally
O o _EINA)
G = S S (A.5)

[HO)2 — ZeHO BN X0} 12 F,
E{IX O
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Appendix B

SS-MC-MA for C-CDD

The described cellular cyclic delay diversity (C-CDD) teijue in Chapter 6 can be also applied
to another flavor of a multi-carrier spread spectrum, namsphgad spectrum multi-carrier multiple
access (SS-MC-MA) [FKO03]. For SS-MC-MA, the sub-carridoeation and re-allocation follows
the block diagrams ins Figure B.1. The users are separatedawrequency division multiplexing
component. L. user data symbols are spread over the sanseib-carriers. Each user applies the
whole set of orthogonal spreading codes by itself. Theegfibre L sub-carriers are exclusively used
for one user. The benefits of SS-MC-MA are similar to MC-CDMagarding, e.g., exploitation of
frequency diversity, avoidance of ISI and ICl. MC-CDMA hascbpe with multiple-access interfer-
ence (MAI) [Kai95] which correspond to self-interferenc®)(in SS-MC-MA. The variance of Sl
can be expressed by [6]

L—1 L L
o8 = 7 <Z |G H,|” — \ZGJHJ|2> 7 (B.1)
7=0 7=0

whereG; represents the equalizer coefficients. By applying SS-M&4iNMthe context of C-CDD

it is possible to use the scarce sub-carrier resources nfificeemly. In a realistic scenario only
individual users will cross the cell border or remain in thedzlcast area. Therefore, these several
single users can exclusively allocate a set of sub-caraietsallocatel-times more data symbols. It
is also practicable to apply smaller spreading lengthstHesé users which results in less allocated
sub-carriers in the total system. E.g., MC-CDMA udes- 8, and therefore, each user transmits 1
data symbol on 8 sub-carriers. For SS-MC-MA, if only one umgplies C-CDD, one can transmit

: af" S1 | 1 — d L
I 5 1 11 I 1
— > DEMUX o | [o—— . Eq — o [ D E
| |
| S IR
| d(Nu> | ~ |
| 1 : | <2 U [
] c rn, 1 |
—>: DEMUX — L Zﬁ | Eq . CIIJ{ 5 - X |
| < du b I dN |
____________________ I " _____
(a) allocation (b) re-allocation

Figure B.1: Principle of SS-MC-MA sub-carrier allocatiomdare-allocation
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I T I T
[ €1 SS-MC-MA, L=8
g 3 © MC-CDMA, full load

Svay . C/I=5dB % X SS-MC-MA, L=4

le-0%8 ® & < SS-MC-MA, L=2 E
c Ty & SS-MC-MA, L=8 3
- N G—© MC-CDMA, full load ]
- \‘5@ *—x SS-MC-MA, L=4 ]
le-02E Ss\ &— SS-MC-MA, L=2 -
E AR +-—+ single-user bound, C/I=5dB]
E C +—+ single-user bound, C/I=0dB;
m L N
le-03 =
18-04:— \\\ =
: OB :
C SN N
- single-user boun \>§\ AN .
1e_0: Il | | N N \q\
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Yidae

Figure B.2: BER versus SNR using MC-CDMA and SS-MC-MA for ©Q

8 data symbols for. = 8. For L = 4 two users can transmit 4 data symbols each and.fer 2
four users have 2 data symbols by allocation the same suieiceesources. There also exists the
contrariness of frequency diversity gain and self-intenfiee loss for the choice d@f.

Comparison of MC-CDMA and SS-MC-MA

The BER versus the SNR is shown in Figure B.2 where €Wa scenarios are chosefi// = 0 dB
with solid lines and”'/I = 5 dB with dashed lines. The simulation setup is base®gstem Bs in
Chapter 6. The single-user performances of MC-CDMA reprelesver bounds for these scenarios.
In the case of SS-MC-MA, the system is always fully loadedfer different spreading lengths. Due
to the slightly higher frequency diversity, the fully loatd®C-CDMA system outperforms the SS-
MC-MA performance withl, = 8. For smaller spreading lengths & 8) the ratio of the first term in
(B.1) becomes more influential and the Sl distinctly redudéss can be seen in a performance gain
of 0.5dBfor L <4 atC/I =0dB.

To conclude, the application of SS-MC-MA to C-CDD is favdeain terms of system resource ex-
ploitation and performance if less tharusers are served in MC-CDMA.
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Appendix C

System and Channel Parameters

Within this thesis two different system settings are usedtie simulations, namel$ystem Aand
System BTables and figures will give an overview of the system anchokl parameters. Any
variation of these parameters are explicitly mentionechedimulation result. The interfering BSs
have the identical parameters as the desired BS which alkmles the number of active users. Perfect
channel knowledge and signaling information of all cellassumed. For each cellular link, the
channels are independently simulated and are assumed tmb&t overV, OFDM symbols.

ll dB decay between adjacent taps

Qo =12
Tmax = 177 Tsamp
AT = 16 Tyamp

time

Qo number of nonzero taps

AT tap spacing

Figure C.1: Parameters of the used power delay profile ofithareel model

C.1 SystemA

The basic parameters 8ystem Are given in Table C.1. The channel model as shown in Figute C.
is a tapped delay-line model withr tap spacing, and an exponentially decaying power delayl@rofi
The channel model has taps equidistant withd3 decrease per tap ang., = 1.31 us.

Table C.1: Parameters of System A

Carrier Frequency fe 5GHz Spreading length L 8

Signal Bandwidth B 101.25 MHz| Channel coding C@561,753)s
Sub-carrier spacing Fy 131.85 kHz | Channel codingrate R  1/2

Number of sub-carriers NN, 768 Modulation QPSK?

FFT length Nppr 1024 inner interleaver II,, 2D

Guard interval length Ng1 226 single-user equalizer MMSE
Sampling time Tsamp 7.-4NS normalized cell radius r 1

OFDM symbol duration T 7.58 us decay factor P 3.5?

OFDM symbols per frame N 16 MS velocity v 1.9 mph
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C.2 SystemB

For theSystem EBnvironment the parameters are given in Table C.2. The usmthel model is taken
from the IEEE 802.11n standard [IEEOQ4]. The chosen Modelgfasent a large open space (indoor
and outdoor) with non-line-of-sight conditions of a shamge scenario. Figure C.2 shows the power
delay profile and the parameters of the the IEEE 802.11, MOddlannel withr,,,, = 200 ns.

Table C.2: Parameters of System B

Carrier Frequency fe 5 GHz Spreading length L 8
Signal bandwidth B 81.25 MHz | Channel coding C@561, 753)s
Sub-carrier spacing Fy 48.828 kHz | Channel coding rate R 1/2
Number of sub-carriers N, 1664 Modulation 4-QAM?
FFT length Nppr 2048 inner interleaver II,, 2D
Guard interval length Ncr 128 single-user equalizer MMSE
Sampling time Tsamp 10 ms cell radius r 300 m
OFDM symbol duration T} 20.48 us decay factor P 3.5
OFDM symbols per frame Ng 16 MS velocity v 0 mph
o— 4 O
| A 21
Q=14
5 — A -43 A_4361 Tr:ax: 20 Tsamp
A 6.5 A-6.561 fo.ma 29 HzZ
0 A 8.6 A-8.661
3 -10- -10.8 -
S A-10. A-10.86
s L
2 A-137
15— -15.8
L -18
20+ T-ZO.Z
— 1 1 l 1 l 1 1 J
B 50 100 150 200 250
delay [ns]

Figure C.2: Parameters of the power delay profile of the IEB&RMDel 802.11n Model C
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Appendix D

Abbreviations and Symbols

List of Abbreviations

1D
2D
AWGN
ARQ
BER
BPSK
BS
BSC
CAT
cC
CDD
C-CDD
CDMA
Cl/I
CINR
CIR
CTF
DAB
DD
DEMUX
DFT
D-ICIC
DVB-T
EXIT
FEC
FER
FFT
GA
Gl
GMC
GSM
ICI

one-dimensional interleaving
two-dimensional interleaving
additive white Gaussian noise
automatic-repeat-request

bit error rate

binary phase shift keying
base station

binary symmetric channel
cellular Alamouti technique
convolutional code

cyclic delay diversity

cellular CDD

code division multiple access
carrier-to-interference ratio
carrier-to-interference-and-noise ratio
channel impulse response
channel transfer function
digital audio broadcasting
delay diversity

demultiplexer

discrete Fourier transform
direct ICIC

terrestrial digital video broadcasting
extrinsic information transfer
forward error correction
frame error rate

fast Fourier transform
Gaussian approximation
guard interval

generalized multi-carrier
global system for mobile communications
inter-carrier interference
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ICIC
l-ICIC
IFFT
S|
LLR
MAC
MAI
MAP
M-ICIC
MMSE
MUX
MC-CDMA
MISO
MS
OFDM
OFDMA
PDF
PIC
PSK
QAM
RL

S

sic
SISO
SNR
SS-MC-MA
STBC
TX
UMTS
WLAN

inter-cell interference cancellation

indirect ICIC

inverse FFT

inter-symbol interference

log-likelihood ratio

medium access control

multiple access interference

maximuma posterioriprobability

mean ICIC

minimum mean square error

multiplexer

multi-carrier CDMA

multiple-input single-output

mobile station

orthogonal frequency division multiplex
orthogonal frequency division multiple access
probability density function

parallel interference cancellation

phase-shift keying

guadrature amplitude modulation

resource load

self-interference

successive interference cancellation
single-input single-output

signal-to-noise ratio

spread spectrum multi-carrier multiple access
space-time block code

transmit

universal mobile telecommunications system
wireless local area network
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List of Symbols

B3dB
5m

oye
0,
§(dyn)
571

oeye
Aécyc
AV
€

e(n)
Eabs
Etotal

n

Nm
Tmax
i
7Yi,dB
YCINR
Y
YC¢/1,dB
Aj
AXji1
A(cla)
UBPSK
H16—QAM

angle between desired MBS, andBSV)

attenuation factor for B&:

fade amplitude variable on sub-carrier

angle between direction of interest and boresight of araenn
3 dB beamwidth of antenna

overall delay from BSn

cyclic delay of BSm

maximum cyclic delay

natural delay of the signal depending on distaige
delay of antenna

cyclic delay of antenna

cyclic delay start for cyclic delay interval

delay difference between signals from B&ndu
mean square value of error

error between real PDF and approximated PDF
absolute error between real PDF and approximated PDF
total absolute error between real PDF and approximated PDF
throughput

shadowing factor for the:th BS

maximum throughput

signal-to-noise ratio on sub-carrier

signal-to-noise ratio on sub-carriein decibel
carrier-to-interference-and-noise ratio
carrier-to-interference ratio

carrier-to-interference ratio in decibel

reliability information of decoded signal gth iteration
reliability difference between iterations

soft-bits of coded sequencge

mean OprPSK

mean ofpis_qam

discrete values

path loss factor

overall correlation coefficient

correlation factor in frequency direction

correlation coefficient between sub-carrjeandk
variance of AWGN

variance of/4

variance ofpppsk

variance ofpis_qam

variance of Gaussian approximation

genie knowledge of total interfering signal variance or pow
variance or power of total interfering signal
optimistic total interfering signal variance or power
pessimistic total interfering signal variance or power
variance of Sl

standard deviation of,,,



APPENDIX D. ABBREVIATIONS AND SYMBOLS

tap spacing

maximum delay spread

resulting maximum delay spread
delay ofqth channel tap of B&
discrete uniform random variable
common near field component

BS m dependent near field component
random variable

inner interleaver

outer interleaver

antenna gain

maximum antenna attenuation
signal bandwidth

STBC matrix

CAT mapping matrix

CAT mapping matrix serving 2 MSs
partial used signal bandwidth
desired base station

interfering base statiom

spreading matrix

sub-carrier spacing

diagonal equalization matrix
equalizer coefficient

entropy of received bit

channel transfer function

resulting channel transfer function for C-CDD
a priori mutual information
extrinsic mutual information

mean square error

frequency reuse factor

spreading length

inter-cell interference free spreading factors
general priori LLR value

general extrinsic LLR value

a priori decoding LLR values
decoded extrinsic LLR values

a priori demodulation LLR values
soft-demodulated extrinsic LLR values
log-likelihood ratio of code bit

LLR of coded sequencg

cardinality of modulation alphabet
noise term

number of desired bits

number of base stations

number of sub-carriers

symbols per user
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RL

RLfree
RLyc-cpma
RLorpMma

S
T

samples of DFT

samples of FFT

Gaussian approximation noise term
samples of guard interval

inter-cell interference noise term

noise of/4

number of OFDM symbols

number of samples

number of transmit antennas

number of active users

number of maximum active users

number of coordinated sub-carriers
number of residual users in smart coordination scheme
power distribution for soft C-CDD

target bit error rate

approximated PDF of BPSK modulation
approximated PDF of 16-QAM modulation
received signal power from B&

interfering signal power weighting factor for B&
maximum transmit power

symbol power

transmitted signal power from BS
non-zero channel taps

code rate

correlation function

normalized correlation function

resource load

inter-cell interference free RL factor
resource load of MC-CDMA system
resource load of OFDMA system

set of cyclic delays

guard interval duration

OFDM symbol duration

overall OFDM symbol duration including the guard interval
sampling time

frequency domain transmitted symbol
frequency domain received signal
reconstructed signal ofith BS

estimated signal depending on the the first estimate
reconstructed desired signal
reconstructed interfering signal ofth BS
output of direct ICIC

output of indirect ICIC

output of mean ICIC
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A adaptive power factor for B&

b entries of STBC matrix

c speed of light= 299792458 m /s

c code bits of usen

dpm distance of MS tonth BS

dy modulatedtth symbol of all users before spreading
dx symbols for demodulator process

fe carrier frequency

(Af)e coherence frequency

/D max maximum Doppler frequency

fi center frequency of sub-carrier

R (1, t) channel impulse response

hﬁ,’”)(t) amplitude ofgth channel tap of B&

1 sub-carrier index

Im sub-carrier index of B&

it information bit stream of user

keod information length

l time index

[ time index of BSm

. STBC length

m base station index

Mecord total number of coordinated base stations

Ming number of coordinated interfering base stations
Neod code length

p(Yn|X5) conditional channel probability

De transition probability

Pr probability of randomized allocated sub-carrier in randmad coordination
Prand total probability of allocated sub-carrier for randomizesbrdination
Ds probability of randomized allocated sub-carrier in smadrdination
Psmart total probability of allocated sub-carrier for smart caoetion
PBPSK PDF of BSPK modulation

DP16—QAM PDF of 16-QAM modulation

Pea—QAM PDF of 64-QAM modulation

q soft-decision of demodulator

q coded sequence

r cell radius

Ty block of symbols before equalization

S block of symbols

(At), coherence time

v MS velocity

x14(t) time domain signal

2™ (1) transmitted signal from B%:

y(t) received signal
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