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1 Introduction

The main purpose of this thesis statement is to provide argeoeerview of my own re-
search work as a PhD candidate at the Czech Technical UityvarsPrague. The intro-
ductory section specifies the scope of the main thesis, itiges a list of my publications
related to the scope of the théliand it also summarizes my other research-related acsivitie
(e.g. grants etc.). The second section provides a briefvewerof the current state-of-the-
art in the two specific fields of Wireless (physical layer) Watk Coding (WNC) research,
namely the WNC processing iparametric wireless channelsnd WNC processing with
imperfect/partial side informatianOur original contributions to the research in these inter-
esting WNC research areas form the core of the thesis. Théimpsertant results of our
research activities in these fields are summarized in Se8tio

1.1 Aims and scope of the thesis

The scope of the thesis is basically three-fold:
1. It serves as a very brief overview of the basic PHY techesgand principles applic-
able in wireless cooperative networks
2. It introduces the fundamental principles of WNC proasgsh context of relevant
scientific publications and provides some important refees for a more in-depth
study of the WNC-related problems
3. It provides a detailed overview of my up-to-date researotk as a PhD candidate at
the Czech Technical University in Prague and summarizesriginal results on:
(a) WNC processing in parametric channel
(b) WNC processing with imperfect/partial side information

1.2 Publications related to the scope of the thesis

Journals ranked by impact:

« T.Uricar and J. Sykora, “Design criteria for hierarchieatlusive code with parameter-
invariant decision regions for wireless 2-way relay chahrieURASIP J. on Wireless
Comm. and Netwvol. 2010, pp. 1-13, 201@TU 60%, JS 40%; cited byl])

¢ T. Uricar and J. Sykora, “Non-uniform 2-slot constellassofor bidirectional relaying
in fading channels,JEEE Commun. Lettvol. 15, no. 8, pp. 795-797, 2011TU
65%, JS 35%)

« T. Uricar and J. Sykora, “Non-uniform 2-slot constellasofor relaying in butterfly
network with imperfect side information/[EEE Commun. Lettvol. 16, no. 9, pp.
1369-1372, 2012 TU 65%, JS 35%)

T. Uricar, B. Qian, J. Sykora and W.H. Mow, “Wireless (PlugdiLayer) Network
Coding with Limited Side-Information: Maximal Sum-Rates5-Node Butterfly Net-
work", submitted for publication2013.(TU 25%, QB 25%, JS 25%, WHM 25%)

1Author's contribution to the core publications are empbediby the red colour.



Refereed journals:
¢ T. Uricar, “Parameter-invariant hierarchical eXclusiafphabet design for 2-WRC
with HDF strategy,’Acta Polytechnicavol. 50, no. 4, pp. 79-86, 2010TU 100%)

Conference papers (indexed by WoS/Scopus):

¢ T. Uricar, B. Qian, J. Sykora, and W.H. Mow, “Superpositaoding for wireless but-
terfly network with partial network side-information,” iroc. IEEE Wireless Com-
mun. Network. Conf. (WCN@)Shanghai, China), pp. 1-6, Apr. 2013U 25%, QB
25%, JS 25%, WHM 25%)

e T. Uricar, T. Hynek, P. Prochazka, and J. Sykora, “Wirelasare network coding:
Solving a puzzle in acyclic multi-stage cloud networks,Proc. Int. Symp. of Wire-
less Communication Systems (ISW@8henau, Germany), pp. 612-616, Aug. 2013.
(TU 25%, TH 25%, PP 25%, JS 25%)

Other conference papers

« T. Uricar and J. Sykora, “Systematic design of hierardhigawork code mapper for
butterfly network relaying,” inrProc. European Wireless Conf. (EWJPoznan, Po-
land), pp. 1-8, Apr. 2012TU 65%, JS 35%)
T. Uricar, “Rateless codes and network coding in two-waseless relay channels,” in
Proc. POSTER 2009 - 13th International Student Conferemcglectrical Engineer-
ing, (Prague, Czech Republic), pp. 1-6, May 2008J 100%)
T. Uricar and J. Sykora, “Extended design criteria for &iehical eXclusive code with
pairwise parameter-invariant boundaries for wirelessag-velay channel,” irCOST
2100 MCM,(Vienna, Austria), pp. 1-8, Sept. 2009. TD-09-95RPU 50%, JS 50%)
T. Uricar, J. Sykora, and M. Hekrdla, “Example design of tirdimensional parameter-
invariant hierarchical eXclusive alphabet for layered H3&Sign in 2-WRC,” inrCOST
2100 MCM (Athens, Greece), pp. 1-8, Feb. 2010. TD-10-10@88l 50%, JS 30%,
MH 20%)
T. Uricar, “Parameter-invariant hierarchical eXclusigiphabet design for 2-WRC
with HDF strategy,” inProc. POSTER 2010 - 14th International Student Conference
on Electrical Engineering(Prague, Czech Republic), pp. 1-8, May 2000J 100%)
T. Uricar and J. Sykora, “Hierarchical eXclusive alphaipgbarametric 2-WRC - Eu-
clidean distance analysis and alphabet constructionittignt in COST 2100 MCM
(Aalborg, Denmark), pp. 1-9, June 2010. TD-10-11081J 70%, JS 30%)
T. Uricar, “Constellation alphabets for hierarchicalasghg in multiple-access relay
channel,” inProc. POSTER 2011 - 15th International Student Conferemc&lec-
trical Engineering (Prague, Czech Republic), pp. 1-5, May 20U 100%)
T. Uricar and J. Sykora, “Hierarchical network code mapfesign for adaptive relay-
ing in butterfly network,” inCOST 1C1004 MCM(Barcelona, Spain), pp. 1-9, Feb.
2012. TD-12-03048(TU 65%, JS 35%)
T. Uricar and J. Sykora, “Non-uniform 2-slot constellago Design algorithm and
2-way relay channel performance,” @OST 1C1004 MCM(Lyon, France), pp. 1-7,
May 2012. TD-12-04041(TU 65%, JS 35%)



T. Uricar, B. Qian, J. Sykora and W.H. Mow, “Wireless (PlogdiLayer) Network
Coding in 5-node butterfly network: Superposition codingrapch,” inCOST IC1004
MCM, (Malaga, Spain), pp. 1-9, Feb. 2013. TD-13-060¢g8J 25%, QB 25%, JS
25%, WHM 25%)

1.3 Grants

International grants

FP7 ICT/STREP (INFSO-ICT-248001): SAPHYRE- Sharing Physical Resources
Mechanisms and Implementations for Wireless Networks2010-2012

FP7 ICT/STREP (INFSO-ICT-215669): EUWB- Coexisting Short Range Radio
by Advanced Ultra-WideBand Radio Technology 2010-2011
FP7-1CT-2011-8/ICT-2009.1.1: DIWINE— Dense Cooperative Wireless Cloud
Network, 2013-2015

EU COST 2100:Pervasive Mobile & Ambient Wireless Communications 2006-
2010

EU COST IC1004:Cooperative Radio Communications for Green Smart Envir-
onments 2011-2014

National/local grants

1.4

Grant Agency of Czech Republic (GACR 102/09/162Mobile radio communica-
tion systems with distributed, cooperative and MIMO procesing, 2009-2012
Ministry of Education, Youth and Sports (OC 188gignal Processing and Air-
Interface Technique for MIMO radio communication systems 2007-2010
Ministry of Education, Youth and Sports (LD12062)ireless Network Coding and
Processing in Cooperative and Distributed Multi-Terminal and Multi-Node Com-
munications Systems2012-2015

Grant Agency of the Czech Technical University in Prague@$30/287/OHK3/3T/13):
Distributed, Cooperative and MIMO (Multiple-Input Multip le-Output) Physical
Layer Processing in General Multi-Source Multi-Node Mobile Wireless Network
2010-2012

Grant Agency of the Czech Technical University in Pragu@$3%3/083/OHK3/1T/13):
Wireless Network Coding based Multi-node Dense Networks2013

Awards and recognitions

Exemplary reviewer of the [IEEE Communications Letterg2012)

Dean award for the best paper in sectiorCommunications (T. Uricar, “Parameter-
invariant hierarchical eXclusive alphabet design for 2-@/Rith HDF strategy,” in
Proc. POSTER 2010 - 14th International Student Conferemcglectrical Engineer-
ing, (Prague, Czech Republic), pp. 1-8, May 2010)



1.5 International experience

« Visiting postgraduate internship at the Department of Electronic and Computer En-
gineering, School of Engineeringlong Kong University of Science and Technolegy
HKUST (Oct. 2012 — Dec. 2012)

1.6 Other professional activities

Reviewer — Journals
¢ |[EEE Communications Letters
« Radioengineering

Conference Technical Program Committee
« |[EEE Student Conference on Research and Development (88QR012
« |EEE International Symposium on Personal, Indoor and MoRadio Communica-
tions (PIMRC), 2013

Reviewer — Conferences
« |[EEE Global Communications Conference (GlobeCom)
« |[EEE Vehicular Technology Conference (VTC spring/fall)
« |EEE International Symposium on Personal, Indoor and MoRadio Communica-
tions (PIMRC)
¢ International Conference on Computer CommunicationsNetdvorks (ICCCN)
« International Symposium on Wireless Communications 8yst(ISWCS)

2 Overview of the current state-of-the-art

2.1 Wireless (physical layer) Network Coding

During the last decade researchers over the world demeetstizat allowing aon-orthogonal
sharingof channel resources (time/frequency/space) and impl&tien ofcooperative pro-
cessingdirectly at Physical Layer (PHY) can substantially impréve performance of wire-
less networks (see e.®,B]). Wireless (physical layer) Network Coding (WN@)5] rep-
resents one of the emerging PHY techniques, being capableutde the throughput in the
wireless 2-Way Relay Channel (2-WRC), while having a péétd provide similar (or even
larger) gains in more complicated wireless networks.

In 2-WRC (see Figl), both nodes have knowledge about their own (previously) seta
(visualized as Hierarchical Side Information (HS8) T] in Fig. 1), which in turn allows to
exploit this (inherently availablegide-informatiorto implement the WNC-based processing
in the system. The original idea ®¥NC relaying technique8-10]) was inspired by the
observation that it is unnecessary for the relay to deccelexhct source informatio®,[11—
13], as it is not the final destination of the communication. STéidservation allows to select
the source data ratesitside the relay MAC sum-rate regi@amd thus to improve markedly
the spectral efficiency.



MAC phase BC phase
hs HSI

ha
2
N
' \
o _
hRrA

hrp

Figure 1: 2-WRC with HSI.

Two general WNC relaying strategies can be found in thedlitee (see e.g1p]). In
the first strategy the relay only amplifies the received anaignal and hence this strategy is
called Amplify and Forward/AF) (see e.g.§, 12, 14-16]) or Analog Network Coding17].
The second strategy, whose principles were independanttigduced in 9, 11] is usually
called Denoise and ForwardDNF) [11], Hierarchical Decode and Forwar¢HDF) [7] or
Compute and ForwardCaF) [p], although some less common names Raztial Decoding
[18] can be found in the literature as well. A rigorous desooiptdf the HDF, DNF and CaF
strategies can be found in the excellent pap2r4,p, 7].

Although the fundamental idea of HDF processing is relatistraightforward, there
is still a great number of research challenges which quiekiye when more complicated
models of channels and networks are to be analysed. In tleving section we briefly
overview two specific open problems in the WNC research, hathe HDF processing in
parametric channeland HDF processing witpartial/imperfect HSI

2.2 Selected open research problems in HDF processing
2.2.1 HDF in parametric channels

While the HDF strategies are already quite mature in thattoadl AWGN channel, their
performance ifading channelgan be seriously degraded due to the inherent wireless chan-
nel parametrization(e.g. complex channel gain},[10]. This performance degradation is
a direct consequence of the undesired phase and amplitis## bétween the source-relay
channels 19, 20] and it was identified as major problemof the WNC-based bi-directional
relaying strategies already i8,[11].

Channel coefficients in the MAC stage of HDF strategy deteentiow the two source
signals overlap in the compound constellation (see an eleeim@ig. 2) observed at the relay
node [LO]. If the eXclusive mapping operation is kept fixed at theyetmme specific values
of channel parameters can directly invdkéures of the eXclusive lay, 21], resulting in a
decreased performance of the overall sy$lem

There are several possible ways how to avoid this performdegradation in paramet-
ric HDF systems, including the phase pre-rotation (and pa@watrol) of both source node
transmissions10, 13, 22] and the adaptation of the relay output eXclusive mappingrap
tion [10]. The design of adaptive relay mapping was originally psmabin the paper by

2)The detrimental effect of channel parametrization afféluesperformance of the system even if the relay has perfect
estimates of source-relay channels available.
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Figure 2: Impact of channel parametrization: 2-WRC withaded QPSK.

Koike et al. R0], where a brute-force search algorithm (identifying ogtirmapping opera-
tion for a particularchannel parametrizationwas presente.

Koike's design of adaptive mapping was revised later28,[where a novel construc-
tion of adaptive mapping operation (based on the Latin &g)aras introduced. The Latin
squares-based design of adaptive mapping was furtherdeden the 2-WRC scenario with
multiple source/relay node antenn&gl][ An analytical treatment of the eXclusive law fail-
ure events (singular fade states) is presente®ih jwhere the fact that in Rician chan-
nels only some singular fade states contribute dominaottiie¢ average Symbol Error Rate
(SER) is emphasized. Even though most of the authors foclysoonthe uncoded para-
metric 2-WRCthere are already some results available for convolutipeaded R5] and
LDPC-coded 18] 2-WRC systems.

Unfortunately, the aforementioned techniques face skdessbacks, including a prac-
tical infeasibility of the (synchronized) multi-node tsanission phase pre-rotation or a sens-
itivity to channel estimation errors of the adaptive sans (inaccurate channel estimates
results in an improper choice of the relay eXclusive symbapper) R6]. Due to these
drawbacks, some authors try to attack the problem from areifit angle. A simple multi-
level coding scheme over QPSK modulation (allowing to adaptrelay decoding operation
to actual channel conditions) is presented2i| [ However, this approach is limited only to
the QPSK modulation scheme, and moreover, it avoids themeaice degradation only for
some specific values of channel parameters28hthe authors try to avoid the occurrence of
singular fade state@Xclusive law failures) by the design of a distributed sptime coding
technique (single antenna at both sources and relay nodsusn&d).

Another approach is based on the design of new modulatioense$ which can es-
sentially avoid (or at least decrease) the impact of chapasmetrization on the system
performance. Some novabn-linear modulation schemésr parametric HDF systems are
introduced in £9,30]. The design ofinear modulation schemder parametric HDF systems
represents one of the two major areas of our own research.cdreeof our results in this
field has been already published 81{38].

3The goal was to find the mapping which has the best Euclidestardie profile of the compound constellation received
at the relay (unocoded QPSK modulation is assumed at bothessju
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Figure 3: Wire-line vs. wireless 5-node Butterfly Network.

2.2.2 Partial HSI processing

Even though the principles of WNC profit from the specific matof wireless channels
(inherent combining of electromagnetic waves and its brastnature), they still remain
partially grounded in the essentials of conventional Nekw@oding (NC) B9, 40].

In wire-line NC-based networks, the information packets sent through orthogonal
links with identical capacity and intermediate relay nodembine the received packets
before re-transmission (instead of purely relaying thembdost the system performance.
While this packet-based NC processing is natural in wine-fietworks, in wireless networks
theinherent broadcast propertig to be exploited on channels with potentiadfignificantly
different capacities Consequently, even though each node’s transmission cpatéetially
overheard by several nodes in its vicinity, the same (pgrfaformation cannot be always
retrieved by all these nodes due to the varying capacitieslafed wireless channels. The
legacy of NC principles is hence partially broken in wirasl¢g/NC-based) networks, yield-
ing several significant and novel research challengps [

One example of this phenomenon can be demonstratedbinale Butterfly Network
(BN) topology (see Fig3), where, similarly as in 2-WRC, HSI is required to decode the
desired data from a common (NC/WNC-coded) data stream.é/this information can be
perfectly delivered to both destinations through ortha@jdimks in the wired BN, no ded-
icated orthogonal channels for transmission of HSI areiredun theWireless BN (WBN),
where both destinations can obtain HSI directly from theloeard source node transmission.
Unfortunately, when channel conditions on such "overHedSll link(s) are not favourable,
only limited (partial/imperfect) HStould be received at destinations (due to an insufficient
capacity of the corresponding wireless channels) and higmc®/NC processing must be
appropriately modified to cope with this situatiofl{43].

To the best of our knowledge, there are still only very liditesults considering the
problem ofimperfect HSI processingAs shown in #1], the performance of WBN with
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Algorithm 1 Higher-order codebook - Example design.

1. Choose,y € C? such that(x;y) =
2. Ih={dn. x}IA 0' gacC
3. 2 ={de y}l deecC

minimal cardinality HDFrelaying” is limited by theHSI link capacity Fortunately, it is

possible to overcome this limitation by employing #sd¢ended cardinalitprocessing (see
e.g. B2,43]). Even though an increased cardinality of the relay ouiprequired in this case,
only partial HSI becomes sufficient to guarantee a successful decodingtatibstinations.

As shown in §3], this approach can outperform (for some specific channetlitions) the

conventional HDF relaying with minimal cardinality.

The basic principles of HDF processing in tinecoded WBN systewith QPSK source
alphabet constellation are summarized in Fig&erfect/full HSI),5 (no HSI) and6 (partial
HSI). The decoding process is visualized only for destimellg (for the sake of clarity).

The analysis opartial/imperfect HSprocessing represents one of the two major areas of
our own research. The core of our results in this field has B#eady published ir43-47,
[6] has been submitted for publication.

“The cardinality of the relay output alphabeff is given by| | = max{
HDF.

@/SA‘ , \MSB{} in the minimal cardinality



Algorithm 2 NuT constellation alphabet design.

. Pick a base alphabet.
. Choose a power scaling factr<(0,2).

. SourceA alphabeti/* = [ /57 .o%, \/2— St ).
. SourceB alphabet:#f = [,/2— s;.a%, \/5t.%).

A WONBE

3 Summary of contributions

In the following sections we briefly summarize our most rafevoriginal research results in
the two specific research areas discussed in the previotisrsddue to the limited extent of
this thesis statement we introduce only the basic ideasdehir work and, where appropri-
ate, we supplement the description with some relevant Egyurables or Algorithms.

3.1 HDF in parametric channels

In this section we overview our contributions to the desi@ireear modulation schemes
for parametric HDF systems. The first attempts to designtetiatons resistant to the eX-
clusive law failure events (se81, 33,36]) have led only to multi-dimensional constellations
in C2. An example design algorithm (see Algorithth from [36] allows to design source
constellations which have the Euclidean distance perfooméighly resistant to the effects
of channel parametrization (see a comparison with cormeatilinear modulation constella-
tions in Figs.7, 8, 9).

Unfortunately, even though the design of multi-dimensiamastellations ifC2 appears
to be the most simple solution, the increased alphabetraityi is inherently accompanied
with a reduction of achievable throughput. Naturally, tiwalgof the follow-up work was
to find a suitable constellations ' to avoid this inherent drawback of multi-dimensional
constellations. However, based on the analysis of (squ&edidean distance propertiest
hierarchical symbols, we have proved that only binary aglaions can fully avoid the viol-
ation of the eXclusive law (for arbitrary parametrizatipifithe constellation dimensionality
is limited toC! (see 6] for details).

Even though the occurrence of eXclusive law failures carmeoprevented in case of
conventional modulation schemes@H (excepting the binary alphabets), it can be shown
that in Rician fading channeld is possible to at least suppress this harmful behaviour of
channel parametrization by a design of novel 2-slot colasi@h alphabets. The proposed
Non-uniform 2-slot (NuTalphabets32,38] (see Algorithm2) are robust to channel paramet-
rization effects in Rician channels, outperforming thelitianal linear modulation schemes
without sacrificing the overall system throughput.

The NuT constellation (Nulﬁ%; St )) is generally a 2-source alphabetf, /), where
the power is re-allocatedon-uniformlyamong the 2-slots of the NuT super-symbol. The
non-uniform allocation of power allows teade-off the vulnerability to eXclusive law failures
with the alphabet distance propertie®sulting in an improved performance in the medium
to high SNR region. A comparison of the overall Euclideariatise performance and SER

10
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Figure 7: Minimum hierarchical distance performance forlSBRand 4-ary example alpha-
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Figure 8: Minimum hierarchical distance performance fd?8K and 8-ary example alpha-
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Figure 9: Minimum hierarchical distance performance forQAM and 16-ary example
alphabet.

performance of the proposed NuT alphabets (with variaplend some conventional linear
modulation constellations is in Figs0, 11, 12, 13.

Remarkable SNR gains of NuT alphabets {0— 15dB in Fig. 12, ~ 5— 7dB in Fig.
13) have been observed in moderately high SNR regions. Note,abat the overall system
throughput is not sacrificed, since the cardinality of thaMiphabet i 72| = | 8| = M?
for |%| = M (see Algorithm2) and hence the promising parametric performance of NuT
alphabets is not accompanied with a reduction of achieviibéighput.

3.2 Partial HSI processing

In this section we summarize our original contributionsha field ofpartial/imperfect HSI
processingn WNC networks. A Superposition Coding (SC) based schemeefaying in
WBN was introduced in46,47] as a scheme capable to adapt to arbitrary amount of HSI.
The main idea of the SC-based scheme (see Hyis based on the splitting of source
information into two separate data streams (and optinumatif rate and power allocated
to each particular stream), which in turn allows to adaptWigN processing to the actual
channel conditions (and hence the available HSI at de&timsgt As shown in Figl5, the
SC-based scheme is capable to provide non-zero two-wajorade arbitrary quality of HSI
channels (given by the SNR of HSI channgl$.

In [6], the state-of-the-art bi-directional 3-step (Decode &odwvard — DF) and 2-step
(Amplify and Forward — AF, Joint Decode and Forward — JDF aietétchical Decode and
Forward — HDF) relaying strategies were modified to guaeattiat successful decoding at

12
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Figure 12: H-SER of NUTQPSK;]) and NUT(QPSKis¢) alphabets. It is obvious that a
crucial part of the alphabet design (Algoriti2his a choice of the scaling factss.
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Figure 13: H-SER of NUTBPSK; 1) and NuT(8PSKist) alphabets. It is obvious that the
choice of the scaling facta; is again a crucial part of the alphabet design (Algorit2m
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Figure 14: Principle of SC-based relaying in WBN.
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Figure 15: Comparison of maximal 2-way rates of the SC sch@®ia function of the HSI
channel qualityy).
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Table 1: Maximal two-way rates of relaying strategies in Wglmmetric channel SNRs:
vi (source- relay), y» (HSI channel) s (relay— destination)).

extended cardinality map  minimal cardinality map

0O(1]|2]|3
11032
213|101
312|1|0

Table 2: eXclusive mapping operations (matrix represemtpafor sources with 4-ary alpha-

bets.
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Figure 16: Comparison of the maximal sum-rates of DF, AF, DB HDF strategies in
WBN (y1 = 30 dB, 3 = 30 dB).

destinations is made possible even if HSI is only partiallgilable. We have shown that in
all the strategies the so-calledrtial HSI processingisually provides a better sum-rate than
the straightforward solution, where the availability offeet HSI is secured by a decrease of
the source transmission rate. The performance of all theflreddtrategies was compared in
an information-theoretic investigation and the (modifiel)F strategy was found to provide
the best performancamong all the WNC strategies (even under the partial HSIitiongl
The results of this analysis are summarized in T4bl&n example comparison of the sum-
rate performance of all the strategies (for a particulanoedSNRs) is provided in Fid.6.

One of the crucial steps in the design of particular HDF psetey for partial HSI sys-
tems is the choice of a suitable eXclusive mapping operatidine relay. As noted ir3,44],
the unreliable transmission of HSI can be overcome by isingathe cardinality of the re-
lay output [/]. A design of eXclusive mapping operation is quite simple tfee minimal
mapping(perfect HSI assumption) operation, where it is usuallyegiby a simple bit-wise
XOR operation. However, in case of tagtended cardinality mappingee Fig6), a suitable
eXclusive mapper must respect the amount of HSI at desimatio maximize the system
throughput. A systematic approach to the design séteof eXclusive relay output mappers
for WBN was introduced in43]. An example of suitable eXclusive mappers designed ac-
cording to the Algorithm from43] is presented in Tabl2. As shown in Figurel?, a feasible
eXclusive mapping (with extended cardinality) guaranties the BC phase capacity is no
longer limited by the HSI link capacity.

The capability to design suitable eXclusive mappers foitraty quality of HSI channels

17



H-BC and HSI capacity for alphabets AsA: QPSK-opt and AsR: 8PSK

- 8 =C,y pc V= -10[d8]
—6— Cyy_pc V= ~5(0B)
- © = Cyy g ¥,= 0ldB]
—6— Cyigc Yy S1B]
- © = Cyyge ¥,= 101dB]
—6— Cyy g ¥, 15008
—— Chsi

15

bits per symbol

_6--06--0--9--0---0

05

o--0-0--0--6--6--6--0
I I I i
10 15 20

9 __e——
S --0© i

5
SNRY, [dB]

Figure 17: BC phase alphabet constrained capacity and iapéthe HSI link (extended
mapping, e/ = QPSK, /R = 8PSK).

has enabled the possibility to exploit the promising patamehannel performance ofuT
source alphabet& the WBN systems45]. While the favourable parametric MAC channel
performance of NuT alphabets inducesower error floor in both minimal (Fig.18) and
extended (Figl9) cardinality relaying, the increased reliability jpédirtial one-slot HSkrans-
forms into aradditional SNR gaiin the extended cardinality case (Fig), where the worse
aggregate HSI performance is compensated by an increasgidatity of the relay output
alphabet. The basic principle of extended cardinalityyiag with NuT constellations in
WBN is depicted in Fig20.

4  Conclusions

In this thesis statement | have summarized my own researchagoa PhD candidate at the
Czech Technical University in Prague. The scope of the sheas specified in the introduct-
ory section, together with a list of my core publicationsatedl to the scope of the thesis and
summary of my other research-related activities. Thenctineent state-of-the-art in the two
specific fields of WNC techniques research, namely¥C processing in parametric wire-
less channelandWNC processing with imperfect/partial side informatiwas discussed in
section2. Our original contributions to the research in these twocBjpeWNC research
areas, which form the core of the thesis, were summarizeddtidh 3.
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Figure 20: WBN with NuT source constellations and extendedinality relaying.
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Summary

The up-and-comindNireless (Physical layer) Network Coding (WNC) techniguewple-
mented directly at Physical Layer (PHY), possess undolipgedreat potential to harness
all the performance benefits accompanied withrtbe-orthogonalsharing of wireless me-
dium. The power of WNC lies mainly in an efficient exploitatiof theinherent properties of
wireless channelgbroadcast nature and inherent combining of electromagnetves at re-
ceiver antenna(s)), which provide a fertile ground for aeegion of conventional (wire-line)
network-coding principleso wireless channels. The interference is no longer coresidas
harmful in WNC-based systems, and hence it is exploiteceratian avoided. Since WNC
operates directly at PHY, huge performance gains can beathi when compared to con-
ventional routing (e.g. doubled throughput in a simple ibéctional relay channel). Unfor-
tunately, the specific properties of wireless channels atalways only beneficial, as they
introduce many novel research problems which makes a dirggtementation of WNC in
wireless systems quite challenging.

First, theinherent parametrizatioof wireless channels (e.g. channel gain) significantly
influences the achievable performance of WNC systems, amckttbe PHY processing al-
gorithms must take the channel parametrization inherénttyaccount, providing solutions
robust to parametrization effects. Secondly, the inhelbepddcast nature is to be exploited
on channels witlpotentially significantly different capacitiefrcing the PHY processing to
cope with the problems associated withianperfect/partial transmission of informatioin
the doctoral thesis we focused on these two specific opemgonstin WNC research, namely
the WNC processing iparametric channel&nd WNC processing witpartial/imperfect
Hierarchical Side Informatior{HSI).

We have shown that even though only multi-dimensional @lasions are capable to
fully avoid the detrimental effects of channel parametitrg these constellations suffer
from an inherent reduction of achievable throughput. Toidatois inherent drawback of
multi-dimensional constellations, we introduced a desigmovel Non-uniform 2-slot (NuT)
constellations, which proved to be able to suppress thefhhtrahaviour of channel para-
metrization if the 2-WRC system operates in Rician fadingrotels. The proposed NuT
constellations outperform the traditional linear modolatschemes (in the sense of SER
performance) without sacrificing the overall system thigug.

An attempt to extend the WNC processing to more complex nm&wstructures (e.g.
Wireless Butterfly Network — WBN) has revealed the issues@ated with the limited avail-
ability of HSI at receiving nodes. We have shown that theestéithe-art bi-directional 3-step
and 2-step relaying strategies can be modified to guardmesuccessful decoding at destin-
ations is made possible even if HSI is only partially avdéaénd we have proposed a novel
WNC scheme, which is capable to adapt to any amount of HSIstindgions. To provide a
practical design tool for a construction of relay procegdor networks with imperfect HSI
links we have introduced a systematic algorithm for a desfgelay output mapping opera-
tions. The availability of suitable relay output mappingemation has enabled to exploit the
promising parametric channel performance of NuT congietla in WBN, transforming the
increased reliability opartial one-slot HSinto anadditional SNR gaiin BER performance
of the system.
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Anotace

Technikabezdratového sitového kédovai/NC) nabizi nepochykinvelky potencial k vy-
uziti pfiznivych jevl spojenych s neortogonalnirfistupem ke sdileni radiového kanalu.
Tato perspektivnost WNC technik sfiwéa zejména v efektivnim vyuzisipecifickych vlast-
nosti radiovych kanal{vsesngérové Sieni signaluci sama@inné kombinovaniktani inter-
implementaci (modifikovanych) principgitového kédovan{NC) v bezdratovych sitich. V
systémech zaloZzenych na WNC neni interference povazow@nazadouci jev, ale dochazi
zde naopak ke snaze o jeji efektivni vyuzivani. Jelikoz je GMihplementovano imo
na fyzické vrsté, umohuje dosahnout mnohem lepSicfeposovych vlastnosti nez kon-
veréni [istup zaloZzeny na seémovani individualnich datovych tokl v siti. Bohuzel, gy3
zmiréné specifické vlastnosti radiovych kanalli s sebitnési takéfadu novych vyzkum-
nych problém, které znesragi piimou implementaci WNC v bezdratovych systémech.

Prvni z problémd, kterym musi navrh WNC zpracovaaiit, souvisi sparametrizaci
(nag. komplexni zisk) radiového kanalu. Druhym problémem jk& samotnévSesmérové
Sifeni radiového signélukteré je ve WNC systémech vyuzivano ileposu informace radi-
ovymi kandly s potencianvyzname odliSnymi fenosovymi kapacitami. Tato skdteost
vyZaduje, aby bylo zpracovani signaliizplisobeno moZnym problémim souvisejicim s
casténym/neperfektnimiignosem informace. Ve své dizené praci jsem se z&il na tyto
dva vySe zmiéné problémy ve WNC systémech, konk&tedy navrh zpracovani signalu
ve WNC systémech garametrickym kanalera WNC systémech seperfektnim pfenosem
hierarchické postranni informag@iSl).

V dizert&ni praci jsme ukazali Ze pouze vice-dimenzionalni koaseelfsou schopné
Uplné zabranit nezadoucim jeviim souvisejicim s parametrkaawilu. Bohuzel, s vicedi-
menionalni povahotéthto konstelaci je roéz spojeno vyznamné snizeni dosazitelné propust-
nosti sie. Abychom pedesli tomuto nezadoucimu jevufepstavili jsme navrh novych
neuniformnich 2-slotovych konstelddluT), které jsou v fipace kanalli s Riceovym rozloZeni
schopny vyznam potld&it dlisledky parametrizace kanalu. Navrzené NuT konsgetak
prekonavaji tradini konstelace ve smyslu odolnostitvichybam i prenosu, aniz by tyto
vyhodné vlastnosti byly spojeny s jakymkoliv omezenim ddsié propustnosti st

Pokusy o rozseni WNC zpracovani do slogjSich siti (nap 5-terminalova 2-zdrojova
sit —WBN) poodhalily problémy spojené s omezenou dostsfimmstranni informace (HSI)
na gijimaci. Jak uvadime v dizertai praci, stavajici 2 a 3-krokové WNC strategie mo-
hou byt upraveny pro pouziti ve WBN sitichfi@@mz jsou vSechny tyto (modifikované)
strategie schopny zajistit dekddovatelnost pozadovafenirace na fijimaci pri libovol-
ném mnozstvi dostupné HSI. Dalsim vyznamnym krokem k rea§\WNC zpracovani do
itfniho uzlu s@ (tzv. relay), ktery v kongném dusledku umoznil také znovuobjeveni NuT
konstelaci pro aplikaci ve WBN sitich. Typick& odolnost Nkdnstelaci vai nezadoucim
vlivim parametrizace kanalu zde tak&dmmofiuje dosahnout lepsi odolnostidiichybam
pfi pfenosu (ve srovnani s tramiimi konstelacemi), a to i vifpade neperfektni HSI.
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