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DESIGN AND PERFORMANCE ANALYSIS OF ENHANCED NETWORK
CODED COOPERATIVE COMMUNICATION SYSTEMS

SUMMARY

A wireless communication system consists of multiple wireless nodes that can move
around and communicate with each other. Fading is one of major degrading factors
that can limit the performance of wireless communication systems. In order to
achieve reliable communication in fading environments, channel coding and
diversity techniques were proposed and implemented. Multiple input multiple output
(MIMO) is one of the diversity techniques which uses multiple transmission and
reception nodes per terminal to obtain diversity gains for reduced errors in the
transmission of data. But cooperative diversity techniques can realize this purpose
without installing multiple transmission antennas per terminal. The broadcasting
nature of wireless medium allows neighbouring relay nodes to cooperate in
communication by forwarding information from source nodes to destination nodes
for fading mitigation. Therefore, cooperative communication system utilizes multiple
communication routes created by relay nodes and exploits the inherent spatial
diversity of the channel for information transmission. While classical single hop
communication systems use direct transmission in which a receiver recovers the
information using the direct signal only and regarding the reflected signal as
interference, the cooperative communication systems consider the other signal as
contribution. Therefore, cooperative diversity retrieves information from the
combination of two or more signals. In other words, cooperative diversity is a virtual
antenna diversity technique that uses distributed antennas belonging to each node in
a wireless network for communication. Cooperative diversity is particularly
considered useful in wireless ad hoc and sensor networks, where
power/bandwidth/size restrictions of the mobile nodes may prevent the use of other
diversity techniques to combat channel fading. In all scenarios, cooperation among
mobile users of a wireless system has the potential to provide an increased capacity
in comparison with the systems without using cooperation.

However, in most cases, cooperative communication attains this improvement in
error performance by sacrificing the throughput of wireless network. In such cases,
network coding technique can substantially improve the data rate of cooperative
wireless networks by intelligently combining the forwarded packets of information at
the relay nodes. Network coding was originally proposed for lossless communication
systems to increase the throughput of routing networks. But the integration of
network coding with cooperative wireless networks has the potential to ensure more
efficient usage of resources with improved error performance in fading
environments. Network coding can ensure the capability to address the ever
increasing number of users and devices in wireless networks, in beyond 5G
standards. The broadcast nature of wireless systems allows the joint implementation
of cooperative communication and network coding, exploiting the benefits of both
techniques. In this context, several types of network coding have been discussed in
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literature in the recent years but each type involves the concept of combining and
transmitting the functions of information packets at the relay nodes. In this thesis,
random linear network coding, complex field network coding and exclusive-OR
(XOR) network coding are simulated and analyzed in different perspectives.

In the first part of this thesis, the performance of random linear network coding
systems is investigated for Rayleigh and Rician fading channels in terms of decoding
failure probabilities at destination nodes. In random linear network coding systems,
the information bits at the intermediate nodes are received as packet vectors and the
intermediate nodes encode the information data by linearly combining the received
packets, with coefficients randomly extracted from the Galois field of a particular
size, with equal probability. The setup considered in this section consists of multiple
source, relay and destination nodes, with no direct links between sources and
destinations. The communication channel outage and hence the packet loss in the
given system occurs due to fading. The simulation results for the supposed system
model show that the packet decoding failure probabilities are not only determined by
the fading environment but also by the coefficients used in the network coding at the
relay nodes. In fading channels, decoding failure probabilities can be reduced by
increasing the size of the Galois field that contains random coefficients for linear
combination of packets at relay nodes.

In the second part of this thesis, the bit error rate performance of complex field
network coding is analyzed with orthogonal frequency division multiplexing
(OFDM) for frequency selective Rayleigh fading channels. In previous literatures,
this analysis is performed for flat fading channels. The system model used in the
performance evaluation contains multiple source nodes, single or multiple relay
nodes and a single destination node. Both amplify and forward as well as decode and
forward types of relays are assumed to obtain error performance results and for
multi-relay system, relay selection is also taken into account for both amplify and
forward and decode and forward relay types. Convolutional channel codes are also
optionally integrated in the given system to boost the system performance and hard
decision Viterbi decoding is used to decode source bits. In addition to this,
asymmetric link environments, with relay nodes at different distances from sources
and destination, are also considered. Multiuser detection rules with OFDM are
employed at destination node and/or relay nodes to retrieve each source bits at the
same time, for the above mentioned scenarios. The simulation results indicate that
amplify and forward relay nodes outperform decode and forward relay nodes in all
cases but are not very suitable from the implementation perspective since they
require the storage of analog waveform at relays. Moreover, a considerable
improvement is error performance can be observed when relay selection is provided
in the system model with both amplify and forward and decode and forward types of
relays. Finally, in asymmetric network, better error performance can be achieved by
placing relay nodes closer to the source nodes.

The third part of this thesis proposes the channel coded complex field network
coding with OFDM, combining the mutual benefits of all the techniques involved
and the performance evaluation is made in terms of bit error rate. This work is the
extension of the convolutional channel coded complex field network coding with
OFDM and hard decision Viterbi decoding, presented in the second part. The system
model is same as the second part with slow and frequency selective Rayleigh fading
channel. Again, both amplify and forward and decode and forward types of relays are
considered in this context and relay selection is employed in scenarios with multiple
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relays. However, this part uses soft decision Viterbi and Max-Log-MAP decoding
techniques for obtaining coded source bits and therefore, in this case, the multiuser
detection rules provide log likelihood ratios for coded source bits. Moreover, the
performance analysis is provided for convolutional codes with different code rates
and number of states in the trellis as well as for asymmetric link environments. From
simulation results, it is seen that both soft decision Viterbi and Max-Log-MAP
channel decoding techniques provide almost same bit error performance in the given
system model. Amplify and forward performs better than decode and forward in all
cases and relay selection techniques results in a noticeable performance gain.
Convolutional codes with lower code rate and more number of trellis states can
enhance the system performance considerably and asymmetric links also serve the
similar purpose of performance improvement.

The final part of thesis is related to an enhanced version of XOR network coding
scheme for two-way relay networks, combined with OFDM. Compared to other
conventional strategies for two-way relay networks, this strategy performs Galois
field addition or bit-wise XOR coding of multiple information packets at sources.
The XOR coded packet is transmitted to the relay nodes along with the information
packets which facilitates redundancy to acquire transmit diversity gain for improving
error performance of the two-way relay network. The system model consists of two
source and different number of relay nodes with convolutional channel encoding in
the system to obtain desired error performance. Relay selection is also provided
when there are multiple relays in the system and this provision not only improves the
error performance but also gives better throughput. The results show that the
redundancy provided at the transmission end of two-way relay network enhances bit
error performance of the system.
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GELIiSMIiS AG KODLAMALI iSBiRLiKLi HABERLESME
SISTEMLERININ TASARIMI VE PERFORMANS ANALIZi

OZET

Kablosuz haberlesme sistemi birbiriyle haberlesebilen bircok hareketli diigiim
noktasindan olusmaktadir. Soniimleme ise kablosuz haberlesme sistemlerinin
performansini olumsuz yonde etkileyen 0nemli faktorlerden biridir. Sontimlemenin
mevcut oldugu ortamlarda giivenilir bir haberlesme i¢in kanal kodlama ve cesitleme
teknikleri dnerilmis ve uygulanmistir. Bunlardan biri, ¢esitleme kazanci elde ederek
olabildigince hatasiz veri iletimi gergeklestirmek iizere her bir terminalde ¢oklu
verici ve alict digimleri kullanan ¢ok girisli ¢ok c¢ikish g¢esitleme (MIMO)
teknigidir. Fakat isbirlikli ¢esitleme teknigi bunu her bir terminalde birden ¢ok verici
anten kullanmadan gerceklestirebilmektedir. Kablosuz yayin ortami komsu role
diigiimlerin igbirligi yapmasina imkan saglayarak verinin kaynak diigiimlerden hedef
diiglimlere aktarilmasi sirasindaki soniimleme etikisini azaltmaktadir. Bu sebeple,
igbirlikli haberlesme sistemi veri iletimi sirasinda role diigiimler ile olusturulan
birden ¢ok haberlesme aginin kullanilmasin1 ve kendiliginden olusan uzaysal kanal
cesitlemesinden faydalanilmasini miimkiin kilmaktadir. Dogrudan veri iletimi
kullanan klasik tek atlamali haberlesme sistemlerinde bir alici dogrudan gelen
isaretin igerisindeki veriyi elde ederek yansiyan isaretleri girisim olarak algilarken,
igbirlikli haberlesme sistemleri diger isaretleri katki olarak degerlendirmektedir.
Boylelikle isbirlikli ¢esitlemede veri iki ya da daha ¢ok isaretin birlikte
degerlendirilmesiyle elde etmektedir. Bagka bir deyisle, isbirlikli ¢esitleme kablosuz
haberlesme aglarinda bulunan her bir diigiimdeki antenin dagitik olarak kullanildig1
bir anten c¢esitleme teknigidir. Hareketli diiglimlerin (mobile nodes) gii¢c, bant
genisligi ve boyut gibi kisitlar1 sebebiyle diger ¢esitleme tekniklerinin kanal
sontimlemesine karsi kullanilamadigi kablosuz tasarsiz (ad hoc) algilayici aglari igin
isbirlikli ¢esitleme oOzellikle faydali olmaktadir. Biitiin senaryolar ig¢in, hareketli
kullanicilar arasinda isbirligi olan kablosuz sistemler bu igbirliginin olmadig1 diger
sistemlere gore daha yiiksek bir siga potansiyeline sahiptir.

Fakat, isbirlikli haberlesme ile hata performansinda elde edilen iyilesme c¢ogu
durumda kablosuz agdaki iletim hizindan feragat ile miimkiindiir. Bu gibi
durumlarda, ag kodlama teknigi sayesinde role diiglimlere gonderilmis olan veri
paketlerinin akilli bir sekilde birlestirilmesi ile isbirlikli kablosuz aglardaki veri
hizinda ciddi bir iyilestirme saglanabilmektedir. A§ kodlama esasen kayipsiz
haberlesme sistemlerinde yonlendirme aglarimin  verimini  artirmak  igin
gelistirilmistir. Fakat, ag kodlama ile isbirlikli kablosuz aglarin tiimlestirilmesi
(entegrasyonu) soniimlemenin bulundugu ortamlarda kaynaklarin daha verimli bir
sekilde kullanilmasi ve hata performansinin iyilestirilmesi yoniinde ciddi bir
potansiyele sahiptir. Ag kodlama, 5G standartlarinin 6tesindeki kablosuz aglarda
stirekli artan kullanic1 ve cihazlarin taleplerini karsilayabilecek kabiliyete sahiptir.
Kablosuz sistemlerin yaym dogasi isbirlikli haberlesme ve ag kodlamanin beraber
uygulanmasini ve bu iki teknigin faydalarindan yararlanmayir miimkiin kilmaktadir.

XXi



Bu baglamda, son yillarda mevcut literatiirde cesitli ag kodlama teknikleri
degerlendirilmekte fakat her yontem role diiglimlerdeki veri paketleri islevlerinin
birlestirilmesi ve iletilmesini kapsamaktadir. Bu tezde, rastgele dogrusal ag kodlama,
karmasik alan ag kodlama ve XOR ag kodlama tekniklerinin benzetimleri yapilmis
ve ¢esitli bakis acilar ile analiz edilmistir.

Tezin ilk bolimiinde, Rayleigh ve Rician soOniimleme kanallar1 igin varis
diigtimlerindeki kod ¢ozme hata olasilifi {lizerinden rastgele dogrusal ag kodlama
sistemlerinin performansi incelenmektedir. Dogrusal ag kodlama sistemlerinde, ara
digiimlerdeki veri bitleri paket vektorler olarak alinmakta ve ara diigiimler belirli bir
boyutta ve esit olasiliklt Galois kiimesinden ¢ikarilan katsayilar ile alinan paketleri
dogrusal olarak birlestirerek veriyi ¢ézmektedir. Bu boliimdeki benzetim ortami
birden ¢ok kaynak ile role ve varig diiglimlerinden olusmakta; kaynak ve varig
noktalar1 arasinda ise dogrudan baglantilar bulunmamaktadir. Belirtilen sistemdeki
haberlesme kanali kesintileri ve dolayisiyla paket kayiplart soniimleme etkisiyle
olugmaktadir. Belirtilen sistem modeli i¢in ortaya ¢ikan benzetim sonuglari, paket
¢oziimiindeki kayip olasiliginin sadece sontimleme ortami degil role diiglimlerde ag
kodlama i¢in kullanilan katsayilar tarafindan da belirlendigini gostermektedir.
Soniimleme kanallarindaki ¢o6ziimleme kayip olasiliklart role diiglimlerdeki
paketlerin dogrusal olarak birlestirilmesi sirasinda kullanilan rastgele katsayilari
barindiran Galois kiimesinin boyutu artirilarak diisiirtilebilmektedir.

Tezin ikinci kisminda ise, karmasik alan ag kodlamasinin bit hat oran1 performansi
frekans se¢gmeli Rayleigh soniimleme kanallari i¢in dik frekans bolmeli ¢ogullama
(OFDM) kullanilarak analiz edilmistir. Daha onceki calismalarda, bu analiz diiz
sontimleme kanallar1 i¢in yapilmistir. Performans degerlendirmesinde kullanilan
sistem modeli birden ¢ok kaynak diigimii, tekli ya da ¢oklu role diigiimleri ve tek
varig diigiimii icermektedir. Hem kuvvetlendir ve aktar hem de ¢6z ve aktar tipi
roleler icin hata performansi elde edilmekte ve ¢oklu role sistemleri icin role segimi
hem kuvventlendir ve aktar hem de ¢0z ve aktar segenekleri i¢in ele alinmaktadir.
Katlamali kanal kodlar1 da opsiyonel olarak mevcut sisteme performansi artirmak
icin eklenebilmekte ve sert kararli (hard decision) Viterbi Algoritmasi kaynak bitleri
¢ozmek i¢in kullanilmaktadir. Buna ek olarak, kaynak ve varis noktalarina farkl
uzakliklardaki role diigimlerinde asimetrik baglant1 ortamlar1 da degerlendirilmistir.
Daha o6nce bahsedilen senaryo kapsaminda hedef ve/veya role diiglimlerde her bir
bitin ayn1 zamanda elde edilmesi icin OFDM ile birlikte ¢oklu kullanici belirleme
kurallar1 uygulanmistir. Benzetim sonuglari, rélelerdeki analog dalga formunun
kaydedilmesini gerektirmesi dolayisiyla uygulama agisindan pratik olmasa da her
durumda kuvvetlendir ve aktar role digimlerinin, ¢6z ve aktar tipi réle
diigiimlerinden daha iyi performansa sahip oldugunu gostermektedir. Dahasi, sistem
modelinde hem kuvvetlendir ve aktar hem de ¢6z ve aktar tipi roleler ile rdle secimi
yapildiginda hata performansinda hatir1 sayilir bir iyilestirme gozlenmektedir. Son
olarak, asimetrik aglarda, daha iyi bir hata performansi réle diiglimlerinin kaynak
diigiimlerine daha yakin yerlestirilmesi ile elde edilebilmektedir.

Tezin ti¢iincii kisminda, ele alinan tekniklerin faydali yonlerini birlestirecek sekilde,
OFDM kullanan kanal kodlamali karmasik alan ag kodlama teknigi onerilmekte ve
bit hata orani {izerinden performans degerlendirmesi yapilmaktadir. Buradaki ¢alisma
OFDM kullanan katlamali kanal kodlamali karmasik alan ag kodlama ve ikinci
bolimde bahsedilen sert kararli (hard decision) Viterbi Algoritmasinin
genisletilmesidir. Sistem modeli ikinci kisimdaki ile ayni olmakla birlikte yavas ve
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frekans se¢imli Rayleigh sonliimleme kanali igermektedir. Yine hem kuvvetlendir ve
aktar hem de ¢6z ve aktar tiirii roleler bu baglamda degerlendirilmis ve birden ¢ok
rOle iceren senaryolarda role se¢imi uygulanmistir. Fakat, bu boliimde kodlanmis
kaynak bitlerinin elde edilmesi i¢in yumusak kararli (soft decision) Viterbi
Algoritmasi ve Max-Log-MAP kod ¢6zme teknikleri kullanilmakta ve bdylelikle cok
kullanict belirleme kurallar1 kodlanmis kaynak bitleri i¢in log likelihood oranlarini
saglamaktadir. Dahasi, kafeste farkli kod oranlarina ve durum sayilarina sahip
katlamali kodlar ve asimetrik baglanti ortamlar1 i¢in performans analizi
verilmektedir. Benzetim sonuglarina gore, hem yumusak kararli Viterbi hem de Max-
Log-MAP kanal ¢coziimleme tekniklerinin belirtilen sistem modelinde ayn1 bit hatasi
performansina sahip oldugu gortilmektedir. Kuvventlendir ve aktar yontemi ¢z ve
aktar yontemine gore her durumda daha iyi sonu¢ vermekte ve réle secim teknikleri
fark edilir bir performans iyilestirmesine sebep olmaktadir. Daha diisiik kod oranli ve
daha c¢ok kafes durumuna (trellis state) sahip katlamali kodlar sistem performansini
ciddi bir sekilde artirmakta ve asimetrik baglantilarda ayni sekilde performansin
lyilestirilmesi amacina katki yapmaktadir.

Tezin son boliimii OFDM ile birlestirilmis iki yonlii role aglar1 icin XOR ag kodlama
tekniginin gelistirilmis versiyonu ile ilgilidir. Iki yonlii role aglar igin gelistirilen
geleneksel stratejiler ile karsilastirildiginda, bu stratejide Galois kiime eklemesi veya
kaynaklarda coklu veri paketlerinin bit XOR kodlamasi uygulanmaktadir. XOR
kodlamali paket, iki yonli role aginin hata performansini artirmak igin verici
cesitleme kazanci elde etmek iizere artiklik barindiran veri paketleri ile birlikte role
diiglimlerine iletilmektedir. Sistem modeli, iki kaynak ve istenen hata performansinin
elde edilmesi icin farkli sayida ve katlamali kanal kodlamali role digtimleri
icermektedir. Sistemde birden ¢ok réle oldugu durumda réle segimi de yapilmakta ve
bu sayede sadece hata performansi artirllmamakta aym1 zamanda verimlilik de
artmaktadir. Sonuclar, iki yonlii réle agmin iletim ucunda saglanan artiklik ile
sistemde bit hatasi performansinin artirildigini gostermektedir.
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1. INTRODUCTION

Wireless radio systems facilitate communication among several entities through
radio or other type of wireless media and have become an integral part of present-day
human life. Wireless communication has got numerous applications in different areas
of present society, ranging from personal communication and cellular systems to
medical and security. Therefore, extensive efforts have been made to conduct
research for bringing useful innovations in the field of wireless communication. With
the passage of time, wireless communication has evolved from simple voice
communication system to complex digital data communication systems. Modern
technologies like sensor and ad-hoc networks and device—to-device communication
rely on the transmission of huge volumes of data, so, wireless communication

systems require further modernization in future as well.

Among all applications of wireless communication, cellular communication is the
most essential and primary one. Cellular systems were first introduced to realize
voice communication but now have been transformed into complicated systems,
communicating every sort of information. The major obstacles in accomplishing
error free or lossless communication in cellular systems is fading and noise [1].
Several techniques were suggested and developed in order to combat the degrading
effects of fading and noise and the most elementary of such techniques is channel
coding. Channel coding is based on the concept of sending extra bits along with the
information bits to avoid bit errors. The extra bits are generated using various
methods depending upon the type of channel coding employed. Cooperative diversity
[2] is another important method to combat erroneous transmission of data, resulting
from fading. Cooperative diversity is basically an antenna diversity technique like
multiple input multiple output (MIMO) systems [1] but does not contain multiple
transmission antennas per terminal. Instead, cooperative communication systems
make the use of intermediate relay nodes for transmitting signal from source to
destination nodes and relay nodes may serve the purpose of both communication and

cooperation. In cooperative networks, source nodes send their signal to both relay



and destination nodes whereas relay nodes forward the received signal to the same
destination nodes, providing diversity for the reduction of error probability in data
transmission. Relay nodes employ amplify and forward (AAF) and decode and
forward (DAF) strategies while relaying source signal. Cooperative communication
is a favourable choice when installing multiple antennas per terminal for diversity is

not convenient.

One drawback of cooperative diversity systems is the reduction of throughput in the
overall communication systems. System throughput decreases as the number of
nodes increases in cooperative wireless system, making it impractical from the
implementation perspective. Network coding (NC) is an effective solution to address
this issue. NC was first suggested by Ashwelde et al. in [3] for increasing throughput
of the lossless routing networks. In this technique, intermediate relay nodes do not
forward the signal to destination nodes as received but perform some operation to
combine signals coming from different source nodes, before relaying to the
destination nodes [4]. NC not only improves the throughput of cooperative wireless
networks but also enhances the error performance in fading environments. Therefore,
NC can possibly eliminate the liability to send feedback from destination nodes for
acknowledging successful transmission of signal. It can be performed at different
layers of a communication system and has several types. Random linear network
coding (RLNC) is the type of network coding that can be combined with cooperative
communication systems, independent of the design of network topology [5]. The use
of randomly extracted coding coefficients in RLNC makes it simpler in
implementation than classical Galois field network coding (GFNC) [5]. Complex
field network coding (CFNC) is another type of network coding which can increase
the throughput of cooperative systems to appreciable limits for any number of source
and relay nodes [6]. Exclusive-OR (XOR) network coding only requires performing
XOR of each source bits at relay nodes but can considerably enhance throughput and

error performance of the two-way relay networks.

Practical communication systems may suffer from frequency selective fading and
hence, orthogonal frequency division multiplexing (OFDM) was developed to
provide communication in frequency selective fading environments [1]. OFDM
divides the available bandwidth into orthogonal sub-carriers that carry information



symbols such that each individual sub-carrier experiences flat fading. OFDM system
can be uncoded or channel coded but is an essential part of modern cellular networks.
Coded OFDM systems are discussed in detail in [7]. It is also possible to combine
OFDM systems with network coding to acquire the joint benefits of both techniques

in wireless communication.

1.1 Purpose of Thesis

This thesis highlights the performance analysis of various types of NC schemes in
different scenarios. This research is an extension of the work presented in the related
literature. Performance analysis is performed in terms of decoding failure probability
and bit error ratio (BER). Decoding failure probabilities, investigated in this thesis,
are functions of both fading environments and NC design. The system models
assumed in thesis provide performance improvements when NC is combined with
OFDM in cooperative relay networks. Channel codes are also optionally included in
the system to boost the performance. XOR network coding scheme with some

variation is also suggested and evaluated in thesis for two-way relay networks.

1.2 Literature Review

The related research utilized in the first part of thesis includes the computation of
exact successful decoding probability in RLNC at the destination node as a function
of the field size, packet loss probability and the number of sources and intermediate
nodes by Chiasserini et al. in [8] but the work assumed the similar packet loss
probability for all network links. RLNC offers several advantages over traditional
approaches of routing like providing completely distributed operation, adding more
redundancy for reliable communication, simplicity of implementation and reducing
number of packet retransmits in lossy environments to improve throughput [5]. In
[9], Xi et al. proposed a novel retransmission approach in wireless broadcasting
based on RLNC, which effectively reduces the average number of transmissions and
can achieve higher transmission efficiency than XOR based NC, especially in
environments having large number of broadcast receivers. In [10], a scheme based on
RLNC was proposed which aims to minimize the mean energy spent for transmitting
a pre-determined number of packets over channels where time division duplexing is

necessary.



The second and third parts of thesis are concerned with the bit error ratio (BER)
performance of NC systems and considerable research has been performed in this
regard. Compute-and-forward (CPF) NC [11] was proposed for general multi-source
cooperative diversity systems and symbol level network coding (SLNC) [12] for
wireless mesh networks. As mentioned before, CFNC [6] is another important
technique which offers a good option to realize the high throughput in relay based
cooperative wireless networks. An enhanced CFNC scheme with error control coding
and selective decode and forward (SDAF) was suggested by Cai et al. in [13] to
improve the accuracy of a cooperative communication systems. A CFNC scheme
based on repetition was proposed in [14], for typical asymmetric link scenario with
higher data traffic in downlink such as orthogonal frequency division multiple access
(OFDMA) systems, in order to enhance the decision accuracy of maximum
likelihood (ML) decision rule for achieving better results. But the existing literature
does not include channel coded CFNC systems with OFDM in cooperation based

networks.

Two-way relay networks are also an example of cooperative communication systems
but the cooperation is used for information exchange between two sources through
single or multiple relay nodes. A great deal of research has been contributed to study
two-way relay networks and evaluate their performance in various terms. The
utilization of NC for message exchange in two-way relay networks reduces the
number of time slots and this is accomplished by using the broadcast capability of
intermediate relay nodes [15]. Physical layer network coding (PLNC), a technique
using the additive nature of electromagnetic (EM) waves for coding purpose, was
proposed in [16] for information exchange in two-way relay networks. However, the
existing literature does not contain XOR network coded redundancy schemes at the

transmission end in OFDM based two-way relay networks.



2. RANDOM NETWORK CODING SYSTEMS IN FADING CHANNELS

NC was introduced by Ahlswede et al. in [3] to obtain the max-flow rate for single
source multicast that could be impossible to achieve by simply routing the data. NC
is based on the notion of computing and transmitting functions of packets at the
intermediate nodes, rather than simply routing packets [4]. Traditional ways to
operate a network, like routing, try to avoid collisions of data streams as much as
possible but allowing intermediate nodes to process the information can increase the
achievable rate in unicasting scenarios as compared to simple routing [17]. A further
enhanced concept, in which a block of data is taken as a vector over a certain base
field and every intermediate node applies a linear transformation to all such
incoming vectors, thus making encoding and decoding convenient in practice, is
called linear NC [18]. In other words, the information bits at the intermediate nodes
are received as packet vectors and the intermediate nodes encode the information
data by linearly combining the received vectors (packets), with coefficients selected
from a certain field of operation. Another variation of linear NC is RLNC in which
the coefficients to encode the packets at the intermediate relay nodes are randomly
extracted from a Galois field of size g with equal probability [5] which is suitable for
networks with unknown or varying topologies. In algebra, Galois field is a finite field
that contains finite number of elements, called its size or order. Galois field of size g
would contain g elements and g = p™, where p is a prime number and n is a positive
integer. In coding theory, many codes are constructed as subspaces of vector spaces
over finite fields [19].

However, in practical scenarios, the wireless communication link may fail and the
intermediate nodes may not receive all packets to be encoded. The primary reason
for packet loss in wireless communication links is fading. Chiasserini et al. in [8]
computed the exact probability of successful decoding in RLNC at the destination
node as a function of the field size g, the packet loss probability and the number of
sources and intermediate nodes. But the work assumed the same packet loss
probability for all the links between sources and intermediate nodes and a single

failed link for each intermediate node. In this part of the thesis, by extending the



work, the decoding failure probabilities in RLNC are analyzed, when the link failure

and hence the packet loss occurs due to Rayleigh and Rician types of fading [1].
2.1 System Model

Let assume that a set of N independent sources broadcasts messages to N
destinations via M relays, with M > N. The primary focus is on a two-hop relay
network without direct links between source and destination nodes, as shown in
Figure 2.1. So, the number of intermediate relay nodes is supposed to be greater than
or equal to the number of source nodes to ensure communication between sources
and destinations. However, the relay nodes can be smaller in number than source
nodes, when direct links between sources and destinations are present for
communication, to provide cooperation. Intermediate nodes serving as relays, encode
the incoming packets using RLNC but the incoming links may fail due to fading and

the packets may not be received correctly at the relays.

All of the N sources generate N packets with length L, bits, which are transmitted to
all of the M relays in total N time slots in a time division multiplexing manner. Then
all of the M relays encode the received packets using RLNC, and send the resulting
M packets towards the destination nodes in total M time slots again in a time division

multiplexing manner, as shown in Figure 2.2.

Figure 2.1 : System model, N sources and destinations and M relay nodes.
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Figure 2.2 : Packet transmission from sources to relay nodes in N time slots and
from relay nodes to destinations in M time slots, with T being the length
of each time slot.

If s; for i =1,...,N denotes the ith packet leaving the source S;, then encoding
operation performed at the relay nodes and the packets leaving the relay nodes

(ry, 1y, ..., Ty) are given by
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The coefficients used for encoding at the relay nodes (al-’l) are randomly extracted
from a Galois field of size g, with equal probability. All the nodes are assumed to be
equipped with half duplex (i.e. cannot transmit and receive at the same time) single-
antennas. The channel between sources and intermediate relay nodes is assumed to
be frequency flat fading, in particular Rayleigh and Rician fading. No erroneous
transmissions are assumed from relay nodes to the destination nodes, so, the
associated results represent the performance limit in case of ideal relay-destination
links. Let h;,; denote the instantaneous channel realization between the source S; and
relay node R, and the channel coefficient h;; remains constant during the

transmission time of the packet.

A total of NL, bits are transmitted by all sources in (N + M) channel uses, therefore

NL

the system rate is R = NAMT

bits per channel use (BPCU). Here, T is the length of

each channel use or time slot. The transmission rate R, for each packet transmission

is identical, equal to R, = L?b

= R(NTW) BPCU. Using the criteria given in [20] for
instantaneous mutual information transferred, as a function of channel coefficient
h;, and average signal to noise ratio (SNR) at the receiving end, p, the threshold

level for the channel to go in outage can be defined as



R(M+N)
2 N -1

= (2.2)

Therefore, the outage probability for the channel is given by
2
Py =B(Jhyl <7). (2.3)

When |hi,l|2 < 7, the channel with coefficient h;, is in outage and «;; will be
replaced by a 0 in the coding matrix in (2.1). Otherwise, the channel with coefficient
h;, is operational and hence «;; remains unchanged. Additionally, when the coding
matrix is not full rank, the source packets cannot be decoded. Thus, the failure in
decoding of the packets at the destination may occur due to linearly dependent

coefficients «;; as well as due to channel in outage that is an outcome of fading.
2.2 Decoding Failure Probability of Random Linear Network Coding

The probability for the successful decoding in RLNC systems under ideal conditions
is the probability that the coefficients extracted at the intermediate nodes for coding
operation, constitute a full rank matrix because for decoding, a destination node has
to collect as many linearly independent vectors as the number of packets that were
originally mixed in. The packet decoding is performed by solving the system of
linear equations, received as packet vectors, as shown in Figure 2.3. Only in case of a
full rank encoding coefficients matrix, all source packets can be decoded. The

decoding probability thus depends on the coding design and selected coefficients [8].

A large field size g ensures the selection of linearly independent encoding
coefficients in RLNC. Therefore, when the field size q is sufficiently large, say of
the order of 229, any received packet will be independent from those previously
obtained, with high probability and hence linearly independent packet vectors will
ensure the successful decoding of all the packets at the destination node [21]. On the
other hand, the decoding failure probability of RLNC under ideal conditions can be
defined as the probability that the matrix coefficients extracted at the encoding nodes

do not make a full rank matrix [4].
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Figure 2.3 : Packet decoding using linear packet vectors.

The presented system model and its functioning are incredibly simple, since the
functioning only comprises of the selection of random encoding coefficients from
the field of operation, comparison of each soure-relay pair channel coefficient with
the threshold level and the possible replacement of encoding coefficient if the
channel is in outage. However, the system complexity increases with the field size q

for encoding coefficient selection, number of sources N and relays M.
2.4 Simulation Results

In this part of thesis, the channel coefficients h;, between the sources and relay
nodes are generated using Rayleigh and Rician fading channel models. The K-
parameter kjy i.e., the ratio between the power in the direct path and the power in the
other scattered paths, in Rician fading channel is set to be equal to 3. Monte Carlo
simulations are performed for a large number of encoding matrices, having
coefficients a;, for each source-relay pair. The encoding matrix coefficients are
forced to zero entry as the channel goes in outage, according to (2.3). The
simulations are performed to find the decoding failure probability for different SNR

values, system rates R, field size g and number of relay nodes M.

The decoding failure probabilities with respect to SNR for both Rayleigh and Rician
fading channels are depicted in Figure 2.4 and Figure 2.5, respectively. The
simulations are made for different values of system rate R and field size q. It is easily
observable that as SNR increases, decoding failure probability decreases for both
fading types. Another important observation from the results is that the higher system
rates lead to higher decoding failure probabilities for the same values of SNR and

field size q. However, the decoding failure probabilities can be decreased for a



specific system rate R or SNR by increasing field size g as it is obvious from the

simulation results.

In addition to this, Rayleigh fading has higher decoding failure probabilities as
compared to Rician fading channel for the same values of SNR, system rate R, relay
node number M and Galois field size q. For example at an SNR of 10 dB and system
rate of 1 BPCU, the decoding failure probabilities of Rayleigh fading channel are
0.2194, 0.0373 and 0.0185 at field sizes of 4, 16 and 64 respectively. Whereas for the
same SNR and system rates, the corresponding decoding failure probabilities of
Rician fading channel are 0.1145, 0.0072 and 0.001 respectively. It can also be
observed in both Figure 2.4 and Figure 2.5 that after reaching a certain high SNR
value, both system rates give nearly same failure probability results for each field
size q. The reason for this is that the decoding failure probabilities, at higher SNR
values, no longer depend on fading but are more affected by field size. In other
words, the probability of the fading channel going in outage is always small at high

SNR for every system rate.
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Figure 2.3 : Decoding failure probability in RLNC under Rayleigh fading channel,
SNR for traffic sources N = 4, relay nodes M = 5, field size q = 4, 16,
64and R =1, 2.
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Figure 2.5 : Decoding failure probability in RLNC under Rician fading channel (kg
= 3), SNR for traffic sources N = 4, relay nodes M =5, field size q = 4,
16,64and R =1, 2.

The decoding failure probabilities with respect to varying field size g for Rayleigh
and Rician fading channels are indicated in Figure 2.6 and Figure 2.7, respectively.
The results are collected for two different system rates R and number of intermediate
relay nodes M. The observations clearly show that an increase in field size g leads to
a decrease in decoding failure probabilities in both fading environments, due to the
linear independence of selected coefficients used in coding operation in RLNC. In
other words, a larger field size q improves successful decoding probability. The
increased system rates again have higher decoding failure probabilities for the same
field size g and number of relay nodes M. But by increasing number of relay nodes
M, the decoding failure probability can be decreased in both fading types.
Additionally, Rayleigh fading again seems to have higher decoding failure
probabilities as compared to Rician fading channel. Like at field size of 16 and
system rate of 2BPCU, Rayleigh fading channel has decoding failure probabilities of
0.2294 and 0.1317 for 5 and 6 relay nodes respectively. While, at the same
parameters, the corresponding decoding failure probabilities of Rician fading channel

are 0.0726 and 0.06 respectively.

11



10~

10

| @ R M=5 oot R
| ——tb—R=1 M=6 [ SEREREEPTEPRPRITRE N SECETTEPERPPRRPRLTS
10 E-: RZE,IVI:S =
== =R=2M=6’

Decoding failure probability

2 4 8 16 32 64
Galois field size

Figure 2.6 : Decoding failure probability in RLNC under Rayleigh fading channel,
field size g for traffic sources N = 4, relay nodes M = 5, 6, SNR = 15
dBandR =1, 2.
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Figure 2.7 : Decoding failure probability in RLNC under Rician fading channel (kg
= 3), field size q for traffic sources N = 4, relay nodes M =5, 6, SNR =
15dBandR =1, 2.
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3. COMPLEX FIELD NETWORK CODING WITH OFDM IN WIRELESS
NETWORKS

With cooperative communication, spatial diversity gains can be achieved by using
relay nodes to forward signal from sources to destinations, and therefore it can be
potentially implemented in cellular, ad-hoc, sensor and other types of networks [2].
However, the increase in network size may lead to throughput loss and bandwidth
inefficiency. To address these issues, NC is considered for wireless relay networks
[22]. Several research efforts have been made to utilize the notion of NC with
cooperative networks, in different perspectives. This part of thesis considers CFNC
with OFDM in relay based cooperative wireless networks with single or multiple

sources [6].

CFENC was originally proposed by Giannakis [23] for linear constellation precoding
of symbols in MIMO systems in order to achieve coding gains. In contrast to other
types of network coding schemes, CFNC is quite simple and straightforward and can

facilitate the transmission of % symbol per source per channel use while providing

maximum possible diversity gain with multiuser detection. Furthermore, symbol
level synchronization of CFNC is more convenient to attain than bit level

synchronization [6].
3.1 System Model

The system under consideration consists of N source nodes, represented by S;,i €
{1,...,N}, M relay nodes, denoted as R;,l € {1, ..., M}, one destination D and K
available sub-carriers (SCs). The generalized system is classified into single-relay
and multi-relay systems for the purpose of explicit explanation, as shown in Figure
3.1 and Figure 3.2, respectively. Both types of systems comprise of two phases. The
process in Phase | that is OFDM operation with CFNC at the sources is illustrated in
Figure 3.3. Each source S; generates bits to be sent and all the bits are optionally

encoded using some channel encoding technique. The bits are modulated and
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multiplied with the complex coefficient 8;. For multiple of two N value, the values
of @ = [6,,...,0y] " are calculated as 6; = e/*(4n=D(-1D/2N) and for a multiple of

three N value, as 8; = e/mEn=D(=D/GN) for any n = 1, ..., N [6], [23].

Phase 1

— ——— Phase?2

Figure 3.1 : System model for CFNC with N sources and single relay, relay
scheduling.

Phase 1
————— Phase 2

Figure 3.2 : System model for CFNC with N sources and M relays, relay
scheduling.
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Figure 3.3 : OFDM operation with CFNC at sources.
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All sources then map their symbols to all the available K sub-carriers because the
multiplication of complex coefficients rotates the actual constellation of modulated
symbols and hence allows the joint detection of symbols from multiple sources, even
if the symbols are transmitted over the same sub-carriers. Subsequently, inverse fast
Fourier transform (IFFT) is taken at each source and cyclic prefix (CP) is appended
to prevent interference between sub-carriers. As the transmitted symbols are received
by each relay R;, CP is removed and the symbols are transformed to frequency
domain through fast Fourier transform (FFT), as depicted in Figure 3.4. Symbols
from each source S; are retrieved at each relay R, from their sub-carriers and the
further steps of amplification or decoding are performed depending upon the relaying
scheme at R;. In Phase 11, all the relays resend source symbols over the same given

sub-carriers employing the same conventional OFDM, as shown in Figure 3.4.

CP N .| Subcarrier
) Removal 2| FFT ! Demapping

Y

Relay
Operation
(AAF, DAF)

Y
CP B Subcarrier

N Addition IFFT < Mapping

Figure 3.4 : OFDM operation with CFNC at relays.

3.2 Maximum Likelihood Detection Rules for Networks with Single Relay

This section discusses the network model with a single relay, as depicted in Figure

3.1. Defining x[k] = [x[k], ...,xN[k]]Tas source symbols transmitted on
subcarrierk, k =1, ...,K, 8T = [6,, ...,0y] as the complex coefficient entries and P
as the average transmit power of each node, on sub-carrier k, the received signals at

R and D in phase | on sub-carrier k becomes
ysr[k] = VPO Hgp[K]x[k] + ngg[k], (3.1)

ysplk] = VPOTHgp [K]x[k] + ngp[k], (3.2)
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where Hgg [k] and Hgp [k] are S; — R and S; — D channel gain matrices respectively,
on sub-carrier k andngg[k], ngplk]represent additive Gaussian noise, with
variances o2 and o2, respectively. The possible relay operations after source

transmission are concisely described as follows.
3.2.1 Amplify and forward for networks with single relay

In AAF or non-regenerative scheme, the signal received at the relay is amplified with
square root of the factor g = ﬁ if all channel and noise variances are taken unity.

The amplified signal received at the destination node in Phase Il is

Yrolk] = hgp [k]P\/FeTHSR K] + hgplk \/_nSR +ngplk],  (3.3)

where hgp[k] is relay to destination channel gain on subcarrier k and ng, is additive
Gaussian noise with variance o2,. The ML detector at D uses information from both

phases and detects source symbols as shown

%p[k] = argming||ysp[k] — VPOTHsp [KIx[K]|

XEY

+||yrp[k] — hgp[K]P/BOTHep[K]x[K] ||2}, (3.4)

where X [k] == [ﬁl[k], o Xy [k]]T are the estimated symbols at D for each S; and y

is the set of symbols in the modulation scheme considered at S;.
3.2.2 Decode and forward for networks with single relay

In decode and forward (DAF) or regenerative technique, source symbols at R are
decoded and then re-transmitted, following the same series of steps as shown in

Figure 3.3 and Figure 3.4. Therefore, the ML process at R is

Xplk] = a’”gmi"{HYSR ‘/_GTHSR[k ” }- (3.5)

XEYX

Here, Xz[k] is the N x 1 symbol vector. Applying the link adaptive regenerative
(LAR) relaying scheme as described in [6], with scaled relay signals, the signal

received at D in Phase Il is
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Yrolkl = hgplk]y/ Palk]0"Rg[k] + ngp[k]. (3.6)

Here, a[k] represents the link-adaptive scalar at sub-carrier k and alk] =

min{¥sr[k]lVrplk]}
Yrplk]

, Where Jggx) IS the instantaneous signal-to-noise ratio (SNR) on

S; = R link and ygzp[k] is the average SNR on R — D link over sub-carrier k.

Finally, the ML detector for the transmissions with regenerative relay is

%plk] = argmin{|ysp[k] — VPO Hsp [kIx[k]|” +
XEX
kol = R ily/Pali] 67x(k]|| 3. (37)

3.3 Maximum Likelihood Detection Rules for Networks with Multiple Relays

The network model in this section comprises of multiple relays, as illustrated in
Figure 3.2. The channel states on all the S; - R; , S; » D and R; = D links are

assumed to remain invariant throughout the transmission, so, Hgg [k] =

diag(hs g, [k, ..., hsyr,[k]) and  Hgplk] := diag(hs,p[k], ..., hs,p[k]) again
respectively define S; - R, and S; — D channel gain matrices over k-th subcarrier.

This subsection again highlights two possible relaying strategies as explained below.
3.3.1 Amplify and forward for networks with multiple relays

Similar to the AAF scheme in Section 3.2.1, each source S; transmits its symbols to
each relay R;, [ =1,...,M and destination D, using CFNC with OFDM and the

received signals at R; and D during phase | are modeled by
Ysr,Lk] = \/ﬁeTHSRl[k]X[k] + ngg,[k] and  ysplk] = VPO Hgp [k]x[k] + ngp [k]
respectively. The signals at each R; are amplified in the similar way and are relayed

to D during Phase I1. The received signal at D during Phase Il is shown as
yrolk] = XL { hg,p[k] P\/—B Hgp, [K]x[k] + hg,plk]y/PBngg, [k
+ngp k] (3.8)

Subsequently, the ML detector for detecting source symbols, utilizing the

information from both phases becomes
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fplk] = argemin{”ySD — VPO TH,p [K]x[ || +
xex

||yRD Zl lthD[k P\/_HTHSRl[k ” } (3.9)
3.3.2 Decode and forward for networks with multiple relays

In DAF model with multiple relays, each phase consists of M channel uses (CUs), so,
during Phase I, all N sources transmit their symbols to M relays and destination in
first M CUs as mentioned in [6], using CFNC with OFDM. Different symbols

x[t, k] := [x1 [t, k], ..., xy[t, k]]T are sent by all source nodes to all relay nodes and
destination at each CU t, t = 1, ..., M, over sub-carrier k. Therefore, the received

signals at R; = D during CU t, over sub-carrier k can be written as
Vst k] = VPOSHgp [KIx[t, k] + ngg [t, k], (3.10)

ysplt, k] = VPOLHgp [K]X[t, k] + ngp[t, k], (3.11)

where 65 is an N x 1 vector of source complex coefficients. After M CUs, relay R,

uses ML detector for the source symbols sent at CU ¢ and sub-carrier k, as shown

%p[t, k] = argmin||ysg, [t, k] — VPO Hgg [K]x[t, k]|, (3.12)

XEYX

R, forwards the detected symbols with scaling coefficient a;[k] in CU M + [ [10] at

sub-carrier k and Phase Il reception at D can be modeled as

Yrplk] = hgplkly/ Paylk BRXRl[k + ng,plk], (3.13)
where 8y is an NM x 1 vector. Finally, after transmission of M symbols by each S;

over 2M CUs, the ML detector at D yields

Xplk] = argmm{Z”ySD t, k] \/_0 Hqp [k]x[t, k || +

x,x'€x o

2911”3’R1D[k] - thD[ ]\/ Pa,[k] 6 ” }. (3.14)
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3.4 Maximum Likelihood Detection Rules for Networks with Relay Selection

In relay selection (RS) technique, D chooses one out of M relays to serve as
transmission agent during Phase Il. RS can be implemented with both AAF and
DAF.

3.4.1 Amplify and forward for networks with relay selection

In RS with AAF scheme, D uses the products hg,p [k]\/E as the criteria to choose the

best relay as R, [k] = argmax|hg,p[k]\/B|- So, the chosen R, amplifies the received
=1,..M
signal and performs transmission during Phase 11, as follows

Yrplt] = hgplk P\/_B Hgg, [k]x[k] + hgplkl\/ PBngg,[k] + ngplk]. (3.15)

Subsequently, the ML detector for the recovery of source symbols can be written as

%, [k] = argmin{||ysp k] — VPO Hg, [kIx[k]||”

XEX

||y, k] = ha o [k PABOT Hg, [k || . (3.16)

3.4.2 Decode and forward for networks with relay selection

In RS with DAF protocol, D has got available products hg,p[k]/a,;[k] for each R,

and selects the best among them as R,[k] = argmax|hg,p[k]\/a;[k]| as stated in
=1,...M

[6]. Therefore, the selected R, performs transmission in M + 1 CUs and the

corresponding signal at D, over CU t = M + [ can be shown as

Vrplt, k] = hg,plkly Pay[k]07Rg [t, k] + ng p[t, k]. (3.17)

At last, after 2M CUs, the ML detector to recover source symbolsatt =1, ..., M CU

is given below
2
Rplt, k] = argmin{||ysp[t, k] — VPO Hsp [k]x[t, k]| +
XEX

yruolts, k] — b lk]yPa,(kI6O7x[t, k|| ), (3.18)
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where t; = M, ...,2M.

The system functioning at the transmission end just involves the multiplication of
complex coefficients with the modulated symbols and simultaneaous transmission to
relay and destination nodes. But the system complexity at the receiving end increases
exponentially with the number of sources N and the order of modulation, since ML
detection is involved for detecting different source bits. Moreover, for DAF systems
with multiple relays, increase in the number of relays M also results in higher system

complexity.
3.6 Numerical Results

In this section, various numerical results using Monte Carlo simulations for the
above mentioned network models are presented. Throughout the simulations, binary
phase shift keying (BPSK) modulation and frequency selective and slow fading
Rayleigh channel of unity power are assumed. BPSK modulation is used due to its
ease of implementation for a better system analysis and the higher order modulation
schemes can also be generalized in the similar way. An FFT size of 64 is used and
CP length is one-fourth times of the total FFT size. CP length is always taken greater
than the channel taps. Simulations are performed to generate BER versus SNR

curves in different scenarios.

In Figure 3.5, different numbers of source nodes are taken in distributed network
with a single relay and both non-regenerative (AAF) as well as regenerative (DAF)
relay types are considered. AAF seems to outperform DAF for any number of
sources and increase in the number of sources increases the margin of difference in
performance of AAF and DAF protocols. Therefore, less complex AAF gives better
BER results with greater number of sources but on the other hand it requires the
storage of analog waveform at the relays. It should be noted that the results for DAF

scheme are same as that in [6] even after OFDM is included in the system model.

Figure 3.6 summarizes the results of more generalized multi-relay distributed
network topology. Two sources are considered for both AAF and DAF relaying
protocols and RS technique is also investigated with AAF as well as DAF schemes to

enhance error performance.
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Bit Error Ratio

Signal to Noise Ratio (dB)

Figure 3.5 : BER versus SNR curves for CFNC with OFDM over unity variance
Rayleigh fading channel, M = 1, N = 2,3,4, AAF and DAF relaying
protocols, BPSK modulation.

|-+ M=2RS(DAF) |
| =0="M=2.RS(AAF) ||

Bit Error Ratio

0 q IIO 'lIS 2IO 25
Signal to Noise Ratio (dB)

Figure 3.6 : BER versus SNR curves for CFNC with OFDM over unity variance
Rayleigh fading channel, M = 1,2, N = 2, AAF and DAF and RS
(AAF and DAF) relaying protocols, BPSK modulation.
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However, RS implementation with both AAF and DAF requires the feedback from D
to send information about the best relay which makes it a bit more complex in
implementation than conventional DAF and AAF. Again the results for DAF
protocol (with and without RS) are similar to that in [6] after the addition of OFDM

in the network model for frequency selective fading channels.

Figure 3.7 depicts the performance study of two sources and single relay paradigm in
asymmetric link environment, when either of the sources or the destination are close
to R, for both AAF and DAF protocols. The average SNRs of the links with nodes at
smaller distances are 10 dB higher than the average SNRs of the other links. It can be
observed that with y¢r (source to relay average SNR) 10 dB higher than yg, (source
to destination average SNR) and y, (relay to destination average SNR), the average
BER performance improves approximately by 3 dB and 5 dB for DAF and AAF
protocols respectively, in comparison to the symmetric link scenario. However, the
difference in BER realizations is small when yg, is 10 dB higher than others. In
AAF, this improvement in BER performance is more obvious with greater ysz and
Vrp- The results for DAF with asymmetric links and OFDM once again resemble

those in [6] since slow fading Rayleigh channel is assumed.

0

10

_4| *=O=+ Symmetric Links, DAF Y c S
=Dk Symmetric Links, AAF
—+— Higher R to D SNR.DAF |3
10 *| —¥%— Higher R to D SNR.AAF
= &A= Higher S to R SNR.DAF
—s| = ©= Higher S to R SNR.AAF :
0 5 10 15 20 25
Signal to Noise Ratio (dB)

Bit Error Ratio
=

Figure 3.7 : BER versus SNR curves for CFNC with OFDM over unity variance
Rayleigh fading channel, M =1, N =2, AAF and DAF relaying
protocols with Asymmetric links between nodes, BPSK modulation.
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At last, in Figure 3.8, convolutional channel codes are integrated in system model as

shown in Figure 3.3 and the performance gain is observed as compared to the
uncoded schemes. Three different codes with code rates % % and i are employed in
two sources and single relay network topology and BER performances are observed.
The octets for rates -, = and - codes are [117 155], [123 135 157] and [117 127 155

171] respectively, with optimum distance properties to give a better coding gain

[24]. Hard decision Viterbi decoding is used at R; and D to get source bits and same
type of code is utilized at all nodes in the network. Simulation results show that rate %
code gives a performance gain of about 3 dB at a BER of around 10~2 for both AAF
and DAF schemes. This gain in performance is approximately 6 dB for rate % code

and nearly 7.5 dB for rate i code. Hence CFNC with OFDM seems to give

. . . 1
observable attainment in performance with even rate > code.
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Figure 3.8 : BER versus SNR curves for CFNC with OFDM over unity variance
Rayleigh fading channel, M =1, N =2, AAF and DAF relaying

protocols, BPSK modulation and convolutional codes of rate % % and %
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In this system, AAF always outperforms DAF because of the linear constellation
rotation properties of CFNC and the implementation of ML detection at both relay

and destination nodes with the information of channel states
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4. CHANNEL CODED COMPLEX FIELD NETWORK CODING WITH
OFDM IN WIRELESS NETWORKS

As mentioned in Chapter 3 of the thesis, CFNC is quite simple and straightforward
and offers a throughput as high as % symbol per source per channel use while

providing the maximum possible diversity gain with multiuser detection. In contrast
to other types of NC techniques, CFNC requires symbol-level synchronization that is

easier to attain than bit-level synchronization, as required by GFNC [6].

Cai et al. in [13] proposed an enhanced CFNC scheme with error control coding and
SDAF to improve error efficiency in adverse cooperative communication
environment. A repetition based CFNC scheme was suggested in [14] for typical
asymmetric link scenario, with higher data traffic in downlink such as OFDMA
systems, to improve the decision accuracy of ML decision rule. In this chapter of
thesis, channel coded CFNC with OFDM in multi-source single-destination wireless
relay networks is investigated to increase the error performance and overcome the
frequency selective fading nature of wideband wireless channels, for slow and
frequency selective Rayleigh fading channels. Both non-regenerative (AAF) and
regenerative (DAF) types of relays are assumed to obtain error performance results.
For multi-relay systems, RS technique is also considered with both AAF and DAF
protocols at the relay nodes for better performance. In addition to this, convolutional
codes having different code rates and constraint lengths are integrated with the
system model, as error control codes to accommodate the degrading effects of
wireless channel and different channel decoding techniques are employed. Finally,
asymmetric link environments, with relay nodes at different distances from sources

and destination, are also taken into account.

4.1 System Model

The system model is made of N source nodes, denoted as S;,i € {1, ..., N}, M relay
nodes, represented by R;,l € {1, ..., M}, one destination D and K available SCs, as
mentioned in Chapter 3. In generalized system, information bits from source nodes

are sent and relayed to destination node in two phases, as shown in Figure 4.1. The
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process in Phase I, that is OFDM operation with coded CFNC at sources is illustrated

in Figure 4.2.

Phase 1
_______ Phase 2

Figure 4.1 : Generalized system model for coded CFNC with N
sources and M relays, relay scheduling.

; _ lo.
1
Bits b Convolutlonal | Random | | Modulator F—
Encoder Interleaver
CP SC
€ € <€
Addition IFFT Mapping

Figure 4.2 : OFDM operation with coded CFNC at sources.

Each source S; generates bits to be sent that are encoded and interleaved. In contrast
to single-carrier systems, codewords in OFDM systems can be arranged, and
interleaving is done in frequency as well as in time to fully exploit frequency and
time diversities. Therefore, coded OFDM systems usually contain inner and outer
levels of channel coding, known as concatenated coding [7]. Typically, the inner
code in coded OFDM systems is a rate-half convolutional code with convolutional
interleaving and is useful in improving SNR performance. Decoding proceeds
through the OFDM SCs as if they all had been transmitted over the same channel.
The outer code is a powerful block code like Reed Solomon code with block
interleaving and provides robustness to the coded OFDM system in frequency
selective fading environments [7]. However, in the given system, only convolutional
encoding with random interleaving is considered for the sake of simplicity. The bits

are then modulated and multiplied with the complex coefficient 6;, as described in
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Chapter 3. All the sources then map their modulated symbols to all the available K
SCs because the multiplication of complex coefficients rotates the actual
constellation of modulated symbols and hence allows the multiuser detection of
symbols, even if the symbols are transmitted over the same SCs. Subsequently, K-
point IFFT is taken at each source and CP is appended to avoid interference between

sub-carriers.

As the transmitted signal from sources, ygg, is received at each relay R, its CP is

removed and K-point FFT is taken, as depicted in Figure 4.3 and Figure 4.4 for AAF
and DAF respectively.

[ or L[ se SC
Ysri | Removal Demapping \/_% Mapping
CP )
“ addition | "FFT

Figure 4.3 : OFDM operation with coded CFNC at relays for AAF.
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le F
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Figure 4.4 : OFDM operation with coded CFNC at relays for DAF.

Symbols from each source S; are retrieved at each relay R; from their SCs and the

further steps of amplification or decoding are taken depending upon the relaying
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scheme at R;. AAF just involves the amplification at relays with the square root of a
predefined amplification factor £, as can be seen in Figure 4.3. Whereas in DAF, all
source bits are first recovered at relays and then regenerated following the series of
steps, as indicated in Figure 4.4. Multiuser detection is made for S — R link signal
and soft decisions for all coded source bits are parallely deinterleaved. Coded source
bits are parallely decoded, re-encoded using the same convolutional encoder as S;
and randomly interleaved. After that, the bits are modulated with the same
modulation scheme as in S; and modulated symbols are multiplied with the complex
coefficient 8;. The regenerated symbols are then added and scaled with the square
root of the link-adaptive scalar « for diversity and power efficiency [6], as shown in
Figure 4.4. In Phase 11, all the relays transmit source symbols over the same available
K SCs employing the same conventional OFDM, as depicted in Figure 4.3 and
Figure 4.4. As the signals ys, and ygp, from source and relay nodes respectively,

arrive at D, CP is removed and K-point FFT of the received signals is taken.

Afterwards, multiuser detection takes place for both S = D and R — D link signals
and corresponding soft decisions for coded bits are added for each S;, as shown in
Figure 4.5. Then deinterleaving of symbols occurs according to the soft decisions,

following the decoding of source bits at D.

CP SC Multiuser
—

— — FFT [ :
Ysp | Removal Demapping Detector

CP SC Multiuser

Yrp | Removal Demapping Detector

<« Decoder [¢—{ De-Interleaver

<—| Decoder |<—| De-Interleaver |‘-

Figure 4.5 : Detection and decoding at D.
4.2 Multiuser Detection Rules for Networks with Multiple Relays
This sub-section discusses the multiuser detection rules applied at the relay nodes
and destination. For that purpose, cooperative networks are classified into single or

multiple parallel relays and relay selection categories. The network model in this

section comprises of any number of relays, as shown in Figure 4.1. The channel
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states on all the S = R, S - D and R — D links are assumed to remain invariant
throughout the transmission, so, Hgg [k] := diag(hg g,[k], ..., hsyg,[k]) and
Hgplk] = diag(hs,plk], ..., hs,p[k]) respectively define S—R, and S—-D
channel gain matrices over kth SC. This section highlights two possible relaying

strategies as explained below.
4.2.1 Amplify and forward for networks with multiple relays

During Phase | in the AAF or non-regenerative scheme, each source S; transmits its
coded symbols to each relay R;, [ = 1, ..., M, and destination D, using CFNC with
OFDM. Defining x[k] := [x,[k], ...,xN[k]]T as source symbols transmitted on SC
k,k=1,..,K, 87 :=1[6,,..,0y] as the complex coefficient entries and P as the
average transmit power of each node, on SC k, the received signals at R; and D in

Phase | on SC k can be modeled as
Vsr,Lk] = \/FGTHSRZ [k]x[k] + ngg,[k], (4.1)

ysplk] = VPO Hgp [K]x[K] + ngp (K], (4.2)

where ngg, [k], ngp[k] represent zero mean additive Gaussian noise, with variances

Usle and o2, respectively. The signal received at R, is amplified with square root of
the factor g = ﬁ if all channel and noise variances are taken unity and is relayed

to D during Phase I1. The received signal at D during Phase Il is shown as

Yro [K] 22911{}1&0 P\/_O HSRl 1+ thD \/ nSRl
nRD[k]' (43)

where, hg,p[k] is R — D channel gain on SC k and ngp[k] is zero mean additive
Gaussian noise with variance a2,,. The multiuser detector rules used in this paper are
similar in logic to the iterative multiuser decoder suggested in [13] and provide log-
likelihood ratios (LLRs) for the coded bits from each S;. Utilizing the information
from both phases, the LLRs corresponding to the S - D and R — D links on SC k
respectively become

Asplk] = minlysp ] ~ VPO s [iIx[kl|
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—min|ysp[k] — VPO Hgp [KIx[k]|, (4.4)

XEX™

2

Arplk] = mm

Yrolk ZthD P\/_OTHSRl Ix[k]

2
1, (4.5)

—min|ygp k] = Xils heyo [K1P/BO  Hsg, li]x[k

where ,* and ,~ are the set of modulated symbols with a coded “0” or “1” bit
respectively at S;. These LLRs are then added and later fed to decoder to obtain the

source bits.
4.2.2 Decode and forward for networks with multiple relays

In the DAF or regenerative relaying model with single or multiple parallel relays,
each phase consists of M CUs, so, during Phase I, all N sources transmit their coded

symbols to M relays and destination in the first M CUs as mentioned in [10], using

CFNC with OFDM. Different symbols x[¢t, k] := [x,[¢t, k], ..., xy[t, k]]T are sent by
all source nodes to all relay nodes and destination at each CU ¢, t =1, ..., M, over

SC k. Therefore, the received signals at R, and D during CU ¢, over SC k can be

written as
ySRl t, k] \/_BEHSRZ k]X[t k] + nSRl[t k] (46)

ysplt, k] = \/ﬁegHSD [k1x[t, k] + ngp[t, k], (4.7)

where 65 is an N x 1 vector, as defined in Chapter 3. After M CUs, relay R; uses
multiuser detection to generate LLRs for coded source bits at CU t and SC k, as

shown

2
Asr,[t k] = Qé)i(ﬂygzal[t; k] —VPo§ Hgp, [k]x[t, k]|

. 2
—min|yse,[t, k] — VPO Hs, [KIx[t, kI, (4.8)

Subsequently, each R; regenerates source symbol vector X,;[k] using the detected

bits, as illustrated in Figure 4.4. Applying the LAR relaying scheme as described in
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[10], in which relayed symbols are scaled before being forwarded to destination, the

signal received at D in Phase Il becomes

Yrplk] = hg,plklyPayk eRle[k + ngplkl, (4.9)

where 85 is an NM x 1 vector. Here, a;[k] represents the link-adaptive scalar at R,

min{]75Rl[k],]7RlD [k]}

over SC k and «;[k] = , Where g, [k] is the instantaneous signal-

to-noise ratio (SNR) on S — R, link and y p[k] is the average SNR on R — D link
[25] over SC k. Finally, after transmission of M symbols by each S; over 2M CUs,

the multiuser detection to yield LLRs at D from both phases can be written as

2
Asplk] = mmZ|y5D [t, k] — VPOLH;, [k [t,k]|

_f{rel)icr_l YtLi|ysolt, k] — VPOSHgp [K]xX[t, k]| , (4.10)
T ol
Arplk] = %&QZ |leD thD [kl Pa;[k]Okx [k]|
2
—meln_ YL 1|leD — hg,plk] Pal[k]egx’[k” : (4.11)

4.3 Multiuser Detection Rules for Networks with Relay Selection

In the RS technique, D chooses one out of M relays to serve as transmission agent
during Phase Il. This section implements RS with both AAF and DAF.

4.3.1 Amplify and forward for networks with relay selection
In the RS with AAF scheme, D uses hg,p[k] as the criteria to choose the best relay as

R,[k] = argmax|thD [k]|, for B being a constant term. So, the chosen R, amplifies
=1,..M

the received signal and performs transmission during Phase 11, as follows

Yrplt] = hg,plk] P\/_BTHSRl[k] 1+ hgplkly PBnrgg, [k
+ngp k] (4.12)
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The multiuser detection rule corresponding to Phase | for RS with AAF is the same
as described in subsection 4.2.1 for the AAF case. At last, the multiuser detection to

get LLRs for Phase Il can be written as

Arplk] = QiﬂlJ’RD thD P\/_OTHSRl Ix[k] |

—min|ynolk] =y, [1PBOT Hg, [Ixk]| " (4.13)

4.3.2 Decode and forward for networks with relay selection
In the RS with DAF protocol, D has got available products hgp[k]+/ a;[k] for each

R, and selects the best among them as R;[k] = argmax|hg,p[k]y/a;[k]| as stated in
=1,..M

[6]. Therefore, the selected R; performs transmission in M + [ CUs and the signal at
D, on SC k, over CU t = M + [ can be shown as

YRr;D [t, k] = thD [k]/ Pa[k] BT)A(RZ [t, k] + L5: %)) [t, k]. (4.14)

After 2M CUs, the multiuser detection related to Phase | to obtain LLRs for coded
source bits at t =1, ..., M CU is similar to the previously described DAF scenario
and for Phase Il is given below

|2

Arolk] = min |yeolts, K1 = heyo [K1Pa,[KTO"x [, k]
2
_)?161;(@|3’RZD [t1, k] — hg,p[k]y/Pa;[K]107x [t;, k]|, (4.15)

wheret; = M, ...,2M.

This system involves channel coding with CENC and OFDM resulting in a higher
system complexity at both transmission and reception ends. While, at the
transmission end, the coded and modulated source symbols are multiplied with the
complex coefficients, the system complexity gets doubled at the reception as
compared to the uncoded system. The complexity level of multiuser detector
increases with the number of sources N, number of relays M and the order of
modultion. LLR generation for each coded source bit at the reception results in

higher system complexity.
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4.5 Decoding Strategies

In this work, the multiuser detection rules to provide LLRs are derived by using
Max-Log-MAP approximation [26] and follow the same outlook as Max-Log-MAP
or soft output Viterbi algorithm (SOVA) [26] for decoding. The reason behind using
Max-Log-Map algorithm for obtaining multiuser detection rules is its reduced
decoding complexity as compared to the Log-Map algorithm. The Max-Log-MAP
Algorithm computes log-likelihoods for the best paths in the trellis, with bit zero as
well as bit one and uses their difference as LLRs [26] which allows the usage of
Max-Log-MAP as the decoding algorithm. In the similar way, SOVA also takes log-
likelihoods of the ML path and the best path with the complementary symbol, at the
given instant and returns their difference [26]. The two paths in SOVA are identical
to the two paths considered in Max-Log-MAP, therefore, soft Viterbi Algorithm can

also be used equivalently as a decoding strategy.
4.6 Numerical Results

In this section, various numerical results using Monte Carlo simulations are
presented for the above mentioned network models. Throughout the simulations,
BPSK modulation and frequency selective slow fading Rayleigh channel of unity
power are assumed. An FFT size of 64 is considered and CP length is one-fourth
times of the total FFT size. CP length is always taken greater than the number of
channel taps. In all simulations, a 4-state and rate-1/2 convolutional code with [5 7]
octets and a random interleaver of length 64 are used, unless stated otherwise and

BER versus SNR curves are generated in different scenarios.

In Figure 4.6, BER performance of the systems under consideration is presented.
Different numbers of source nodes are taken in cooperative network with a single
relay and both AAF as well as DAF relay types are considered. Moreover, both Max-
Log-MAP and soft Viterbi Algorithms are used for decoding. AAF appears to
outperform DAF for any number of sources and both decoding algorithms seem to
give almost the same performance for all scenarios. A difference of approximately 2
dB in performance loss can be observed for both AAF and DAF as the number of
sources increases from two to three. Moreover, this performance difference increases

with an increase in average SNR values. Both Viterbi and Max-Log-MAP appear to
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give almost same BER performance for AAF and DAF as well as for different

number of source nodes.

Figure 4.7 summarizes the results of more generalized multi-relay cooperative
network topology. Two sources are considered for both AAF and DAF relaying
protocols and RS technique is also investigated with AAF as well as DAF schemes to
enhance error performance. However, RS implementation with both AAF and DAF
requires the feedback from D to send information about the best relay which makes it
a bit more complex in implementation than conventional AAF and DAF. At a BER
of around 107>, two relays with parallel relay (PR) DAF operation give a
performance gain of just 0.5 dB over the single relay DAF network but this gain is
improved to 2.5 dB when RS with DAF is employed. The corresponding gain in
performance for AAF with PR and RS is almost 1 dB and 2.7 dB respectively.
Furthermore, a higher difference in performance can be observed as SNR increases,

showing the diversity facilitated by multiple relays.
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Figure 4.6 : BER versus SNR curves for coded CFNC with OFDM, M =1, N2,3,
Max-Log-Map and soft Viterbi decoding, AAF and DAF relaying
protocols.
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Figure 4.7 : BER versus SNR curves for coded CFNC with OFDM, M = 1,2, N =
2, AAF and DAF relaying protocols.

Figure 4.8 depicts the performance study of two sources and single-relay paradigm in
asymmetric link environment, when R is located either close to the sources or close
to the destination, for both AAF and DAF protocols. The average SNRs of the links
with nodes at smaller distances are 10 dB higher than the average SNRs of the other
links. It can be observed that with y5; (source to relay average SNR) 10 dB higher
than y5p (source to destination average SNR) and y, (relay to destination average
SNR), the BER performance improves by 3.7 dB and 3.3 dB for DAF and AAF
protocols respectively, at a BER of around 1073, in comparison to the symmetric
link scenario. However, the difference in BER realizations is comparatively small
when yzp is 10 dB higher than others. This improvement in BER performance is
more obvious at higher SNRs for both AAF and DAF schemes.

Finally, in Figure 4.9, convolutional channel codes with different code rates and
number of states in the code trellis are integrated. Another 128-state code with code

23 35 0
0 5 13F

network topology and BER performances are observed for both AAF and DAF.

rate 2/3 and octets [ is employed in two sources and single- relay
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Figure 4.8 : BER versus SNR curves for coded CFNC with OFDM, M =1, N = 2,
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Figure 4.9 : BER versus SNR curves for coded CFNC with OFDM, M =1, N = 2,
AAF and DAF relaying protocols, 128-State Rate-2/3, 4-State Rate-1/2
and 64-State Rate-1/2 convolutional codes.

It can be observed that 128-state code gives poorer performance than 4-state and 64-

state codes because it is a higher rate code while the codes with 4 and 64 states are
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lower rate codes, leading to their better performance. From the observations, it is
clear that even if rate-1/2 code gives better performance than high rate codes, the
BER performance of rate-2/3 with our network model is still acceptable for voice
applications at 12 dB SNR. At last, a considerable gain in performance can be seen
when the number of states in the trellis of rate-1/2 code are increased from 4 states to

64 states with octet values of [117 155].
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5. ENHANCED XOR NETWORK CODING SCHEME WITH OFDM FOR
TWO-WAY RELAY NETWORKS

Among all the joint applications of cooperative communication and NC, two-way
relay network is one of the most interesting and extensively studied communication
scenarios. A classical two-way relay network consists of two nodes exchanging their
information using intermediate relay nodes. Wu et al. in [15] exploited broadcasting
capability at the relay and showed that the utilization of NC reduces the number of
transmission slots, required to exchange a message in a two-way relay network. The
use of RS was suggested in [27] to boost system performance and throughput in two-
way relay networks with multiple relay nodes.

This chapter of thesis presents a flexible NC scheme for information exchange in
two-way relay networks. OFDM is included in the system to combat the frequency
selective fading nature of wireless networks. Compared to other conventional
strategies for two-way relay networks, this strategy performs Galois field addition or
bit-wise exclusive-OR (XOR) coding of multiple information packets at sources. The
XOR coded packet is transmitted to the relays along with the information packets.
This idea was proposed in [28] for one-hop broadcast wireless networks with a cross
layer design, using cyclic redundancy check (CRC) for error detection at media
access control layer. However, in the given work, a detection rule is defined at relay
nodes for correct recovery of source bits. Relay nodes, after the detection of source
bits, perform conventional Galois field addition of source bits. The suggested
detection rule, as will be seen in the next chapters, is quite simple and straight
forward. The XOR coded bits facilitate redundancy to acquire transmit diversity
gain, which in turn improves error performance of the two-way relay network.
Convolutional channel encoding is also included in the system to obtain desired error
performance. Different numbers of relay nodes are assumed for obtaining error

performance results and RS is also considered for multi-relay systems.
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5.1 System Model

The system comprises of two source nodes, denoted as S;, i € {1,2}, M relay nodes,
represented by R;, [ €{1,..,M} and K available OFDM SCs. Source nodes
exchange their information bits as packets through relay nodes, constituting a two-
way relay network, as shown in Figure 5.1. Phase | consists of media access where
sources send their information bits to the relay nodes in different time slots (TS), as
each S; uses the same set of K SCs. Phase Il is the relaying phase in which relay
nodes broadcast the processed packets of information to both sources again in single
or multiple TS, over the same K SCs. Each §; transmits its information bits in
separate TS during Phase | followed by each R;, broadcasting its information in

consecutive TS during Phase II.

— Phase 1
— = = 7 Phase 2

Figure 5.1 : Two-way relay network with two sources and M relays.

Figure 5.2 illustrates the series of steps taken at the source nodes for transmission of
information to relay nodes. Each S; generates its information bits that are
convolutionally encoded and then the encoded bits are grouped into packets,
represented as {X;(1), X;(2), ...} for S;. Then information packets at S; are bit-wise
XOR coded, such that X;(1)®X;(2) ...®X;(L) = X;(L + 1), where L is the total
number of packets that are XOR coded. The resulting XOR coded packets, along
with the information packets, provide redundancy at the transmission level. The bits
are modulated and then each S; maps its modulated symbols to all the available K
SCs. Later, K-point IFFT is taken at each S; and CP is appended to avoid interference
between SCs. Finally, both source nodes send their encoded and modulated
information to all relay nodes in two consecutive TS, during Phase I.
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Figure 5.2 : XOR network coding with OFDM at sources.

As the signal transmitted from §; to each R;, that is ys g, arrives at Ry, its CP is

removed and K -point FFT is taken, as indicated in Figure 5.3.

YsiR, Decoding
— CPY > FFT — SC : > Symbpl > of Source
Removal Demapping Detection .
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P
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I ——— !
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Figure 5.3 : Symbol detection XOR network coding with OFDM at relays.

Symbols from each source S; are retrieved at each relay R; from their SCs and then
the detection of information packets is made with the help of XOR coded packet. The
detection generates soft decisions for all coded source bits, transmitted on S; — R;
link, followed by the decoding of source bits at each R;. Then each R; performs the
classical network coding (XOR) of the detected bits from both sources. The resulting
relay bits are convolutionally encoded, forming packets, given as {X;(1), X;(2), ...}
for R;. These packets at R; are bit-wise XOR coded optionally, as mentioned above
for source nodes, granting transmission redundancy at R; as well. After that, the
coded bits are modulated, forming the symbols of information to be transmitted to

both sources in Phase Il. Each R;, then allocates its modulated symbols over the
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same available K SCs, followed by IFFT and CP insertion, as shown in Figure 5.3.
During Phase Il, each R; broadcasts its corresponding information with OFDM over
K SCs in subsequent TS.

As the broadcasted signal y,s, from each R, is received at S;, CP is removed and K-
point FFT of the received signals is taken, as depicted in Figure 5.4. Symbols
arriving from each R; are retrieved from K SCs and information detection is made
using all relay signals. If R; sends redundancy information or XOR coded packet, S;
utilizes it for the detection of information packets to provide soft decisions for all
coded relay bits, otherwise, the generation of soft decisions is made in a conventional
way. Relay bits are decoded using the soft decisions, made for coded relay bits,
transmitted on R; — S; link. Lastly, each source recovers the other source bits by
performing the XOR of the decoded relay bits with its own bits, completing
information exchange in the two-way relay network.

YRS CP SC
—> ) > FFT = S > Svymbol Detection
Removal Demapping -
v
Bits | Decoding of
< . < L'.
Retrieval Relay Bits

Figure 5.4 : Bit retrieval at sources.

5.2 Detection Rules

This section elaborates the detection rules applied at the relay and source nodes for
the retrieval of source and relay bits respectively. The two-way relay network is
classified into multiple parallel relay (PR) and RS categories for the purpose of

simplicity.
5.2.1 Detection with multiple parallel relays

The network model in this sub-section comprises of any number of relays, as shown
in Figure 5.1. The channel states on all the S; = R; and R; — S; links are assumed to

remain invariant throughout the transmission of a single phase, so, hgg,[k] and
hg,s;[k] respectively define S; — R, and R; — S; channel gains over kth SC during

the subsequent phases. Taking xg,[k] as source symbol transmitted by S; on SC k,
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k =1,..,K and P as the average transmit power of each S;, on SC k, the received

signals at R; during Phase | on SC k can be modeled as
ySiRl[k] = \/ﬁh’SiRl[k]xSi [k] + nSiRl [k]! (51)

where ng.g [k] represents zero mean additive Gaussian noise, with variance aSZiRl.
Quadrature phase shift keying (QPSK) modulation with Gray mapping and
frequency selective Rayleigh fading channel of unity power are assumed throughout
the simulations so, the components of hg g [k], hg,s,[k] and xg[k] are taken
accordingly. The detection rule employed follows the same outlook of the multiuser
iterative decoder proposed in [11] and gives LLRs for the coded information bits
from each S;. Utilizing both information and XOR coded redundancy bits, the LLRs
corresponding to the S; — R; link on SC k respectively become

] 2
ASiRl[kl] = ng(l+{|ysiRl [ki] — \/ﬁhSiRl [k1]xsi [k1]|

+ |J’siRl[kz] - \/ﬁhsiRl[kz]Usi[kzﬂz}
— min {Jysin, Uil = VPho,g, ey s [l ]|
+|ys,z, [k2] = VPhs g, [ka]vs, [k, 3, (5.2)

where y* and y~ are the set of modulated symbols with a coded “0” or “1” bit
respectively at S; and vg, represents the modulated symbol corresponding to the
XOR coded or redundancy bits at S; [13]. The SCs that carry information bits and
XOR coded bits for redundancy are respectively represented by k; and k,. These
LLRs, providing soft decisions on coded bits, are then decoded by soft Viterbi
algorithm to recover source bits since the detection rule follows the same logic as
SOVA. SOVA also takes log-likelihoods of the ML path and the best path with the
complementary symbol as inputs, at the given instant and returns their difference
[26]. Later, each R; follows the series of steps discussed in Section 5.1 to generate
relay signal, which is broadcasted to both the sources. The signal transmitted on the

R; = §; link during Phase Il becomes

Vrs; k] = ‘/ﬁthsi [k]xg,[k] + ng,s,[K], (5.3)
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where xg, [k] is the relay symbol with QPSK modulation and ng g, [k] is the zero
mean additive Gaussian noise, with variance o3 ,. Finally, after transmission of
symbols on R; — S; link, the detection rule to yield LLRs at S; can be obtained as
. 2
ARlSi [kl] = XTé;l_'_{lleSi [kl] - \/ﬁh’RlSi [kl]le [kl]l
l

+ |leSi[k2] - ‘/ﬁthsi[kz]URl[kz]lz}

2
- THin_{lleSi[kl] - VPhR{Si[kl]le[kln
XREX

+|yrys,[kz] = VPhy,s,[kzlvg, k2| 3, (5.4)

where vg, is the modulated symbol corresponding to the XOR coded or redundancy

bits at R;. As each S; receives broadcast signals from all relay nodes and finds LLRs

for the coded information bits sent by relays, it adds them as
ASL' [k] = /1R15i [k] + tt + ARMSL' [k]' (5'5)

It should be noted that this rule is only applicable when R; also uses redundancy
packet otherwise the detection is performed in the typical manner. The given sum of
the LLRs is then decoded by soft Viterbi algorithm to obtain relay bits, which are

added with the source bits in Galois field to recover the other source bits.
5.2.2 Detection with relay selection

In detection with RS, each S; is assumed to know all channel states between itself
and all relay nodes in the network and selects the best relay node as R;<[k] =

argmax|thSi [k]| for relaying phase, where [ = is the index of the selected relay.
=1,..M

This not only reduces the number of TS in Phase Il but also improves the
performance as will be seen in the next section. The rest of the procedure for
decoding and retrieval of exchanged bits is similar to the steps mentioned in
subsection 5.2.1.

The transmission involves bit-wise XOR addition of multiple information packets at
the sources and/or relays to generate XOR coded packet for redundancy at the

transmission level which may lead to higher complexity. But the detection to find
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LLRs for coded source bits at the reception is performed using an information and a
redundancy symbol at each relay independently. So, the complexity remains same for
any number of relay nodes but increases with the order of modulation. The system
complexity can be reduced by omitting the transmission redundancy during the

relaying phase but it leads to poorer error performance.
5.4 Simulation Results

This section presents various simulation results using Monte Carlo simulations for
the above mentioned two-way relay network model with different redundancy
schemes. A 4-state and rate-1/2 convolutional code is used for channel encoding and
an FFT size of 64 is considered. CP length is one-fourth times of the total FFT size
and CP range is always higher than the number of channel taps. SNR is defined as
the ratio of bit energy to noise and BER versus SNR realizations are explained in

different perspectives.

Figure 5.5 summarizes results for different redundancy protocols employed at both
sources and a single relay node. Here (L + 1,L) format is used to illustrate
information packets with redundancy, where L is the number of information packets.
(4, 3) and (3, 2) represent L = 3 and L = 2 information packets respectively and the
extra packet is used for providing redundancy using XOR coding of information
packets. From results shown in Figure 5.5, it can be observed that the error
performance can be enhanced by around 3 dB, at a BER of 1072, by using XOR
coded redundancy packet just at the source nodes, during Phase | transmission.
However, the inclusion of redundancy at sources as well as relays results in a
significant performance gain at higher SNR value. (3, 2) scheme has lower
information transfer rate than (4, 3) scheme since the redundancy packet is delivered
for just two information packets but appears to give slightly better error performance
than (4, 3) scheme in both scenarios. (4, 3) scheme maps three information packets to
a single redundancy packet which causes loss in the coding gain as compared to (3,

2) scheme.

Figure 5.6 depicts the performance study when different number of relays is
considered in the two-way relay network. (3,2) redundancy scheme is used for this
investigation. It can be seen that the increase in the number of relay nodes results in
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diversity gain but increasing M results in the loss of throughput in PR as each relay
broadcasts its packets in different TS, during Phase 1I. At a BER of around 10~3 and
M = 2, the performance gain is improved by 1 dB when redundancy is provided at
both sources and relays, in comparison to the redundancy at sources only. RS not
only enhances this performance gain to 1.5 dB but also increases the network
throughout because a single relay is chosen to carry information during Phase 1.
This enhancement in performance with an increase in the number of relays is more
obvious at higher SNR values in both cases that is redundancy provided at sources

only as well as redundancy provided at sources and relays.
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Figure 5.5 : BER versus SNR curves, N =2, M =1, (4, 3) and (3, 2) redundancy

schemes, QPSK modulation with Gray mapping.
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Figure 5.6 : BER versus SNR curves, N = 2, M = 1,2, multiple PR and RS for the
(3, 2) redundancy scheme, QPSK modulation with Gray mapping.

5.5 Comparison of CFNC and Enhanced XOR coded Schemes

CFENC has higher throughput and provides slightly better performance than enhanced

XOR network coded scheme for the same parameters but its system complexity at

reception increases exponentially with an increase in the number of source and rely

nodes. Enhanced XOR network coding scheme, on the other hand, requires separate

time slots for each node to send its signal in comparison to CFNC. But enhanced

XOR network coding scheme is better than CFNC in terms of simplicity of detector

at the receiving end.
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6. CONCLUSION AND RECOMMENDATIONS

This thesis is written to investigate the performance analysis of network coded
systems in cooperative relay networks. The first part of thesis considers a scenario
where various sources are multicasting their packets to destinations using RLNC at
the intermediate relay nodes and the links between sources and relay nodes are
subjected to Rayleigh and Rician types of fading. Analyzing the simulation results, it
can be concluded that Galois field size, SNR at the destination and number of
intermediate relay nodes are the crucial parameters to obtain the desired performance
in the communication scenarios having Rayleigh or Rician fading when RLNC is
employed to send packets to their destinations. Moreover, a low decoding failure
probability can be ensured by allowing appropriate values of field size, number of
intermediate nodes, SNR at the receiving end and system rate. However, the impact
of the fading channels needs to be taken into account in order to determine the

decoding failure probability accurately.

In the second part of thesis, CFNC is studied in combination with OFDM for
frequency selective Rayleigh fading channel in different scenarios of distributed
networks. CFNC, due to its constellation rotation properties, allows different sources
and relays to transfer their information on the same set of subcarriers, which leads to
better bandwidth efficiency. CFNC offers its own coding gain with the appropriate
design of complex coefficients and higher throughput in distributed network models,
and therefore, can be utilized in OFDM systems, to attain desired outcomes. The gain
in performance becomes more evident when channel codes with hard decision
Viterbi decoding are utilized in both non-regenerative (AAF) and regenerative
(DAF) schemes for relaying. The detection rules for CFNC are more complex when
used in cooperative relay networks but the overall system throughput is significantly

increased.

The third part of thesis integrates channels codes in the system model of the second
part and uses soft decision Viterbi decoding to obtain better performance. So, coded

CFNC is combined with OFDM for frequency selective Rayleigh fading channel in
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different scenarios of relay networks with AAF as well as DAF. CFNC offers its own
coding gain with the appropriate design of complex coefficients and an observable
attainment in performance is possible if convolutional codes are also combined with
it and soft decision decoding is employed. Max-Log-MAP decoding is also used in
contrast with soft Viterbi decoding and it is shown that both decoding algorithms

almost give the similar performance results.

An enhanced XOR network coding scheme is analyzed in the fourth part of thesis for
two-way relay networks. OFDM and convolutional channel codes with soft Viterbi
decoding are also utilized in the system model. The suggested method involves
redundancy at the transmission level at sources and an optional redundancy in the
relaying phase. The detection rules are simple. LLR calculation involves an
information bit and a redundancy bit for any number of XOR coded information
packets but provides considerable improvement in error performance. The
performance gain can be significantly improved with the use of RS for multiple

relays in the network.

Some of the future recommendations to get better performance with the proposed

systems are given below

e The gain in performance for both channel coded CFNC and enhanced XOR
network coding schemes can be enhanced even further if more powerful
channel codes such as turbo or low density parity check (LDPC) codes are

invoked in the system model.

e In this thesis, sub-optimum RS scheme is used in both channel coded CFNC
and enhanced XOR network coding techniques since it only depends on relay
to destination channel states. The system can also be implemented with
optimum RS scheme, utilizing both source to relay and relay to destination

channel states for increasing system performance.
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