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Abstract

Recently, the main trend in wireless communications has shifted from voice trans-
mission to data communication. Naturally, this shift caused an increase in the
data rate and bandwidth requirements. Being a limited and thus expensive re-
source, wireless spectrum needs to be used efficiently. For higher spectral and
data rate efficiency, new spectrum-allocation policies as well as new transmission
techniques are needed. Cooperative and cognitive radios are promising emerging
technologies, which can enable efficient spectrum resource utilization as well as

high data rate transmission in the next generation wireless networks.

This thesis addresses wireless relay networks consisting of multiple cooperative
and/or cognitive nodes. The main contribution of this thesis is the extension of
cooperative strategies from two users to three user settings, focusing on mutual
cooperation. In the first part of this dissertation, we concentrate on a superposi-
tion block Markov encoding based three user cooperative communication scheme
for a fading Gaussian multiple access channel. We consider all possible channel
conditions between users and propose a channel adaptive block Markov encoding
strategy. In the second part of this thesis, for the same three user MAC model we
discuss a new channel non-adaptive superposition block Markov encoding struc-
ture which enables all three users to cooperate collectively as well as in pairs.
The proposed cooperation models not only provide increased diversity to all par-
ticipating users, but also contain as special cases the multiple relay channel and
the multiple access relay channel. In the third part, we focus on the joint use
of cognition and cooperation. In particular, we consider overlay and underlay
cooperative-cognitive radio models with one primary and two secondary users.
We extend the cooperative encoding models developed for the three user MAC to
the cognitive set-up. In all three problems studied in this thesis, we obtain new

and improved achievable rate regions, by cognition and/or cooperation.



KABLOSUZ AGLAR ICIN COK KULLANICILI
ISBIRLIKLI PROTOKOL TASARIMI VE
ENIYILENMESI

C)zet

Son zamanlarda, kablosuz haberlesme alanindaki baslica trend, ses iletisimden
veri iletigimine dogru kaymistir. Dogal olarak bu kayma veri hiz1 ve band genisligin
de artan bir ihtiyaca neden olmustur. Mevcut kaynaklarin limitli ve pahali olmasi
sebebiyle de, kablosuz spektrumun efektif bir sekilde kullanilmas1 gerekmektedir.
Daha yiiksek spektrum ve veri hizi verimliligi icin, yeni iletisim tekniklerine ihtiyag

oldugu gibi yeni spektrum paylasim politikalarina da ihtiya¢ bulunmaktadir.

Bu tez, ¢oklu igbirlikli ve/veya biligsel birimleri kapsayacak sekilde kablosuz role
aglara yonelik olarak hazirlanmigtir. Bu tezin en onemli katkisi, igbirlikli strateji-
lerin iki kullanicidan ti¢ kullanicinin ortak igbirligine dayal olarak geligtirilmesidir.
Bu tezde ilk kisimda, birgok yeni igbirlikli Gauss ¢oklu erigim kanali iki kullanicili
iste bindirmeli blok Markov kodlamanin onemli bir sekilde gelistirilmesi ile ti¢ kul-
lanic1 igin igbirligi stratejileri onerilmistir. Bu tezin ilk kisminda, sontiimlenmeli
Gauss coklu erigim kanali i¢in i¢ kullancili igbirlikli haberlesme modeline bagh
olarak tiste bindirmeli blok Markov kodlama teknikleri geligtirilmistir. Kullanicilar
arast tim kanal durumlarim goz oniinde bulundurulmug ve kanal adaptif bir
blok Markov kodlama stratejisi onerilmisgtir. Tezin ikinci kisminda ise, ayni iig
kullanicih CEK modeli i¢in, tiim kullanicilarin eszamanli olarak ikili ve tiglii
igbirligine adanmig farkli mesajlar iizerinden isbirligi yapabildikleri yeni kanal
adaptif olmayan bir blok Markov kodlama yapisi onerilmistir. Onerilen igbirlikli
modeller sadece es zamanlh ¢ok kullanicili igbirligine imkan tanimakla kalmayip,
ayni zamanda ¢oklu réle ve ¢oklu erigim réle kanalini da 6zel birer durum olarak
icermektedir. Uciineii kisimda biligsellik ve igbirliginin ortak kullammina odak-
lanilmgtar. Ozellikle, alta ve {iste serim igbirlikli-biligsel radyo modelleri, bir
birincil kullame ve iki ikincil kullamc ile ele almmstir. Ug kullameih CEK icin
geligtirilen igbirlikli kodlama modelleri biligsel kuruluma dogru genisletilmigtir.
Bu tezde galigilmig olan her bir problemde, biligsel ve/veya igbirlikli yapimin kul-

lanilmasiyla yeni ve gelistirilmig ulagilabilir veri alanlari elde edilmistir.
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Chapter 1

Introduction and Structure of the Thesis

1.1 Introduction

With the increasing user demand, next generation wireless networks aim to achieve
higher data rates and more reliable communication. However, due to multipath
fading, severe shadowing and pathloss, wireless communication systems face some
fundamental capacity limits. In order to push these limits further, several diver-
sity techniques, such as frequency diversity, time diversity, spatial diversity and

recently cooperation diversity have been proposed.

Frequency diversity technique can be used to combat frequency selective fading
effects. Meanwhile, time diversity can be an effective way to combat time se-
lective fading if error control and interleaving methods are employed together.
The spatial diversity technique can combat both frequency selective fading and
time selective fading via multiple antennas. In other words, the main benefit of
spatial diversity is that it provides a way to prevent effects of multi path fad-
ing. Although spatial diversity is clearly advantageous on a cellular base station,
it may not be practical for other scenarios (e.g. mobile phones). Specifically,
due to size, cost, or hardware limitations, a wireless device may not be able to
support multiple transmit antennas. Therefore, alternative means of achieving
spatial diversity are needed. One such alternative is to employ user cooperation
to develop diversity gain in the absence of more than one antenna at the same

mobile device. User cooperation makes efficient use of the available resources, in

1



that it exploits what comes for free in wireless networks, i.e, side information, to
create additional diversity in transmissions, by forming a virtual antenna array
for transmissions. This thesis invariably focuses on this type of diversity, i.e., user

cooperation diversity.

Roots of user cooperation date back to the introduction of the relay channel. The
communication from a single source to a single destination with the help of any
other communicating terminal is called relay communication. Basic information
theoretic treatment of the relay channel dates back to 1970s and has been carried
out in many ways by various researchers. The three-terminal relay channel (set-
up in Figure 1.1) which is basis of cooperative communication was introduced by
van der Meulen [1], [2]. For the general single relay channel, several capacity
upper and lower bounds were obtained in [3]. In the case of the degraded relay
channel in which the communication channel between the source and the relay is
physically better than the source-destination link, the capacity can be obtained
[3] but the capacity of the setup in Figure 1.1, where the destination is able
to hear both source and relay remains unsolved in general case. In terms of
relaying strategy, the relay may simply forward the signal received from the source
terminal (amplify-and-forward (AF)) or retransmit the estimates of the received
symbols obtained by detection (decode-and-forward (DF)) or quantize the signal
received from the source (compress-and-forward (CF)). Usually, in cooperative
communication systems, two basic relaying modes are used: AF and DF. These
two transmission schemes were discussed by Laneman and Wornell in [4]. In AF
scheme, the relays amplify the received signal subject to a power constraint and
retransmit it to the destination. In DF scheme, the relay performs hard decisions
before retransmission. It decodes the received source message, re-encodes it, and
forwards the resulting signal to the destination. Note that, since the relay must
perfectly decode the source message, the achievable rates are accordingly bounded
by the capacity of the channel between the source and relay. In [5] different types
of AF relay settings are studied and general expressions for the aggregate SNR at
the destination are derived for a varying number of relaying nodes. The approach

in [5] is motivated by the previous observations that AF relays can sometimes
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Figure 1.1: Three-terminal relay channel

approach or exceed the performance of their DF counter parts [6]. QF (quantize-
and-forward (QF)) relay implementation is considered by Katz and Shamai in [7]
and shown to be superior, in terms of average throughput, with respect to the
DF and AF relays, in the presence of a direct link, and a fixed known channel

gain on the relay destination which models a two co-located user cooperation.

The efforts in obtaining achievable rates for multi-terminal cooperative communi-
cation are certainly not limited to two transmitter scenarios. The three-terminal
relay channel can be extended to models consisting of two or more transmitters
that intend to transmit independent messages to a decoder in the presence of one
relay, namely multiple access relay channel (MARC). The MARC was introduced
by Kramer et al. in [8] and has been extensively studied from a channel coding
perspective. Several encoding schemes with achievable rate regions have been
presented for the MARC in references [9], [10] and [11]. In [9], Kramer et al.
derived an achievable rate region for the MARC with independent messages. The
coding scheme employed in [9] is based on DF relaying, and uses regular encod-
ing, successive decoding at the relay, and backward decoding at the destination.
In [11], it was shown that, in contrast to the three-terminal relay channel, in a
MARC, different DF schemes yield different rate regions. In particular, backward
decoding can support a larger rate region than sliding window decoding. Outer

bounds on the capacity region of MARCs were obtained in [10]. More recently,



capacity regions for two classes of MARCs were characterized in [12].

In contrast to MARC, in multiple relay communication (MRC), a group of relays
help the communication between one source and one destination. The results
of Cover and El-Gamal [3] were generalized to networks with multiple relays by
El-Gamal a few years later in [13]. In subsequent studies, the deterministic relay
networks with no interference, and deterministic broadcast relay networks and
their rate region were obtained by Tse [14], Cover [15] and Lifang [16], respec-
tively. Further studies in recent works on the capacity of multiple relay communi-
cation appeared in [6], [10], [17], [18], [19], [20], [21], [22], [23], [24]. As discussed
above, extension of cooperative strategies from two to multiple users in MARC
and MRC have been widely investigated, but the main focus has been on strate-
gies relying on dedicated relaying rather than mutual cooperation perhaps due
to the difficulty of generalizing the encoding strategies, and more importantly, of

characterizing the seemingly much more complicated achievable rate regions.

The model where two transmitters transmit to a common destination and these
transmitters also receive a common feedback from the destination was introduced
by King in [25] . In [26], Carleial generalized this model to include different
feedback to the two transmitters. It is easy to see that the relay channel is a
special case of Carleial’s model in [26]. Remarkably, as discussed by Kramer et
al. in [9], Carleial introduced a coding scheme that is different from, and in some
respects preferable to the superposition block-Markov encoding introduced by

Cover and El-Gamal, in [3].

Recently, a new class of relaying methods named, multi-user cooperative commu-
nication, have been proposed. These methods enable single antenna mobiles in a
multi-user environment to share their antennas and generate a virtual multiple-
antenna transmitter that allows them to achieve transmitting diversity without
bandwidth expansion. Multi-user cooperative communication is also one of the
fastest growing areas of research, and it is enabling for efficient spectrum use
in the future. Multi-user cooperation is possible whenever there is at least one

additional node willing to aid in communication as illustrated in Figure 1.2. The
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Figure 1.2: Basic scheme for two user’s cooperative communication with each
user node as both a user and a relay.

relays (users) have their own information to send, so all terminals help one an-
other to communicate by acting as relays for each other. Multi user cooperation
roots from toy information theoretic model, called multiple access channel with
generalized feedback (MAC-GF). A seminal work on user-cooperation which ap-
peared in the recent years is Sendoranis, et al. [27], [28]. In this work, the
authors apply the MAC-GF model to a wireless setup, and propose user coop-
eration as a form of diversity in a mobile uplink scenario, and show its benefits
using various metrics. In this proposed scenario, the partners can overhear each
other’s transmissions though the wireless medium, process this information and
re-transmit to collaborate. This provides extra observations of the source signals
at the destinations, the observations which are dispersed in space and usually dis-
carded by current implementations of cellular, wireless LAN or ad-hoc systems.
Beside this, there exists several remarkable contributions by Laneman et al. and
Janani et al. in [29] [30], which study the performance of important relaying

protocols in fading environments.

User cooperation can push the achievable data rates close to their fundamental

limits within the allocated spectrum. However, the spectrum allocation itself is



still very rigid. One possible way of utilizing the available spectrum more effi-
ciently is to allow secondary user to access the already used spectrum, by sharing
the resources of primary users that are already in the network. This idea is
called as cognitive radio, and it is based on the principle of providing service
to secondary users without adversely affecting the primary user communication
quality. The term cognitive radio was first suggested by [31] where cognitive ra-
dio is presented as an extension of software defined radio enhancing flexibility of
personal wireless services. Haykin [32] and Le et al. [33] provide a good overview
of cognitive radio research and the semantics of cognitive radio. Information
theoretic approaches are applied in [34], [35] [36] [37] where three approaches
to cognitive radio emerge: underlay, overlay and interweave. Generally, in each
cognitive radio approaching network, two forms of users exist, primary users and
secondary users. Primary users have higher priority than the secondary users
in the utilization of the spectrum. Both underlay and overlay approaches allow
concurrent primary and secondary user transmissions. Each of them propose a
different level of cognition, leading to different challenges in wireless medium [37].
Underlay or interference control model allows concurrent transmission of primary
and secondary users in ultra wideband (UWB) fashion where the primary users
are protected by enforcing spectral masks on the secondary signals so that the
generated interference is below the noise floor for the primary user. However,
underlay allows only short-range communication due to the power constraints.
Overlay or known interference model also allows concurrent transmission of pri-
mary and secondary users. The secondary users use part of their transmission
power for relaying the data of primary users and part of the power for their own

secondary transmission.

The objective in theoretic approaches is to characterize the achievable rates in a
cognitive radio network under various assumptions on how the secondary users
interfere with the primary users. The article [37] provides an overview of the
different approaches for the primary/secondary data transmission and their im-
pact on the achievable performance. The mathematical models of the overlay

approaches can be found in [34] and [36]. Development of cognitive models and
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resource allocation under these models, remain as open problems and are ad-

dressed by this thesis

Motivated by above, in this thesis, we propose several three user cooperation
strategies, based on non-trivial extensions of two user block Markov superpo-
sition encoding for a cooperative Gaussian multiple access channel (MAC) and
also focus cooperative-cognitive radio in underlay/overlay set-ups. We obtain
the expressions for the resulting achievable rate regions and maximize these re-
gions as a function of user transmit powers. We demonstrate through simulations
that the participation of an extra user in cooperation provides significant rate

improvements.

1.2 Structure of the Thesis

This thesis is organized as follows. In Chapter 2, we introduce the related
background materials about wireless communication technology and give a brief
overview of the main information theoretic results found in literature on the relay
channel with and without cooperation. Further, we discuss some capacity bounds

that have been derived for two user cooperative channel.

In Chapter 3, we introduce our three user cooperative MAC model, and pro-
pose encoding and decoding policies that rely on a non-trivial extension of the
well known block Markov superposition coding. We characterize, and evaluate
the rate region achievable by our proposed encoding-decoding techniques. We
demonstrate that the added diversity due to the presence of an additional user
may translate into significant rate gains, especially near the sum rate point. It
has to be noted that our propositions and derivations here are only preliminary
results on a wide open and relatively untouched problem, and many variations to

the encoding policy can be developed.

In Chapter 4, in contrast to proposed system model in Chapter 3, we introduce
a new three user block Markov encoding strategy, in which pairwise and collec-

tive cooperation is performed based on dedicated sub-messages, and obtain the
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resulting achievable rate regions. We demonstrate that these regions are larger
than achievable rate regions for two user cooperative MAC, two user one relay
MARC, and may even be larger than those for known adaptive three user encod-

ing/decoding policies.

In Chapter 5, based on our fundamental studies in Chapter 3 and 4, we propose
a cooperative-cognitive system where underlay and overlay cognitive approaches
are considered together with one PU and two SUs. In our proposed system mod-
els, switching from an overlay mode to an underlay mode enable to guarantee the
rate of primary user Rp > B* and obtain the maximum sum rate. The proposed
system model is normally working in overlay mode and thus the maximum sum
rate can be obtained while holding the rate of primary user Rp > B*. However,
since the rate of primary user does not hold Rp > B*, the proposed system model
operates in an underlay mode and secondary users are cooperatively allowed to
send their packets to a destination even though the primary user is directly trans-
mitting. In such a case, switching to an underlay mode is beneficial to primary
user to guarantee the rate constraint Rp > B*. We obtain and optimized the SU
achievable rate regions, while keeping the PU rate at its single user optimum. The
overlay protocol, which requires only a slight modification of PU transmissions
in the form of power control, provides significant rate improvements, especially
when the PU is far from the destination, compared to the SUs. Through math-
ematical and numerical analysis, we compare the performance of our proposed

overlay system to that of proposed underlay scheme.

Most of the works explained in these chapters can be found in reviewed research

papers. Chapter 3 appeared in [38],[39], Chapter 4 in [40] and Chapter 5 in [41].



Chapter 2

Background

In this chapter we give a brief overview of information theoretic aspects of sin-
gle / multi user channel(s). Throughout this section, we state the basic system
models for both discrete memoryless and Gaussian multiple-access channels, along
with known achievable rate results in different communication and encoding/de-

coding strategies.

2.1 Fading

The communication channel provides the connection between the transmitter and
the receiver. The physical connection can be established in different wayS such
as a pair of wires that carry the electrical signal, or an optical fiber that carries
the information on a modulated light beam, or an underwater ocean channel in
which the information is transmitted acoustically, or free space over which the
information-bearing signal is radiated by use of an antenna. The common problem
in propagating a signal through any channel is additive noise. In general, addi-
tive noise is generated internally by components such as a resistor or solid-state
devices. This type of noise is sometimes called the thermal noise. Other types of
noise and interference may cause externally, such as interference from other users
of channel. Besides noise and interference, other types of the signal degradation
are signal attenuation, amplitude and phase distortion, and multipath distortion

[42]. These effects are illustrated in Figure 2.1. These are of several basic types
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Figure 2.1: Ilustration of multipath effects in wireless communication

for propagation loses in wireless channels: one of them is shadow fading. Shadow
fading results from the presence of objects (buildings, walls, etc.) between trans-
mitter and receiver. Shadow fading is typically modeled by attenuation in signal
amplitude that follows a log-normal distribution. The variation in this fading is
specified by the standard deviation of the logarithm of this attenuation. Multi-
path refers to multiple copies of a transmitted signal are received at the receiver
due to the presence of multiple radio paths between the transmitter and receiver.
These multiple paths arise due to reflections from objects in the wireless chan-
nel. Multi-path from scatterers that are spaced very close together will cause
a random change in the amplitude of the received signal. Due to central-limit
type effects, the resulting received amplitude is often modeled as being a complex
Gaussian random variable. This results in random amplitude whose envelope has

a Rayleigh distribution, and termed as Rayleigh fading.

When the scatterers are spaced so that the differences in their corresponding path
lengths are significant relative to a wavelength of the carrier, then the signals ar-
riving at the receiver along different paths can add constructively or destructively.
This gives rise to fading that depends on the wavelength or equivalently the fre-
quency of radiation, which is thus called frequency-selective fading. When there
is relative motion between the transmitter and receiver, this type of fading also
depends on time, since the path length is a function of the radio geometry. This
results in time-selective fading. (Such motion also causes signal distortion due
to Doppler effects.) The time delay of arrival along different paths is significant

relative to a symbol interval. This results in dispersion of the transmitted signal,
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and causes inter-symbol interference (ISI); contributions from multiple symbols

arrive at the receiver at the same time.

The statistical characterization of multi-path communication channel should be
developed to determine effects of propagation. The starting point of the devel-
opment of the characteristics, is determining a channel impulse response h(t; 7),
which is characterized as a complex-valued random process in the ¢ variable. If
h(t;T) is assumed to be wide-sense- stationary, then the autocorrelation function

of h(t;7) can be defined as
1
Rc(Tl,TQ;At) = §E[h*(T1,t)h(T2,t+At)] (21)

Generally, the attenuation and phase shift of the channel associated with path
delay 7 is uncorrelated with the attenuation and phase shift associated with path
delay 7 in the communication. This case is called as uncorrelated-scattering.
From this assumption which are scattering at two different delay is uncorrelated

and incorporate it into (2.1) the following equation can be obtained.
1
§E[h*(71; t)h(1o;t + At)] = Ro(11; At)d (11 — 72)

If At =0, the autocorrelation can be defined as R.(7;0) = R.(7) and a function
of time delay 7. Beside this, R.(7; At) is called as the multi-path intensity profile
or the delay power spectrum of the channel. To characterize the channel, there
is need to pass to the frequency domain by taking Fourier transform of R.(7;t).
In case of taking Fourier transform of R.(7;t) the time variant transfer function

H(f,t) is obtained by using following equation.

H(f:t) = /_ " bt r)e I (2.2)

[e.e]

Since h(t; T) is complex-valued zero-mean Gaussian random variable, the transfer

function H(f;t) has the same statistical property. Under this consideration, the
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autocorrelation function can be expressed as

R(fr. ) = S BLH (s ) H (st + A)

Since H(f;t) is Fourier transform of h(7;t), it is easy to establish a relationship

between R.(fi, fo; At) and R.(71, 72; At) by using (2.2). Thus,

Re(fi, Jo; A1) = / / E[h*(t; )h(ro;t + At))e TN ) 4y dy
/ (113 AN (1 — To)e 2T R) gy d

/ o(m1; At)e 2T R)
R

(13 At —J27r(f1—f2)7'1d7_1

-/.
/.
— [ Rutmiane
/_ Z R(r; At)e 92740 dry
= R,(Af; Ab) (2.3)

where Af = f; — fo. The function R.(Af;At) is closely related to frequency
difference Af. For this reason, it is called as the spread-frequency, space time
correlation function of the channel. In case of choosing At = 01in (2.3) R.(Af; At)
and R.(7; At) can be determined as R.(Af;0) = R.(Af) and R.(7;0) = R.(7)
with the following relationship.

Ru(Af) = /_ T Ru(r)e AT g (2.4)

where R.(Af) is a metric of frequency coherence of the channel. From (2.4), the

relationship between Af and 7 can be approximately denoted as

1
Afcoherence N o=
T

where A feonerence 18 the coherence bandwidth. Depending on the value of A feonerences

the channel can be divided into two categories. When A feonerence < bandwidth

, the channel is called as frequency-selective. In this case, the signal is distorted

12



A feonerence < bandwidth A feonerence > bandwidth

Atconerence < symbol duration  Frequency selective fast fad-  Frequency non-selective fast

ing fading
Atconerence > symbol duration  Frequency selective slow  Frequency non-selective
fading slow fading

Table 2.1: Classifications of fading channel.

by the channel. In the second case when A f.onerence > bandwidth , the channel
is denoted as frequency-nonselective. In addition to Af in R.(Af; At), At is the
time variations of the channel which is related to Doppler effect. The value range
of Doppler frequency is called as Doppler spread By of the channel. And the

relationship between By and 7 can be approximately denoted as

At conerence = gd
where At.onerence 1S the coherence time. If the symbol duration is smaller than
At conerence, then the channel is classified as slow fading. Slow fading channels are
very often modeled as time-invariant channels over a number of symbol intervals.
On the other hand, if it is smaller than the symbol duration, the channel is
considered to be fast fading. In general, it is difficult to estimate the channel
parameters in a fast fading channel. Due to explanations in above, a fading

channel can be classified into four different types which is listed in Table 2.1.

2.1.1 Ergodicity

A process is ergodic if the time averages may be used to replace ensemble averages.
In practical term, this means that the channel varies sufficiently rapidly over
the duration of the transmission. FErgodicity allows one to apply the concept
of averages since the channel’s average mutual information over all (infinitely
long codewords) is the same. In this thesis, the proposed three user cooperative
channel is considered under Gaussian fading and can be described by the ergodic

capacity.
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As detailed in Section 2.1, the channel can be categorized as slow or fast fading
channel. The ergodic capacity can be used if the coherence time is much shorter
than the code length and the codeword experiences all the fading states (refers
to fast fading channel). This type of channel capacity is also defined by Shan-
non capacity. There are two different consideration for channel gain availability,
only available at the decoder and available at both the encoder and decoder. In
our proposed studies, we consider coding under channel gain availability at the

encoder and decoder.

2.2 Capacity in single user and single destination

One important way of characterizing of a proposed system model is that finding
its performance indicators such as mutual information and the characterization
of performance limits through system capacity. Due to it, in this section, we
represent the channel capacity in a ergodic channel. Considering the information

provided by the outcome z of a discrete random variable X is defined as

I.(z) =log = —log P[X = z] (2.5)

P[X =z
where P[X = z] is the probability of the outcome X = z. i. The communication
process is inherently a process relating more than one random variable (the input
and the output of a proposed system). The mutual information in communication

system, which for two discrete random variables X and Y is defined as

I(X;Y)=) > P[X =2 =y|log PIX = 2PV = 4]

zeX yeY

where P[X = z,Y = y| is the joint probability mass function and P[X = z]
and P[Y = y| are marginal probability mass functions. Applying Bayes theorem
(PIX =2.Y =y] = P[X = z|Y = y|P[Y = y|, with P[X = z|Y = y] being
the conditional probability mass function of X given that Y = y), the mutual
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information can also be written as

- Z Z PX ==z,Y = yl]log P[);[:Xx\:Yx]: J

rzeX yeY

Then, we can write

=—) logP[X=212]) PX=uxY=y (2.6)

reX yey

+ZZP[X2$,Y:y]IOgP[X=$|Y:y]

reX yeYy

:—ZlogP[X:

zeX

+ZZP[X2$,Y:y]IOgP[X=$|Y:y]

rzeX yeYy

The first term in this result is called the entropy of the random variable X

=— ) PIX =a]log P[X = 1]

zeX

and the second term can be written in terms of the conditional entropy of X.

H(X|Y)=-) P[X = yllog P[X = z|Y = y]
zeX
Considering (2.5), we can say that the entropy of the random variable can be
determined as the mean value of the information provided by all its outcomes.
Likewise, the conditional entropy can be regarded as the mean value of the in-
formation provided by all the outcomes of a random variable (X) given than the
outcome of a second random variable (V') is known, or how much uncertainty
about a random variable (X) remains after knowing the outcome of a second
random variable (Y'). Therefore, the mutual information as in (2.6) can now be

rewritten as

[(X;Y) =H(X) - H(X|Y)
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The value of I(X;Y) is maximized over the set of probability of input alphabet
P[X = z] and is a quantity that depends on the characteristics of the DMC
through the conditional probabilities P[X = x|Y = y|. This quantity is called
the capacity of the channel and denoted by C'. So the capacity of the DMC is

defined as below.

under constraints P[X =] > 0and ) _ P[X =] = 1.

The same concepts can be applied to continuous random variables with the only
differences that the sums are replaced by integrals and the probability mass func-
tions by probability density functions. Let X be a continuous random variable
with probability density function (pdf) p(z). The differential entropy h(X) is a

concave function of p(x) and is defined as

hz) = — / P(x)log P(x)dx

— —E(log P(X))

The capacity of the channel per unit time has been defined as

P(aly)P(x)
C = max// P(y|x) logw (2.7)

Consider the point-to-point discrete-time additive white Gaussian noise channel
model. The channel output corresponding to the input X is ¥ = aX + N where
« is the channel gain, or path loss, and N is the Gaussian noise with zero mean
Ny/2 variance. Also assume that an average transmission power constraint is

S22 < P. The capacity of the Gaussian channel is a simple function of the
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received SNR.

1 la)*P
=—1 14— 2.
C 5 og( + No ) (2.8)

where E[*] is the expectation operator (operating on the random channel at-
tenuation) and |a]? is the envelope of the channel attenuation. This capacity
formula for the discrete Gaussian channel under average power constraint inves-
tigated by Shannon (1948). The discrete-time Gaussian channel is the model
for continuous-time band-limited Gaussian channel with bandwidth. Consider a
band-limited waveform channel with additive white Gaussian noise. The capacity

has is defined by

: 1
=y oY)
where the average mutual information given in (2.7). In (2.7) X and Y are random
variables with joint PDF p(z, y) and marginal PDFs p(z) and p(y). The maximum
value of I(X;Y') over marginal PDFs p(x) of the input x is characterized by zero-

mean Gaussian random variable as

1
p(x) — 6—(%—%)/203

\2mo,

Then, by using (2.7) the mutual information can be expressed as

[(X;Y) = WT1 (1 + 20%)
max Y) = 0
P(x) & No

where channel noise variance is Ny /2. In case of putting power constraint on the

average transmission power of x

p—
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Figure 2.2: Multiple access channel with two user - one destination

2

> =

After some mathematical simplification, the variance of x can be rewritten o

P/2W. By substitution of variance of

max [(X;Y) = WT log (1 +

P(z) WNO)

the channel capacity of per unit can be obtained by dividing 7.

p
=Wl 1
C Wog< —i—WNO)

2.3 Capacity in multi-user communication

Beside single user channel capacity explained in Section 2.2, the multi user channel
achievable rate region is related to multiple user techniques such as multiple access
channel, broadcast channel, relay channel, multiple access relay channel and multi

user cooperative channel which is used to share information in multiple channel.

2.3.1 Achievable rate region of two user DM-MAC

First, consider the discrete memoryless multiple access channel (DM-MAC) sys-
tem model X} x Xy, p(y|zi122) depicted in Figure 2.2. Each sender wishes to
communicate an independent message X; and X, reliably to a common desti-

nation. Theorem 2.1 gives us an achievable rate region for two user DM-MAC.
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Theorem 2.1. The achievable rate region of the two user DM-MAC, [43]

An achievable rate region for the system given in Section 2.3.1 is the closure of

the convex hull of all rate pairs (Ry, Ry)

Ry <I(Xy;Y[X3)
Ry <I(X9;Y|X7)
Ry <I(Xy, Xo; Y[ Xy)

Before giving the proof of Theorem 2.1, it is needed to introduce some definitions.

Definition 2.2. A sequence of channels {W, : X" — Y"}>° | is called a discrete

memory less channel (DMC) with transition probability matrix P, if P,,, (y|z) =
[T=) Puyilz:).

Definition 2.3. An (n; M) code for a DMC {W : X — Y} consists of an encoding
function f : {1,2,..., M} — X™ and a decoding function v : Y* — {1,2,..., M }.
The sequence f(i) € A™ is called a codeword and the set {f(i):¢=1,..., M} is
called the codebook.

Definition 2.4. A rate R < C' = max,(,) /(X,Y) is said to be achievable if there

exits a sequence of 2"F codes with P™ — 0 as n — oo.

Proof. As a proof of two user DM-MAC in Theorem 2.1, the following steps
determine random codebook generation.

-Fix a distribution p(xq)p(xs).

-Randomly and independently generate [2"(1] length codewords from distribution
p(w}) intended for User 1. Assign each codeword to a distinct message {27 (w)
and call as X;.

-Randomly and independently generate [2"/2] length codewords from distribution
p(wy) intended for User 2. Assign each codeword to a distinct message {274 (w)

and call as X,.

These generated sequences constitute the random codebook C. The decoder uses

joint typicality decoding to find an estimate for each message separately. O
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Figure 2.3: Gaussian multiple access channel with two user - one destination

2.3.2 Achievable rate region of two user Gaussian MAC

Now, consider the two user discrete-time additive white Gaussian noise multiple
access channel illustrated in Figure 2.3 The channel output Y corresponding to

the inputs X; and X5 is

Y = OélDXl + OKQDXQ + ND

where Np is the Gaussian noise Np ~ N(0, Ny/2), a1p and asp are channel
gains.

Theorem 2.5. The achievable rate region of the two user Gaussian MAC, [44]

An achievable rate region for the system given in Section 2.3 is the closure of the

convez hull of all rate pairs (Ry, Ry)

Ry

IN

Ry

IN

R+ Ry

VAN
N = N~ N
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Proof. As a proof of two user Gaussian MAC in Theorem 2.5, the mutual infor-

mation for User 1 and User 2 is

I(X1;Y[Xy) = h(Y|X3) — M(Y[ X1, Xy)

(aipXi + a3pXo + Np|Xs) — h(afp X1 + a3pXo + Np| Xy, Xo)

(aipX1+ Np) — h(Np)

1
log (14 aipXi) — = log (Np)

2

o’ X

log 14+ —1221
og<+ ND)

N = N = S >

[(X2;Y|X1)

h(Y]X1) = h(Y] X1, Xz)

(aipXi + ajpXo + Np|Xi) — h(afp X1 + a3pXo + Np| Xy, Xo)

(a3p X2+ Np) — h(Np)

1
log (14 a3pXs) — 5 log (Np)

a2, X
1 1 2D<}2
og( + N )

N = N =S >

I(X1, X5:Y) = h(Y) = h(Y[X3, X)

(aipXi + a3pXo + Np) — h(afp X1 + a3 Xs + Np| X1, Xo)
(Oz%DXl + Of%DXQ + ND) — h(ND)

1
log (1 + a%DXl + ongXg) ~3 log (Np)

Np

— N = S >

:§log (1—1—

The rest of achievability can be proved by following Theorem 2.1. O

2.3.3 Achievable rate region of two user Gaussian BC

Consider the one user and two destinations discrete-time additive white Gaussian

noise broadcast channel (Gaussian BC) illustrated in Figure 2.4 The channel
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Figure 2.4: Gaussian broadcast channel with one user two destinations

output Y; and Y5 corresponding to the inputs X is

Yi :aD1X+ND1

Yé :aD2X+ND2

where Np, and Np, is the Gaussian noises Np, ~ N (0, Ny/2), Np, ~ N (0, Ny/2).

ap, and ap, are channel gains.
Theorem 2.6. The achievable rate region of the two user Gaussian BC [45]

An achievable rate region for the system given in Section 2.3.8 is the closure of

the convex hull of all rate pairs (Ry, Rs)

1
R1§§1 (14 38S1)
1 (1-75)5;
< Z RSl
Rg_zlog(1+ 5524“1)

where € [0,1].

Proof. As a proof of two user Gaussian BC in Theorem 2.6, the broadcast channel
in Figure 2.4 can be determined as a stochastically degraded channel and its
achievable rate region can be similarly proved as that of the physically degraded

Gaussian BC.
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Figure 2.5: Detailed scheme for one user one relay communication

The channel output Y; and Y5 can be rewritten as

Y: = X + N,

Y, =Y + Np,

where N b, independent Gaussian random variable Np, ~ N(0, Np, — Np, ). Let
define the received SNR for each destination as S; = P/N; and Sy = P/Ns.
Assuming the source has two independent codewords U and V for D1 and D2,

respectively, the mutual information at the D1

I(X;v|U) = élog (1 + fV—P)
1
I(U;Y,) = %log (1 + 7(61P_+6J)V]:)

2.4 Relaying Strategies

The relaying methods can roughly be classified into two groups, these are trans-
parent and regenerative relaying protocols. Using the transparent relaying, the

relay does not modify the information represented by a chosen waveform. Very
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simple operations are usually performed, such as simple amplification, phase ro-
tation, etc. Since no digital operations are performed on the signal, the analog
signal is received in one frequency band, amplified and retransmitted on another
frequency band. The most prominent example belonging to the transparent re-

laying family is:

Amplify and Forward (AF): Constituting one of the simplest and most popular
relaying methods, the signal received by the relay is amplified, frequency trans-
lated and retransmitted. One important property of amplify and forward relays
is the amplification of the receiver noise at the relay . In a fixed AF relaying pro-
tocol, which is often simply called an AF protocol, the relay scales the received

version and transmits an amplified version of it to the destination.

Considering regenerative relaying protocols, information (bits) or waveform (sam-
ples) is modified. This requires digital baseband operations and thus more pow-
erful hardware. Hence, regenerative relays usually outperform than transparent

ones. The most prominent examples of regenerative relaying are:

Decode and Forward (DF): Being the prominent counter protocol to the transpar-
ent AF protocol, DF detects the received signal, re-encode it, and then retransmit
it to the receiver. This kind of relaying is termed as a fixed decode-and-forward
(DF) scheme, which is often simply called a DF scheme without the confusion
from the selective DF relaying scheme. If the decoded signal at the relay is de-
noted by X, the transmitted signal from the relay can be denoted by v/PX given
that X has unit variance. Note that the decoded signal at the relay may be
incorrect. If an incorrect signal is forwarded to the destination, the decoding at
the destination is meaningless. It is clear that for such a scheme the diversity
achieved is only one, because the performance of the system is limited by the
worst link from the source-relay and source-destination. Although fixed DF re-
laying has the advantage over AF relaying in reducing the effects of additive noise
at the relay, it entails the possibility of forwarding erroneously detected signals
to the destination, causing error propagation that can diminish the performance

of the system. The mutual information between the source and the destination
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is limited by the mutual information of the weakest link between the source-relay

and the combined channel from the source-destination and relay-destination.

Compress and Forward (CF): Besides the two most common techniques for fixed
relaying, there are other techniques without requirement of decoding at the relay
such as compress cooperation (CF) and coded cooperation. The main difference
between CF and DF/AF is that while in the later the relay transmits a copy of
the received message, in compress and forward the relay transmits a quantized
and compressed version of the received message. Therefore, the destination node
will perform the reception functions by combining the received message from the
source node and its quantized and compressed version from the relay node. This
protocol is similar to the estimate-and-forward (EF) protocol in that it relays a
compressed version of the detected information stream to the destination. This
involves some form of source coding on the sampled signal samples and was shown
to be capacity /performance optimum for the compressing node being close to the

destination.

The most common techniques are the fixed AF relaying protocol and the fixed
relaying DF protocol. Throughout this section, we only give the background
information for two common relaying strategies namely AF and DF. The relaying
channel model for both protocols and the achievable rate region for DF can be

found in Section 2.4.1 and Section 2.4.2, respectively.

2.4.1 System Model for AF and DF

The system model is illustrated in Figure 2.5 as the simplest relay network. It
consists of 3 nodes, the source S, the relay R and the destination D. The source

transmits the signal X and the received signal at the relay Yz can be found as

YR =0 sR\ PSRX + NR

where Psg denotes the signal power transmitted by the source and agr the chan-

nel coefficient between source and relay. Ng is the additive white Gaussian noise
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at the relay with zero mean and variance JJQVR As explained above, depending on

the signal processing performed by the relay the different relay operation modes
can be distinguished. In amplify and forward mode the relay amplifies the received

signal and forwards it to the destination. The received signal at the destination

| PspP ~
YD —=OSRAORD PSSR%X + ND
R Nr

where Prp denotes the signal power transmitted by the relay and /ﬁis a
NRr

power normalization term used at the relay. arp denotes the channel coefficient

can be found as

between the relay and the destination. Np denotes the effective noise contained in
the received signal, which consists of the noise at the relay, amplified by /st:%

NRr
and filtered by agrp as well as the additive white Gaussian noise Np with zero

mean and variance o3,

Prp

—— + N
Psr + Ny b

ND =arpNpr

In decode and forward mode the relay decodes the signal received from the source
and forwards it to the destination. The received signal at the destination can be

found as

Yp =agp\/PrpX + Np

As noticed that the relay does not forward the same signal X to the destination.
The relay may change the modulation and coding scheme when forwarding the
signal, sometimes referred to as decode and re-encode or it might not be able to
decode the signal correctly. As explained above there are two important properties
of decode and forward relaying. The flexibility to change the modulation and
coding scheme allows the relay network to adapt to different channel qualities on
the links to the source and to the destination. Secondly, decoding errors at the

relay will also propagate to the destination.
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In general the destination may be able to receive both the signal from the source
and from the relay. Assuming that the source does not transmit the new informa-
tion while the relay transmits the received signal at the destination can be found

as

YD =Qasp\ PSDX + ARpD\ PRDX + ND

where Psp denotes the average power to transmit the information from the source
to destination and agp denotes the channel coefficient between the source and

the destination.

2.4.2 Achievable rate in Decode & Forward

In general the capacity of the relay channel is not known, except for the degraded
relay channel, where the noise at the relay is also added to the signal transmitted
by the source to the destination. The following upper bounds and achievable
rates for fixed channel gains have been derived in [46]. For all the equations, we
assume an independent additive white Gaussian noise with unit variance at both

the relay and the destination, i.e. 0, = 04 = 1.

The upper bound for the full-duplex relay channel can be derived by applying the
maximum flow minimum cut theorem to relay networks as suggested by [3]. The
relay network in Figure 2.5 has two possible cuts, around the source (broadcast)
(9), (R, D) and around the destination (multiple access) (S, R)(D). Clearly the
capacity cannot be greater than the maximum flow through either of these cuts.
The upper bound for the full-duplex relay channel can be found as [3]

L . oy a2 2
CT = Jnax min {1/21og(1 + (1 — B)a2, Py + a2y Psa)) ,

1/2log(1 + a?dPSd + afdPrd + 2\/5a§dafdPSdPrd)}

where the first term limits the maximum information transfer from the source to

the relay and the destination. The second term limits the maximum information
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transfer from the source and relay to the destination. The codebook for each
block used by the source and the relay is assumed to be Gaussian transmitted
with powers Ps and Pr and E[X}, X3] = /B8P P>. Note that for the first block
transmitted by the source, no cooperation between source and relay is possible
but by assuming that n — oo blocks are transmitted the resulting loss can be

neglected.

An achievable rate for decode and forward relaying can be found as in [3]

R = maX(Rl, Rg)

. 2 2
R, = Jax min {1/21og(1 + (1 — B2, Py + 02,Psa))

1/21og(1 + a2, Py + a2y Pog + 2\/5a§dafdPSdPrd)}

Oé2 Pd
R, =1/21 1 2 P, sd” 8
2 =1/ °g< ”‘Sd ”1+<1+a§dPsd+aersr/a,%dPrd>)

where Block Markov encoding is assumed, i.e. the destination is only able to
decode the signal after receiving all the encoded blocks. For a better signal
quality of the source signal at the relay compared to the destination the relay will
cooperate with the source, i.e. [ will be close to one. For a worse quality of the
source signal received at the relay than at the destination the relay will only have
a limited contribution to the signal transmitted by the source and g will be close

to zero.

2.5 Capacity in Multi-user Cooperative Communication
In this section, we discuss the system models and achievable rates of multi-

terminal cooperative communication models for MARC and two-user cooperation

which are basis of our proposed studies on multi user cooperative protocols.
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2.5.1 MARC

We now introduce a multiple access relay channel with two user and one relay as
a sub-model of our proposed strategy in Section 4.1. There are two users, a relay
and a single destination, denoted 1, 2, R and 0 respectively. Based on MARC

scheme illustrated in Figure 2.6, the system is modeled by

)/0 = \/ thXl + \/ h20X2+ \/ h,«()XR—}‘N() (29)
Yr = Vhi: X1+ hop Xo + Np (2.10)

with No ~ N(0, No/2), Ng ~ N (0, Ny/2). User 1 and 2 divide their information
Wy, Wy into two part: Wio, Ws which are sent directly to the destination, and
Wir, War which are sent to relay. The signals transmitted by users and relay

can be generated as follows, satisfying the average power constraints E[X?] < Py,

E[X2] < Py and E[X%] < Pg.

X1 :\/P10X10+\/P1RX1R (211)
X2 :\/P20X20+\/P2RX2R (212)
Xr=v\/Pr, Xr,+\/Pr, X, (2.13)



In this MARC model, only relay and destination have decoding capabilities and
should satisfy the traditional MAC constraints to decode all received messages as

given Theorem 2.7.
Theorem 2.7. MARC (Two user and one relay) [10, Theorem 1]

An achievable rate region for the system given in Section 2.5.1 is the closure of the
convez hull of all rate pairs (Ry, Ry, Rr) such that Ry = Rig+Rig, Ry = Rog+Raog
and Rr = Rig + Rag where { Rigr, Roo, Ror, Rir, Ror} satisfy the constraints

Rig <FE[log (1+s1,PiR)] (2.14)
Ry <FE [log (149, PaR)] (2.15)
Rig + Raog <FE[log (1481, Pir+S2-PaRr)] (2.16)
Rio + Ry, <E [log (1+510P+5,0Pn, +2v/51050 PP, ) | (2.17)
Roo + R, <E [1og (1+820P1+3T0PRQ+2\/M)} (2.18)

Ry + Ry + Rp <FE[log (14510 P1+ 820 P20+ $r0Pr
+2+/5105,0ProPr, +2\/5205T0P20P32)] (2.19)

2.5.2 Block-Markov Encoder

In this section, we give a brief introduction of the block-Markov encoding (BME),
which is used to prove the achievability theorem given in the Section 2.5.3. Since
the relay/user’s codeword is statistically depend on the message transmitted in
the previously block, this coding scheme is called as block Markov coding. As
illustrated in Figure 2.7, transmission using block-Markov encoding operates over
a number of B blocks. In each block, with the exception of the first or the last
block, a new message is sent. The sub-signals in (2.26)-(2.27) are expressed as
a function of some not only the current messages (Xig, X12, Xo0, X21), but also
the messages from the previous block (Uy, Usy). The sub-signals intended for user

1, Xi0, X12 and U; are detailed in the following equations, and summarized in
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Wllz(o)s Wrzl(o) W'lz(l)a W'zl(l) W'IZ(B-l)’ W’ZI(B_l)
Wio(1), Wa(1), Wip(1), o (1) [ Wigl(2), Wyg(2), Wia(2), Wiy (2) | 777 | Wio(B), wyy(B), w,,(B), w,,(B)

BLOCK I BLOCK I BLOCK B

Figure 2.7: Block-Markov encoder for two user cooperative communication

Brock I Brock II
~  Xiwo(wio(1),U1(0))  Xio(wio(2), U1r(1))
2 Xio(wia(1),U1(0))  Xia(wi2(2),Ui(1))
= Ui (wi2(0), w91 (0))  Up(wia(1),wa (1))
= Xoo(wzo(1),U1(0))  Xao(wao(2),U1(1))
5 Xor(wn(1),U1(0)  Xoi(war(2)U1(1))
5 Ua(wi2(0),we1(0))  Ur(wia(1), wa1(1))

Table 2.2: Block-Markov encoder for two user cooperative channel [27]

Table 2.2.
Xio =v/ ProX10(Wio(i), Wiy(i — 1), Wy, (i — 1)) (2.20)
X12 =v/ P X1o(Wia(i), Wyy(i — 1), Wy (i — 1)) (2.21)

Uy =/ Pyy(Wiy(i — 1), Wy (i — 1)) (2.22)

where 7 and 7 — 1 indicate the current block and previous block, respectively, i €
{1,2,...B}. The message of each user is divided into two independent messages,
Wig, Wag are the parts of sending information intended towards destination and
Wia, Wo1 are the parts of information intended both towards its partner and
destination, taking values from index Wi, = {1,..,2"f0} Wy, £ {1,.., 2"z}
Wao = {1,..,20F20) Wy £ {1, .. 2},

2.5.3 Multi-user Cooperative Communication (Two user cooperation

case)

Here, we introduce two user cooperative channel as a reference model and it is well
examined in [27]. Let’s start considering the channel model of Figure 2.8. There

are two users and a single destination, numbered 1, 2, and 0 respectively. Both
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u’ZO

Figure 2.8: Detailed scheme for two user cooperative communication

transmitters can overhear each other, and are willing to cooperate by forwarding
information from the other. Transmitters are capable of full-duplex communica-

tion. The system model for this channel is given by the following equations.

}/0 = \/OéloXl—l-\/Oégng—}-No (223)
}/1 = \/OéSQIXQ—FNl (224)
Yo = /as, X1+ Ny (2.25)

with Ny ~ N(0,02), N; ~ N(0,0}) and Ny ~ N(0,03). User 1 generates its
information W7 as a function of Wjo, which is sent directly to the destination,
and Wiy, which is sent to user 2 and then forwarded by user 2 to the destination.
The following signals transmitted by user 1 can be generated by block-Markov

encoding structure detailed in Section 2.5.2.

X1 =V PioX1o+ PiaXio+v PonUy (2.26)
Xo =/ Py Xog+/ Po1 Xo1 ++/ PrralUs (2.27)

Here, although not detailed as in Section 2.5.2, we briefly mention block-Markov
encoding structure. In equation (2.26)-(2.27), X1y uses power Py, to send Wy, at
rate Ry directly to the destination, X5 uses power P, to send Wi, to User 2 at
rate Ryo. Up refers to the part of the signal that carries cooperative information

and uses power Py to send cooperative information to the destination. User 2
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similarly structures its transmit signal X, and divides its total power . Theorem

2.8 gives us an achievable rate region.

Theorem 2.8. Two user cooperative channel [27, Theorem 1]

An achievable rate region for the system given in Section 2.5.3 is the closure of the
convez hull of all rate pairs (Ry, Ry) such that Ry = Ryp+ Ry2 and Ry = Rao+ Ry
where { Ryo, Ri2, Roo, Ra1} satisfy the constraints

P
Ryy <E log L Lt h )] (2.28)

Oé12P10+N1

a21P21

14222 )} (2.29)

Ry <F l
2= Og Oé21P20+N2

P
Ry <E log 142200 20)} (2.31)

a10P10+a20P20 )]

R10+R20 SE log 1+

(2.32)

(
o
Ry <E log <1+O‘10P1°)} (2.30)
(
(

N (2.33)

Ri+Ry <E log <1+a10P10+O‘20P20+204100420\/W)}
1 2 =

Proof. The proof of achievability follows by examining random codebook gener-

ation, jointly typicality and backward decoding (BD) at destination side.
Codebook Generation:

As a proof of two user cooperative channel in Theorem 2.8, the following steps

determine random codebook generation.

e Fix a distribution p(x1)p(xe)p(z1|z2)p(xe|zy).

e Generate [2"(F12+F20] Jength codewords from distribution p(u}) intended for
User 1. Assign each codeword to a distinct message {w,, wy, } € Wy1 x Werg

and call them as Uj.

e Generate [2"(F12+F20] Jength codewords from distribution p(u4) intended for
User 2. Assign each codeword to a distinct message {w,, wy, } € Wy1 x Werg

and call them as Us.
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e Generate [2"70] length codewords for every U from distribution p(zo|uf)
and [2"%2] length codewords for every U; from distribution p(xi|uf) for

User 1.

e Generate [2"72] length codewords for every U, from distribution p(zag|u})
and [2"721] length codewords for every U, from distribution p(xa|uf) for

User 2.

Decoding:

The decoding operation will perform at both the user and destination side.

e User side: Assuming that transmission is completed over B blocks and ¢
defines the current block i € {1,2,...B}. After User 1 and 2 estimate w,,,
wy, from the previous block i — 1 with error free, the codewords Uy, Uy
are already known. Using these codewords and jointly typicality, each user
decodes wsy, wis. Since only decoding way, wia, Uy, Us, the codewords wey

and wyg treat as a noise component at User 1 and 2, respectively.

e Destination side: The destination must wait until all blocks are received
and starts decoding from the last block B, proceeding backwards. In the
last block of code sequence wg, wag, w12, Wy contain no new information
and they can be set wio(B), wag(B), wi2(B), w1 (B) = (0,0,0,0). Then the
decoding algorithm starts decoding from the B’th block to first block. Since
transmitting no new information at the last block, the total information
rate reduces by a coefficient of (B — 1)/B . However, the reduction of
information ratio can be undervalued at large B . Contrary to the block-
Markov encoding scheme, in the backward decoding the destination wants

to decode message by help of block (i + 1).
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Chapter 3

Channel Adaptive Encoding and Decoding Strategies and
Rate Regions for the Three User Cooperative Multiple

Access Channel

The growing demand for high data rate mobile applications challenges researchers
to develop wireless communication systems which are able to accommodate a
higher number of concurrent users, communicating reliably at improved rates.
Although an increase in the number of users in a system seems to cause more in-
terference and hence worse performance, this interference may actually be viewed
as free side information, which is distributed to all communicating parties thanks
to the propagative nature of the wireless communication channel. Therefore, if
the users are allowed to make use of the free side information and cooperate in
sending each other’s messages, the diversity provided to the participating users

will increase with increasing number of users, potentially leading to higher rates.

The multi-user cooperative communication can push the rate regions close to
higher data rate demand. The most interesting area in this communication
scheme is extending the 2 user MAC-GF to three user. Beside this, in our pro-
posed models, we assume that both the user and destination know the channel
states. Taking advantage of knowledge of the channel states between the users,
we can propose an encoding structure based on channel quality. The encoding
structure for multi-user cooperative communication based on Shannon capacity

defines the achievable rate region that can be transmitted over a wireless channel
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with small error probability since the codeword length is sufficient long. How-
ever, in any non-adaptive encoding structure, the rate for each user is constant
since due to a lack of transmitting strategy relevant to channel gains. Thus poor
channel states between the user reduce the user capacity because the encoding
strategy can not incorporate the effect of these poor gain. Motivated above, to
overcome the poor gain effect and meet higher data rate requirements, we pro-
pose an channel adaptive block Markov encoding structure for three user that
adaptively transmit codeword and decide on which coding scheme should be used

to improve the achievable rate without increasing the interference significantly.

The rest of chapter is dedicated to introducing channel adaptive encoding policies
and decoding strategies and rate regions for the three user cooperative multiple ac-
cess channel. We first establish the adaptive encoding structures focusing channel
state information between three users. Next, we turn our attention to the achiev-
able rate constraints for each proposed encoding structure. We then show that
usefulness of the proposed three user cooperation strategies under several fading

scenarios, and compare it to the corresponding two user cooperative system.

3.1 Adaptive encoding policies for three user cooperative multiple

access channel

A short description on the proposed policies and encoding structure, moving from
the two user MAC studied in [27] to our three user MAC, the block Markov en-
coding structure is non-trivial generalized. Furthermore, considering the possible
channel conditions between users, the block Markov encoding takes a symmet-
ric/asymmetric structure, and is more sophisticated than the two user scheme. We
therefore define two policies where two different encoding structures are employed
to cover all possible conditions. The possible channel conditions are explained
in Table 3.1. s;; is normalized fading coefficients between the user 7 and j. To

proceed further, the message generation, generalized for our proposed policies is

detailed in Table 3.3 and 3.6.
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PossIBLE CHANNEL DIST. STRONGEST NORMAL  WEAKEST

State I S12 > S13  S21 > S23  S31 > S32 User 1 User 2 User 3
: State 11 S12 < 813  So1 > S23  S31 > S32 User 1 User 3 User 2
O State III S12 > S13  So1 > Sz S31 < S32 User 2 User 1 User 3
S State IV S12 > 513 So1 < Sz S31 < S32 User 2 User 3 User 1
A State V S12 < 813 S21 < S23  S31 > S32 User 3 User 1 User 2
State VI S12 < 813 S21 < S23  S31 < S32 User 3 User 2 User 1
—
—
7 State VII  s12 > s So1 < § S31 > S
5 12 13 S21 23 831 32 . s
= equal decoding capabilit
S State VIII 515 < 813 S21 > S23  S31 < S392 4 & cap M
A

Table 3.1: Summary of Decoding strategy at the transmitters, Policy I-1I

As well defined in Table 3.1, considering better inter-user link quality than direct
link, we propose that in each of states [-VI, only one user decodes all messages
transmitted by others, and other users attempt to decode only part of the trans-
mitted messages. Based on common information established in previous block,
the block Markov encoder generates one common message U and pairwise cooper-
ative messages U;, 1 € 1, 2, 3 to obtain coherent combining at destination side. We
call this encoding structure as Policy I (Section 3.2). For channel states, which
do not obey I-VI, one can recognize that only one inter-user link is better for each
user. This means that, all users have symmetric message decoding capabilities,
this encoding structure namely Policy 1T (Section 3.3) therefore generates more
pairwise cooperative messages than Policy 1 as well as generating of common
message U. Accordingly, it is aimed to increase the coherent combining terms at
the destination side. The policies and encoding structure will be well defined in

the next sections.

3.2 Policy I - channel adaptive encoding structure for three user co-

operative MAC

Throughout this section, we propose two new superposition block Markov encod-

ing based cooperation scheme for a three user Gaussian multiple access channel
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(MAC). Our scheme allows the three users to simultaneously cooperate both in
pairs, and collectively, by dividing the transmitted messages into sub-messages
intended for each cooperating partner. The proposed encoding and decoding at
the transmitters take into account the relative qualities of the cooperation links
between the transmitters. We obtain and evaluate the achievable rate region
based on our encoding strategies, and compare them with the achievable rates
for the two user cooperative MAC. We demonstrate that the added diversity
by the presence of the third user improves the region of achievable rates, and
this improvement is especially significant as far as the sum rate of the system is

concerned.

3.2.1 System model

We consider a three user fading Gaussian MAC, where both the receiver and the
transmitters receive noisy versions of the transmitted messages, as illustrated in
Figure 3.1. The transmitters are assumed to be operating in the full duplex mode.

The system is modeled by

Yo = V/hioX1+ v/ hao Xo+ v/ hao X5+ N
Vi = Vhor Xo+/ha1 X3+ N,
Yy = Vhia X1+ v/ haa Xs+ Ny
Vs = /I3 X1+ v/ has Xo+ Ns

where X; is the symbol transmitted by node 7, Y; is the symbol received at node

i, and the receiver is denoted by ¢ = 0; N; is the zero-mean additive white

Gaussian noise at node 7, having variance o2, and h;; are the random fading
coefficients, the instantaneous realizations of which are assumed to be known by
both the transmitters and the receiver. We further define the normalized fading

coefficients s;; = &, for the simplicity of our discussions.
i

Throughout this section, we assume that the normalized channel gains satisfy

sij > Sio, V1,7 € {1,2,3}, i # j; that is, the inter-user cooperation links are
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Figure 3.1: Three user cooperative channel model

uniformly stronger than the direct links. This particular case is of practical
interest since the cooperating transmitters are likely to be closely located with
less number of scatterers and obstructions on the paths connecting them, when
compared to their paths to the receiver, and thus have better channel conditions

among each other.

3.2.2 Encoding strategy

Moving from the two user MAC with generalized feedback to its three user coun-
terpart, the block Markov encoding strategy is not trivially generalized, as the
presence of the extra user presents a choice among a multitude of new and more
complicated cooperation strategies. In this case, the following questions need to
be answered: how should the users form their codewords, so as to allow for coop-
eration among each other? Will the users cooperate in pairs, all together, or using
a mixture of both? What kind of cooperation signals will be used, and which sig-
nal is to be decoded by which terminal? There are many answers to each of these

questions, and in this subsection we only focus on one seemingly logical approach
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in which we design the encoding and decoding strategies based on the knowledge of
channel states among the users. Following the development in the case of two user
MACGF, we divide the messages of the users into sub-messages intended for each
receiver, i.e., wy = {wg, Wig, Wiz}, we = {weg, War, waz}, wz = {wsg, w31, wss},
where w;; denotes the message of User ¢ intended for User j in each block of
transmission. These sub-messages will then be used in the next block to create
common cooperation signals, which will be sent to the ultimate receiver (0). It
becomes immediately obvious upon crowding the list of these sub-messages that,
except for the ultimate receiver, each receiver has two sub-messages intended
for it, and six sub-messages which will cause interference to it, should the code-
words that will be used to transmit these sub-messages be treated as noise, as
it is done in [27]. Moreover, as will become clearer from our oncoming exposi-
tion, the pairwise cooperation signals, that shall be generated after the messages
are decoded at their intended receivers, will cause additional interference in the
upcoming block. This is because of the fact that not all sub-messages will be
known to all users, unlike the two user MACGF, where both cooperating nodes
get to know each other’s cooperation signals after each block. In order to avoid
the added interference at the transmitters, we instead propose a modified block
Markov encoding strategy, in which the users try to decode as many messages as
they can, before forming their cooperation signals. To this end, we first start by
assuming without loss of generality that the normalized inter-user link gains s;;

are distributed so as to satisfy.

S12 > S13, S21 > S23, S32 > S31 (3.5)

We will make use of this particular ordering in deciding which sub-messages are
to be decoded by which users. Although our encoding strategy does depend on
this ordering, it can be easily modified to at any other ordering of the channel
gains. Our proposed encoding and decoding strategy is inspired by the capacity
achieving encoding/decoding for Gaussian broadcast channels, where the stronger

receiver decodes not only its own message, but also the weaker users’ messages.
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It is evident from (3.5) that User 2 is the stronger receiver for transmissions
from both User 1 and User 3. For one moment let us assume that User 1 was
broadcasting alone: User 2 would be able to decode correctly not only its intended
message w2, but also the message w3 intended for User 3, provided the message
w1z were sent at a rate that is supported by User 3. A similar argument would
apply to the message transmitted by User 3, as User 2 would be able to decode
w31, in addition to its intended message wso. Likewise, since User 1 is in a stronger
position than User 3 when User 2 is transmitting alone, it would be able to resolve

the message w3, as long as User 3 itself can resolve this same message.

Motivated by the above argument, we propose a decoding strategy for the trans-
mitters, which is summarized in Table 3.2. This table provides a list of messages
known to each user after common information is established in each block. The
rate requirements for reliable decoding of each message at the corresponding re-
ceiver will be given in the next section. Looking at Table 3.2, it is easy to observe
that the messages w3, we3 and w3y are known to all transmitters, the messages
Wig, wey are only known to the transmitters 1 and 2, and the message ws, is
only known to the transmitters 2 and 3. This grouping of common information
immediately suggests a way to form the cooperation signals: we shall use one
cooperation signal common to all users, and two other cooperation signals com-
mon to pairs {1,2} and {2,3} respectively. Following the notation in [27], [47]
and suitably extending the codebook generation process described therein, the
signals transmitted by each user can be generated by block Markov superposition

encoding as follows:

X1 =V PioXio+V P X+ PisXiz++/ P, U+ PioU (3.6)
Xo =/ PaoXoo+/ Po1 Xo1 +1/ Paz Xoz++/ P2U1U1+\/P2U3U3+ \/PlUU (3.7)

Here, the signals X,y carry the fresh information intended for the receiver, X;;

carry the information intended for transmitter j for cooperation in the next block,
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DECODED MESSAGES OWN MESSAGES

USER 1 wWa1, W31, W3 w12, W13
UsER 11 w12, W32, W13, W31 w21, W23
UskR II1 w13, W3 w31, W32

Table 3.2: Decoding strategy a the transmitter, before forming the common co-
operation signals

and U, Uy, Us are the common information sent by groups of three, two and two
transmitters respectively for the resolution of the remaining uncertainty from the
previous block, all chosen from unit power Gaussian distributions. The transmit
power is thus captured by the powers associated with each component, which are

required to satisfy the average power constraints.

P+ Pio+ Pis+ Py, + Piy < P (3.9)
Py + Poy + Pos + Poy, + Poyy + Poy < P (3.10)
Py + Py + Pyo + Py, + Psy < P (3.11)

The encoding strategy, and the dependency of the transmitted codewords on the
messages are depicted in more detail in Table 3.3. In Table 3.3, the sub-messages
w;; stand for the messages received in the previous block: the cooperation signals
depend on the messages received in previous block, and new information is also
encoded into codewords Xj;;, taking into account the messages received in the
previous block. Once all information blocks are transmitted using the modified
block Markov superposition encoding, the receiver decodes the messages of all
users starting from the cooperation signals in the last block, using backwards
decoding, as in [27], [47]. The conditions on the rates of each sub-message for
reliable decoding both at the transmitters and at the receiver is obtained in the

next section.
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Brock I Brock II

X1o0(wio(1),U1(0),U(0)) X1o(wio(2),U1(1),U(1))
= Xia(wi2(1),U1(0),U(0)) Xi2(w12(2),U1(1),U(1))
g2 Xi3(wi3(1),0(0)) X13(w13(2),U(1))
= U(w3(0), w31(0), wa3(0)) U(wi3(1), w31 (1), wes(1))

Ul(wlg(()),wgl(o ) Ul(w12(1)7w2 (1))

Xoo(w20(1),U1(0),U3(0),U(0))  Xao(wao(2),Ur(1),Us(0),U(1))
= Xo1(w21(1),U1(0),U(0)) Xo1(w21(2),U1(1),U(1))
e Xoz(wa3(1),U(0)) Xo3(wo3(2),U(1))

@ U(w13(0), w31(0), wa3(0)) U(wi3(1), w31 (1), wa3(1))
Ui (wi2(0), w21 (0)) Ui (wi2(1), w21 (1))
Us(ws2(0)) Us(ws2(2))

. Xso(wso(1),Us(0),U(0)) X30(wso(2),U3(1),U(1))

= Xs1(wsi(1),Us(0),U(0)) X31(w31(2),U3(1),U(1))

5 Xaa(wsa(1),U(0)) Xs32(ws2(2),U(1))

5 U(wis(0), w31 (0), was(0)) U(wi3(1), w31 (1), wes(1))
Us(ws2(0)) Us(ws2(1))

Table 3.3: Block Markov encoding for policy I: mapping of codewords to messages

3.2.3 Achievable rates

Before proceeding to characterize the achievable rate region, we would like to make
a final simplification in our encoding scheme. For a two user cooperative MAC
where channel state information is available to the transmitters, it has recently
been shown in [48] that, when the inter-user cooperation links are uniformly
stronger than the direct links to the receiver, to maximize the achievable rates
the signals X;o should never be transmitted and all the available power should
be allocated to cooperative signals. In order to prove a similar statement for
the three user MAC in question here, the achievable rate region first needs to be
characterized, and then optimized over the transmit powers. However, in view
of our assumption about the strength of inter-user links when compared to user-
destination links, and the results in the two user case [48] we simply choose to
drop the signals Xy from our encoding rule, so that the achievable rate region

expressions are more tractable, and more easily evaluated using simulations.

The cooperative communication proceeds reliably if the rates at which we trans-

mit each of the sub-messages are supported both on the inter-user links while
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building up common information, and on the user-to-ultimate-receiver links, where
the users’s messages are decoded with the help of cooperation signals. The rate
at which a message w;; is transmitted is denoted by R;;. For notational conve-
nience, we first define the following variables which will be used to simplify the

rate expressions before giving Theorem 3.1.

A =591 Poyy, + 831(Psg + Psyr,) + 21/ 521831 Py, Pay, + 1

B =s13(Pia + Piy,) + s23(Po1 + Poyy) + 2\/313523P1U1P2U1 +1
C' =2+/510820 P, Paty,
D =2+/590830 Povr Psus

E :2(\/310820P1UP2U + \/810330P1UP3U + \/820830P2UP3U)

Theorem 3.1. Adaptive Encoding For Three User Cooperative Multiple Access
Channel-Policy I:

A rate region for the system given in Section 3.2 is the closure of the convex hull
Of all rate pairs (Rl, RQ, Rg) such that Rl = R12 + ng, R2 = R21 + R23, and
R3 = R31 + Rso where { Ry, R13, Ro1, Raog, Ra1, Rsa} satisfy the constraints

R12 <E [lOg (1+812P12 ]
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Ris+ Ry <E[log (14512 P12+ S32P30)]
Ris+ R3 <FE[log (14 s12P13+532P51)]
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Ri3+ R3y <FE [log (14512P13+532P50)]
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[\]
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R3 <FE[log (14 s32(Ps1+ Ps2))]

R+ R3 <FE [log (14 s12(Pia+ Pi3)+32P51)]
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Ry + R3y <FE [log (14 s12(Pia+Pi3)+532Ps2)]

Ris+R3 <FE [log (14 s12P1a+532( P31+ Ps2))]

R13+R3 SE [lOg 1+812P13+832(P31+P32))]
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R1+R2+R3 SE [log (1+810P1+820P2+830P3+O+D+E)] (343)

Proof. We first start focusing on the decoding of the messages at the transmitters.
From Table 3.2, it is easy to see that User 2 simultaneously decodes all messages
(those remaining after dropping direct messages X;q) in the system. Therefore,
the rates of the messages wis, w13, w31, w3y should satisfy the traditional MAC
constraints in (3.12)-(3.26). User 1 does not intend to decode the message wss,
and therefore treats it as noise. Moreover, unlike the two user cooperative MAC,
the cooperation signal Us is also unknown to the User 1, as it involves the message
w3 not affiliated with this user. Therefore, the coherently combined version of
the cooperation signals Uz from users two and three should also be treated as
noise at User 1. Then, the reliable decoding of all other messages is possible
if (3.27)-(3.33) are satisfied. Lastly, since User 3 is only interested in decoding
the two messages directly intended for itself, we only require the rates of these
messages to satisfy the two user MAC capacity bound, where all other signals,
including the cooperation signal Uy, are treated as noise. All MAC constraints

for User 3 are given in (3.34)-(3.36).

Once the common information is reliably established at the transmitters, it re-
mains to make sure that the transmitted messages are also reliably decoded at
the ultimate receiver. Note that, as we backwards decode the cooperative signals
using joint typicality decoding at the receiver, the message groups {wia,ws},
wse and {ws3, weg, w31} appear jointly in cooperative codewords, and they will be
decoded jointly as if each group is a single message. Having this in mind, tradi-
tional arguments on MAC capacity can be used to obtain the set of constraints on
the rates that should be satisfied for achievability at the ultimate receiver. These
constraints are given in equations (3.37)-(3.43). Note that, the constraints (3.39),
(3.41), (3.42) are dominated by the tighter constraint (3.43), which has the same
right hand side but bounds more rate components. Therefore, the inequalities

(3.39), (3.41), (3.42) can be omitted from the final solution. O
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Fading Distribution

LINK GAINS COEFFICIENT SET I COEFFICIENT SET II

$10, S20, S30 {01 :0.2: 09} {05 :0.05: 07}
$13, S23, S31 {1.1:02:1.9} {0.8:0.05: 1.0}
S12, S21, S32 {2.1:0.2:29} {1.1:0.05:1.3}

Table 3.4: Fading Distribution

3.2.4 Simulation results

In this section we numerically evaluate the achievable rate region described by the
equations (3.12)-(3.42) for the three user cooperative MAC. Since the achievable
rate region obtained as a result of the three dimensional convex hull operation
turns out to be hard to visualize, we simply plot its cross-sections on Ry — Ra,
Ry — R3 and Ry — R3 planes. This enables us to compare the three user achievable
rate region with the corresponding two user cooperation strategies, obtained by

the encoding/decoding structure in [27].

The achievable rate region is generated for two sets of channel state distributions,
cach of which is chosen uniformly to satisfy the assumption in (3.5), as well as
the assumption about the cooperative links being stronger than the direct links:
S10, S20, S30 are i.i.d uniform random variables taking the values from the set
{0.1 : 0.2 : 0.9}, s13, Sa3, S31 are i.i.d taking values from {1.1 : 0.2 : 1.9} and
S12, So1, S32 are also i.i.d with values {2.1: 0.2 : 2.9}. The average transmit power
for each user is chosen to be 1. The resulting sets of achievable rate pairs are
plotted in Figure 3.2, along with the two user cooperation strategy of Sendonaris
et al. in [27]. We see in all three figures that the existence of a third user improves
the set of achievable rates significantly, especially for rate tuples near the sum
rate. When we search for the active constraints for the points on the axes in all
figures, we see that each single user rate is bounded by the rate constraint coming
from the inter-user links, rather than the direct links for this selection of fading

coefficients.
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(c) Rate region for Users 2 and 3, with User 1 acting
as a relay

Figure 3.2: Achievable rate regions for the three user cooperative MAC, coeffi-
cients obeying set I

As an example, let us consider Figure 3.2(a). The main advantage of having a
third user in the system, as far as the maximum achievable rate R; is concerned, is
that User 1 does not have to allocate any part of its power to a cooperation signal;
it is able to use its power solely to establish common information, while Users
2 and 3 send only cooperation signals to establish a coherent combining gain.
This way, the rate constraint on the direct link becomes loose, and the rate R;

can be pushed all the way to the rate on the inter-user link. Another interesting
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Figure 3.3: Achievable rate regions for the three user cooperative MAC, coeffi-
cients obeying set II

observation is from Figure 3.2(c): although the rate region is asymmetric for the
two user cooperative MAC, it is symmetric for the three user MAC, with the
same maximum achievable rate for all users. In this case, the channel coefficients
s39 are better than the coefficients sa3, therefore it is expected that the two user
cooperation will yield higher rates for User 3, which has a better outgoing link.
However, the presence of a third user creates additional diversity by making a

better channel condition, namely s9;, available to User 2, which is no longer
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constrained to cooperate solely with User 3, and the resulting achievable rates
are increased. Note that, fixing one of the rate components in our region is simply
equivalent to considering a multiple access relay channel. Meanwhile, the points
where our rate regions intersect the axes correspond to the case of two parallel

relays.

The second set of uniform fading distributions; sy, s90, s30 1.i.d from {0.5: 0.05 :
0.7}, s13, S23, s31 1.i.d from {0.8 : 0.05 : 1} and $19, S91, S32 1.i.d from {1.1: 0.05 :
1.3}, yield a more interesting set of achievable rate regions, depicted in Figure 3.3.
Namely, it can be seen in Figure 3.3(a) that the two and three user cooperation
strategies give the same maximum individual rates. This is because of the fact
that it is no longer profitable to use the cooperation links as far as the individual
rates are concerned. However as we get closer to the sum rate point, the common
cooperation signal becomes useful, as it is a function of many sub-messages coming
from all users. At the points where the two and three user cooperative rate regions
coincide, the employed power distribution for both strategies are the same, and
the extra user is treated as if it is not present in the system. Lastly, since the
two user cooperation strategy is simply a subset of its three user counterpart, we
always expect to have the achievable rate region of the former to be also a subset

of the latter.

3.3 Policy II - channel adaptive encoding structure for three user

cooperative MAC

In this section, we have propose a new block Markov type encoding strategy for
the three user multiple access channel. The encoding and decoding policies is de-
veloped by making use of a specific ordering of the channel states, complementing
our existing results in Section 3.2, thereby yielding a complete channel adaptive
encoding policy. We obtain the rate constraints for reliable decoding of messages
for the three user multiple access channel under our proposed encoding and de-

coding strategies, and evaluate them to obtain three user achievable rate regions.
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We demonstrate through simulations that, going from the two user cooperative
multiple access channel to its three user counterpart, the achievable rates increase
significantly due to the additional diversity provided by the existence of an extra

user.

3.3.1 System model

We consider a three user fading Gaussian MAC, where both the receiver and the
transmitters receive noisy versions of the transmitted messages, as illustrated in
Figure 3.1. The transmitters are assumed to be operating in the full duplex mode.

The system is modeled by

Yo = V/hio X1+ v/ hao Xo+ v/ hao X5+ N (3.44)
Vi = V/ha1 Xo+ v/ ha1 X5+ Ny (3.45)
Yo = vV/hio X1+ hgs X3+ Ny (3.46)
Vs = /I3 X141/ has Xo+Nj (3.47)

where X; is the symbol transmitted by node 7, Y; is the symbol received at node

i, and the receiver is denoted by ¢ = 0; N; is the zero-mean additive white
2

Gaussian noise at node ¢, having variance o;, and h;; are the random fading
coefficients, the instantaneous realizations of which are assumed to be known by
both the transmitters and the receiver. We further define the normalized fading

coefficients s;; = 4, for the simplicity of our discussions.
i

Throughout this section, we assume that the normalized channel gains satisfy
sij > Sio, V 1,7 € {1,2,3}, i # j; that is, the inter-user cooperation links are
uniformly stronger than the direct links. This particular case is of practical
interest since the cooperating transmitters are likely to be closely located with
less number of scatterers and obstructions on the paths connecting them, when
compared to their paths to the receiver, and thus have better channel conditions

among each other.
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3.3.2 Encoding strategy

For a multiple access channel with generalized feedback, the extension of the block
Markov encoding policy from the two user channel to three users is non-trivial,
since the cooperation options become more diverse, as the number of cooperating
users increases. For the two user MAC-GF, the encoding is performed by divid-
ing each user’s message w; into two sub-messages, one used solely to introduce
fresh information intended for the receiver, and the other used for simultaneously
transmitting cooperative information to both the cooperating partner and the
receiver [47], [27]. For a three user MAC-GF, it is natural to extend this strategy
by simply including additional cooperative sub-messages intended for each user

from each transmitter, i.e.

w; = (wi()?wij?wik)? { 7é.] 7é k? v Zaj € {1727 3} (348>

However, with the introduction of new sub-messages, one has to decide on how
to encode these messages into cooperative codewords, i.e., which messages should
be used by which users for cooperation. This also requires a decision about
which cooperative messages should be decoded by which receivers. If the User
© were to decode only the messages wj; solely intended for itself, treating all
other signals as noise as it is done in the two user MAC-GF in [27], it would
face a significant amount of interference in reception over the inter-user links.
This would eventually degrade the quality of the inter-user links and possibly
reduce the rate advantage due to the cooperation among the users. In order to
control the interference over the inter user links, we have proposed in Section 3.3
an extension of the block Markov coding strategy, based on relative receive-link
qualities for the users. The encoding and decoding strategies in Section 3.3 were
limited in the sense that they were designed only for a specific ordering of the

inter-user links,

Sij > Siky,  Sji > Sjks  Skj > Skis ) 7éj 7£ k (349)
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DECODED MESSAGES OWN MESSAGES

USER 1 wa1, W31, W32 w12, W13
USER 11 w12, W32, W13 wo1, W23
USER 111 w13, W23, Wa1 w31, W32

Table 3.5: Decoding strategy a the transmitter, before forming the common co-
operation signals

that lead to User j being the strongest, and decoding all the information sent
over the channel, and User k£ being the weakest, and decoding only the informa-
tion intended for itself. The resulting decoding strategies for each participating

transmitter which we called Policy I, are summarized in Table 3.3.

Now, we introduce a new encoding/decoding policy, which is designed for the

remaining possible orderings of the instantaneous channel states, i.e

Sij > Sik, Sk > Sjis  Ski > Skjs 7 7éj 7£ k (350)

As in Section 3.2, our proposed encoding and decoding strategy is inspired by the
capacity achieving encoding/decoding for Gaussian broadcast channels, where the
stronger receiver decodes not only its own message, but also the weaker users’
messages. It is easy to check that, there are a total of eight possible orderings for
the receive-link qualities at the users, six of which obey (3.49), and two of which
obey (3.50). Unlike the asymmetric situation caused by ordering (3.49), when
the channel qualities satisfy (3.50), each user has better reception quality on one
of the underlying broadcast channels, and worse on the other. For the simplicity

of the exposition, we will assume from now on without loss of generality that

S12 > S13, S23 > S21, S31 > S32 (3.51)

Based on this assumption, User 2 has the stronger receive link for the transmission
of User 1. If User 1 were broadcasting alone, User 2 would be able to correctly
decode not only its own intended message wio but also the message w3 intended
for User 3, provided message wq3 was being transmitted at a rate that is supported

at User 3. The same argument holds for all other broadcast scenarios, in each of
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which only a distinct user is the stronger one. Motivated by these observations,
we propose a variation of the decoding policies for the transmitters suited for
the ordering in (3.50). This new decoding policy, which we will call Policy II, is
summarized in Table 3.5. The decoding policy for the specific ordering in(3.51)
is then simply obtained by substituting : = 1, j = 2, kK = 3 in Table 3.5.

Although the derivation of decoding strategies closely followed the ideas in Section
3.2, the structure of the resulting cooperation signals are significantly different.
From Table 3.5, one can observe that the messages w3, we; and wss are known
to all transmitters, but there are no pairs of messages known to more than one
transmitter. The message wy is only known to the transmitters 1 and 2; wsgz only
to 2 and 3, and ws; only to 1 and 3. This grouping of common information calls
for the following new way to form the cooperation signals. We use one cooperation
signal common to all users, which is a function of three sub-messages, and three
other cooperation signals common to each pair of users, which are functions of
just one sub-message each, a little reminiscent of the coding for the relay channel.
By a suitable extension of the codebook generation process described in [27], [47],
we perform the codebook generation and encoding as summarized in Table 3.6.
In Table 3.6, the sub messages w;; denote the messages received in the previous
block: the cooperation signals depend on the messages received in previous block,
and new information is also encoded into codewords X;;, taking into account the
messages received in the previous block. The order in the codebook generation
is also observed in Table III: the collective cooperation signals U are generated

first, then the pairwise cooperation signals, and so on.

Then, the signals transmitted by each user can be generated by block Markov

superposition encoding as follows:

X1 =v PioXio+ vV PreXio+ v PisXis+ v/ P, Ui+ P Us++/ PipU - (3.52)
Xo =/ PooXoo+ v/ Por Xor1+/ Pos Xos++/ Pov, U1 +/ Pov, Us++/ PiyU - (3.53)
X3 =/ PsoXso+ v/ P31 Xs1+ v PsoXso++/ Psv,Us+/ Psy, Us++/ PsyU - (3.54)
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Brock 1 Brock II

Xio(wio(1), X12(1), X13(1))  X1o(w10(2), X12(2), X13(2))

— Xi2(wi2(1),U1(0),U(0)) Xi2(w12(2),U1(1),U(1))

2 Xiz(wis(1),Us(0),U(0)) X1a(w13(2), Us(1),U(1))

L Ulwi3(0), w21 (0), ws2(0)) U(w13(1), wa1 (1), w32(1))
U (w12(0), U(0)) Ui (wi2(1),U(1))
Us(w31(0),U(0)) Us(ws1(1),U(1))
Xoo(wao(1), X21(1), X23(1))  Xao(w20(2), X21(2), X23(2))

= Xo1(w21(1),U1(0),U(0)) Xo1(w21(2),U1(1),U(1))

e Xa3(we3(1),U2(0),U(0)) Xoa3(we3(2),Us(1),U(1))

& U(w13(0), wa1(0), w32(0)) U(wi3(1), wa1 (1), w32(1))
U (w12(0), U(0)) Ui (wi2(1),U(1))

Uz (w23(0), U(0)) Uz (w23(1),U(1))
X30(wso(1), X31(1), X32(1))  X30(ws0(2), X31(2), X32(2))
= Xsi(wsi (1), Us(0),U(0)) X31(w31(2),Us(1),U(1))

e Xz2(ws2(1),U2(0),U(0)) X32(w32(2),U2(1),U(1))

5 U(wi3(0), wa1(0), w32(0)) Ur(wiz(1), w21 (1), w32(1))

= Us(was(0), U(0)) Us(ws3(1),U(1))
Us(w31(0),U(0)) Us(w31(1), U(1))

Table 3.6: Block Markov encoding for policy II: mapping of codewords to messages

Here, the codewords Xy carry the fresh information intended for the receiver,
X; carry the information intended for transmitter j for cooperation in the next
block. The cooperation codeword U carries the common information sent by all
three users; and the cooperation codewords Uy, Us and U3 relay the sub-messages
common to each pair of users, for the resolution of the remaining uncertainty
from the previous block. All codewords are chosen from unit-power Gaussian
distributions. The transmit powers are then captured by the powers associated

with each component, which are required to satisfy the average power constraints.

Pio+Pia+ P+ Py, +Piy < P (3.55)
Poo+ Por+ Poz+ Poyy + Poy, + Poyy < Py (3.56)
Pso+ Ps1+ Pso+ Py, + Psy < 3 (3.57)

Note that, encoding and decoding Policies I and II described in Table 3.2 and 3.5
respectively are sufficient to cover all possible channel state orderings, and can be

used adaptively based on the channel state information, to maximize the rates.
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Therefore, the proposed policy in this section complements the policy of Section

3.2, thereby yielding a channel adaptive three user block Markov encoding policy.

3.3.3 Achievable rates

Before proceeding to characterize the rate region, we make one further simplifica-
tion to the encoding policy. In [48], it has been shown that when the cooperative
links are stronger than the direct links, the optimum strategy of the users is to
send only cooperative information, and discard X;3. Although in order to prove
a similar result for the three user cooperative MAC, the rate regions need to be
established, and then power optimized for the general case; we simply choose to
assume that the cooperative links are uniformly stronger than the direct links of
the users, and drop the codewords X,y from our encoding policy, so that the rate

regions are easier to obtain and simulate.

The rate constraints bounding the achievable rate region are easiest viewed in
two groups: those necessary for reliable decoding at the transmitters, and those

necessary for reliable decoding at the ultimate receiver.

Theorem 3.2. Adaptive Encoding For Three User Cooperative Multiple Access
Channel-Policy 1I:

An achievable rate region for the system given in Section 3.8 is the closure of the
convez hull of all rate pairs (Ry, Ry, R3) such that Ry = Ri2+ Ry3, Re = Ra1+ Ras,
and R3 = R + Rsy where { Ry, R13, Ra1, Ras, Ra1, Raa} satisfy the constraints

Ry <F |log (1+32f21)_ (3.58)
Ry <FE _log (1+ ?’f”l)_ (3.59)
Ray <F |10 (1+83f32)_ (3.60)
Ri» <E |log (1+812;12)_ (3.61)
Ruy <E |log (1+‘912;13)_ (3.62)




Rsy <E

Ry3 <E

Roys <E

Roys <E

Roy+R3 <FE

Roy+R3p <FE

Rs <E

Ro1+R3 <FE

R, <FE

Ris+Rsp <E

Ri3+R3y <E

Ris+ Ry <K

Ris+Ros <FE

Ry <FE

Riz+ Ry §E

R12 SE [lOg 1+810 P12+P1U1)+820(P21+P2U1)+D)]

( (
Rg1 <E'[log (14 s19(Pis+ Pius)+530( P31+ Psys) + E)]
Roz <E [log (1+820(Pas+ Papa) +830( Pa2+ Paya) + )]
R+ R3y <E [log (1+510(Pra+ Pis+ P+ Pius)
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(3.63)
(3.64)
(3.65)
(3.66)
(3.67)
(3.68)
(3.69)
(3.70)
(3.71)
(3.72)
(3.73)
(3.74)
(3.75)
(3.76)
(3.77)

(3.78)

(3.79)
(3.80)
(3.81)

(3.82)



+530( P31+ Pso+ Psyo+ Pays) + E+F)] (3.83)
Rig+ Roz <FE [log (1+810(Pri2+ Pron)
+590(Pa1+ Pas+ Poy1 + Parra)
+530(Ps2+ Pay2) + D+ F)] (3.84)
Riz+ Roz+ Rz <FE [log (1+510(Pra+ Pis+ P+ Pius)
+520(Pa1+ Pag+ Pour1 + Parra)
+530( P31+ Ps2+ Psya+ Pays)
+D+E+F)] (3.85)

R1+R2+R3 SE [log (1—|—810P1+820P2+830P3+D+E+F+G)] (386)

Here, the interference plus noise terms A, B, C and coherent combining gains D,

E, F, G are defined as,

A= 821P2U2+831P3U2+2\/821831P2U2P3U2+1

B = 812P1U3+832P3U3+2\/812832P1U3P3U3+1

C = 313P1U1+323P2U1+2\/313823P1U1P2U1+1

E = 2+/s10830 Piva Pavs
F = 2+/590830 Pava Paur2

G = 2(\/310820P1UP2U+ \/310830P1UP3U+ \/820530P2UP3U)

(3.87)
(3.88)
(3.89)
D = 2v/s10520 Py Povnt (3.90)
(3.91)
(3.92)
(3.93)

Proof. In the proof of Theorem 3.1, it is easy to see that for each transmitter we
have a multiple access channel with a group of independent messages that need
to be decoded, and an extra message which will be treated as noise. Classical
arguments on achievable regions for multiple access channels [15] can be used to
obtain the rate constraints in Theorem 3.2, corresponding to the decodings at

Users 1, 2 and 3 respectively.

It is interesting to note that the users suffer from the effect of coherent combining

in the interference terms. The major difference from the rate region in Section
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Fading Distribution, obeying (3.51)

LINK GAINS COEFFICIENT SET I COEFFICIENT SET II

$10, $20, S30  {0.1,0.3,0.5,0.7,0.9}  {0.5,0.55,0.6,0.65,0.7}
s13, S21, s32 {1.1,1.3,1.5,1.7,1.9}  {0.8,0.85,0.9,0.95,1.0}
S12, So3, S3:1 {2.1,2.3,2.5,2.7,2.9}  {1.1,1.15,1.2,1.25,1.3}

Fading Distribution, obeying (3.49)

LINK GAINS COEFFICIENT SET III  COEFFICIENT SET VI

$10, $20, S30  {0.1,0.3,0.5,0.7,0.9}  {0.5,0.55,0.6,0.65,0.7}
s13, So3, s31 {1.1,1.3,1.5,1.7,1.9}  {0.8,0.85,0.9,0.95, 1.0}
S12, So1, S32 {2.1,2.3,2.5,2.7,2.9}  {1.1,1.15,1.2,1.25,1.3}

Table 3.7: Coefficient Distribution, obeying (3.49) and (3.51)

3.2 is that, the rate constraints are now symmetric, and the rates of User 3 are
now less prone to interference, whereas there is some added interference at User
2, due to the decoding assumption. In the simulation results section, we will
demonstrate that sometimes the more symmetric Policy II may in fact produce
better achievable rates, even for channel states it is not designed for, i.e., those
satisfying (3.49), which justifies the novelty and usefulness of Policy II proposed

in this section.

The rate constraints for error free decoding at the receiver are also obtained by
using capacity results for the traditional MAC. However, one has to take into
account the effect of backwards decoding: in a given block, the receiver first
decodes the cooperative information, which consists of sub-messages encoded in
groups into codewords U, U, Uy and Us. Therefore, the sub-messages wi3, wa;
and w3, should be treated as one single message and should be jointly decoded.
Keeping this in mind, the rate constraints that need to be satisfied at the receiver

are obtained as given in equations (3.79)-(3.86). O

3.3.4 Simulation results

In this section, we demonstrate the usefulness of the proposed three user co-
operation strategies by evaluating the achievable rate region for several fading

scenarios, and comparing it to the corresponding two user cooperative system, as
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Figure 3.4: The 3-D achievable rate region for the three user cooperative MAC,
compared with two user cooperative rate regions

well as the encoding/decoding policy proposed in section 3.2. We first evaluate
the rate region achievable by Policy II, for a fading distribution which satisfies
the assumption in (3.51), that is, sig, $20, S30 are i.i.d uniform random variables
taking the values from the set {0.1,0.3,0.5,0.7,0.9}, s13, S21, S32 are i.i.d tak-
ing values from {1.1,1.3,1.5,1.7,1.9} and sy2, So3, s31 are also i.i.d with values
{2.1,2.3,2.5,2.7,2.9}. The average transmit power for each user is chosen to be 1
in all simulations in this section. The 3-D achievable rate region is plotted in Fig-
ure 3.4 (outer region), along with the 2-D two user cooperative MAC achievable
rate regions [27] (inner regions only on R; — R; planes), evaluated for the same
fading distributions. There are two important observations: firstly, the presence
of the third user improves the achievable rates significantly, when compared to the
two user strategy: simply compare the two strategies on the planes corresponding
to R; = 0. Secondly, the maximum values for individual rates are asymmetric
for the two user cooperation case, due to the asymmetry in the inter user links.
Therefore, the separately obtained 2-D achievable rate regions on each plane has
different intersections with the corresponding axes. However, in three user coop-
eration, the presence of the third user helps the user with the worse cooperative
link by presenting another option to relay its information, thereby symmetrizing

the achievable rate region, and providing a fairer rate distribution.

60



T T

—+— 3 user policy 2, coefficient set 3
+ -+ 3 user policy 2, coefficient set 4

1k —©&— 3 user policy 1, coefficient set 3 | |

© - 3 user policy 1, coefficient set 4

—A— 2 user coop, coefficient set 3

A -+ 2 user coop, coefficient set 4

(a) Rate region for Users 1 and 3, with User 2 acting as a relay, coefficients
obeying (3.49)

T T

—— 3 user policy 2, coefficient set 1
+ -+ 3 user policy 2, coefficient set 2

1 —6— 3 user policy 1, coefficient set 1 | |

© - 3 user policy 1, coefficient set 2

—=A— 2 user coop, coefficient set 1

A+ 2 user coop, coefficient set 2

(b) Rate region for Users 1 and 3, with User 2 acting as a relay, coefficients
obeying (3.51)

Figure 3.5: Achievable rate regions for the three user cooperative MAC

We next compare the rate regions achievable by policies I and II, under four

different fading distributions; two of which obey (3.49), and the remaining two
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of which obey (3.51). The fading distributions are again chosen as independent

uniform random variables, as summarized in Tables 3.7.

Figure 3.5(a) illustrates the rate regions achievable by Policy I, Policy II, and the
two user cooperative MAC, under the assumption that the fading distributions
obey (3.51). This is the ordering for which the three user cooperation Policy II
in this section is designed. Therefore, it is expected that the proposed policy
gives significantly larger achievable rates than the other policies, for the same
channel set. It is worth mentioning that, the Policy I of section 3.2 performed
surprisingly poorly when compared to the 2 user cooperation strategy, which is
simply a special case of Policy I encoding-wise. The reason for this phenomenon
is that, the decoding rules are strictly dictated in Policy I, and we force User
2, which has a relatively poor incoming link from User 3, to decode all sub-
messages. Therefore, even if it will not participate in the transmission, User 2
creates a bottleneck for the rate of User 3. One last remark: the rate plane
R1 — R3 was chosen arbitrarily for the comparison, all other rate regions also look

similar.

Figure 3.5(b), two alternative sets of fading distributions, each of which obey
(3.49) are considered. Surprisingly, especially for coefficient set 111, our proposed
Policy II performs better than Policy I, although it was not designed for the
assumed ordering of the fading values. This shows that, enforcing User 2 to
decode all messages, while treating most messages as noise at User 3 may be
more limiting than letting each user decode an equal number of sub-messages,
under certain situations. When the potential channel states get closer to each
other, as in coefficient set 4, Policy II partly outperforms Policy I. Also, Policy 11
outperforms the two user cooperative strategy under this ordering, as expected

(decoding at User 2 is no longer a bottleneck).

Now, we evaluate the achievable rate region in a Rayleigh fading channel that
changes over time. At the beginning of this section, we compared our proposed

channel adaptive encoding structure to the corresponding two user cooperative
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T T T T
—#A— 3 user coop. communication, user mean 0.6, inter-user mean 1.6,
—4A— 2 user coop. communication, user mean 0.6, inter-user mean 1.6|
—&— 3 user coop. communication, user mean 0.3, inter-user mean 1.0
—8— 2 user coop. communication, user mean 0.3, inter-user mean 1.0|
1r —O6— 3 user coop. communication, user mean 0.1, inter-user mean 0.5
—©— 2 user coop. communication, user mean 0.1, inter-user mean 0.5|

Figure 3.6: The 3-D achievable rate region for the three user cooperative MAC
in a Rayleigh fading channel, compared with two user cooperative rate regions

Rayleigh Fading Parameters

LiNK GAINS PARAMETER SET I PARAMETER SET II PARAMETER SET III

5105 8205 530 {0.1} {0.3} {0.6}
512, S13, S21 {0.5} {1} {1.6}
523, 531, 532 {0.5} {1} {1.6}

Table 3.8: Coefficient Distribution for Rayleigh Fading

system under uniformly distributed fading scenarios. The main reason of per-
forming under uniform distribution was that our proposed encoding structure
must have been performed in Policy I and II for certain to evaluate and create

comparable simulation results.

We assume the same encoding structures as proposed in Section 3.2 and 3.3. The
Rayleigh parameters for direct links s19, So9, S30 are i.i.d random variables taking
the values from the parameter set {0.1,0.3,0.6}, and for inter-user links sy, $13,

So1, S23, S31, S32 are also i.i.d taking values from the parameter {0.5,1,1.6}.

In Figure 3.6, we see that the achievable rate region under the Rayleigh channel

outperforms better than two user cooperative system for each Rayleigh fading
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parameter set that is because the proposed adaptive encoding structure adapts

the current inter-user fading state assigned to different policy in Table 3.1.
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Chapter 4

Pairwise and Collective Encoding and Decoding
Strategies and Rate Regions for the Three User
Cooperative Multiple Access Channel

In this chapter, we propose a new block Markov superposition encoding strat-
egy for a three user cooperative Gaussian multiple access channel (MAC), which
enables all three users to cooperate collectively as well as in pairs. We obtain
the resulting achievable rate expressions and compare them with existing two
and three user cooperative strategies. We demonstrate that significant rate gains
may be possible, without resorting to adaptive encoding/decoding techniques.
We investigate the contributions from pairwise and collective cooperation signals
while achieving tuples on the rate region boundary, and compare by simulations
the sum rates achievable by two user versus three user grouping in cooperative

MACs with fixed total resources.

An attempt to generalize the results of [27], [47] to more than two users was
made in Section 3.2 and 3.2. There, we have introduced the three user MAC
with generalized feedback model which contains multiple access relay channel
(MARC), multiple relay network (MRN) and parallel relay network (PRN) with
three users and one receiver as its special cases, and obtained achievable rate
regions based on three user channel adaptive block Markov encoding (BME) and
backwards decoding. The proposed BME strategy assigned varying roles to users

in cooperation: users with stronger receive links decoded more cooperative signals,
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and therefore participated in cooperative transmissions more actively. Although
this non-trivial extension of BME was shown to produce considerable rate gains, it
has the drawback that it requires instantaneous adaptation of encoding/decoding
policies, which increases system complexity. A MIMO extension of the three
user cooperative MAC was considered more recently in [49], but there either
conferencing encoders were assumed, or the common messages among the users
were assumed to be already established, thereby not requiring any resources, and

not causing any constraints for inter-user transmissions.

4.1 System Model

We consider a fading three user cooperative Gaussian MAC with full duplex

operation. The system is modeled by

Yo = V/h1o X1+ v/ hao Xo+ v/ hao X5+ N (4.1)
Vi = Vha Xo+Vha1 X5+ Ny (4.2)
Yy = Vhia X1+ v/ haa Xs+ Ny (4.3)
Vs = /his X1+ has Xo+ Ny (4.4)

where X; is the symbol transmitted by node 4, satisfying F[X?] < P;, Y; is the
effective received symbol at node j after subtraction of any self interference, and
the receiver is denoted by j = 0; N; ~ N(0,1) is the white Gaussian noise at
node j, and ,/5;; are the normalized (for unit noise power) Rayleigh distributed
fading coefficients with parameters -;;, the realizations of which are assumed to
be known by both the transmitters and the receiver. A few words on the notation
used throughout this section: from now on, we use the user indices i # j # k to

denote distinct elements of the set S = {1,2,3}.

4.1.1 Encoding Strategy

The decoded and own messages for each user are summarized in Table 4.1. Each

user selects the codewords corresponding to these messages, from the generated
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DECODED MESSAGES OWN MESSAGES

USER 1 Wa1, W31, Wy, W3y w12, W13, W1y
USER 11 w12, W32 , W1y ,W3U wa1, W3, Wy
USER III  wi3, wa3, wiy,wau w31, W32, WU

Table 4.1: Decoding strategy at the transmitter, before forming the common co-
operation signals

codebooks, as shown in Table 4.2. Then, the overall transmitted codeword of each
user is obtained by scaling the codewords listed in Table 4.2 to have the desired
power levels, and superposing them, i.e., yielding our proposed three user BME
strategy. Note that, the BME strategy employs two main types of codewords:
X2, Xi3, X1y, Xo1, Xog, Xoy, X351, X320, X3y, which are used to transmit fresh
information at a higher data rate than normally decodable by the receiver, and
Uya, Uiz, Usy, Uss, Usy, Usy and U, which are cooperatively used to resolve the
receiver’s remaining uncertainty from previous transmissions. In Table 4.2, the

specific tasks of these codewords are also explained.

Brock 1 Brock 11
Xi0(wio(1), Ur2(1), Ur3(1), X1 (1)) Xio(wi0(2), U12(2), Ur3(2), X1v/(2))
Xia(wi2(1), Ui2(1),U(1)) Xi2(w12(2), U12(2), U(2))

= Xis(wis(1),Uis(1),U(1)) X13(w13(2), U13(2),U(2))

2 Xiw(wiw(1),U(1)) Xiu(wiw(2),U(2))

= Ura(wi2(0), w21 (0), U(1)) Urz(wi2(1), wa1 (1), U(2))
Uts(w13(0), w31 (0),U(1)) Urs(wiz(1),w31(1),U(2))
U(wip(0), wau (0), w3w (0)) U(wiy (1), wau (1), wau (1))
Xoo(wzo(1), Ur2(1), Uas(1), Xou (1)) Xao(wao(2), X12(2), X23(2), Xov(2))

_ Xar(wa (1), Ui2(1),U(1)) Xo1(w21(2),U12(2),U(2))

= Xo3(wa3(1),Uas(1),U(1)) Xoz(wo3(2),U23(2),U(2))

g2 Xoy(war(1),U(1)) Xou(wav(2),U(2))

2 Ur2(wi2(0), w21(0), U(1)) Urz(wi2(1), w21 (1), U(2))
Uaz(w23(0), w32(0), U(1)) Uag (w23 (1), w32(1), U(2))
U(wlU(0)7 wau (0)7 w3y (0)) U(wlU(l)v w2U(1)7 ’LU3U(1))
X30(wso(1), U1 (1), Uaz(1), X3u (1)) Xszo(wso(2), X13(2), X23(2), X30(2))

. Xsi(wsi(1),U13(1),U(1)) X31(ws1(2), U13(2),U(2))

: X32 (w32 1), Ugg(l), U(l)) X32(w32(2), U23(2), U(2))

g Xar(wsy(1),U(1)) Xav(wsv(2),U(2))

25 Urz(wi3(0), w31 (0), U(1)) Urs(wiz(1),w31(1),U(2))
Uaz(w23(0), w32(0), U(1)) Uaz (w23 (1), w32(1), U(2))
U(wlU(0)7 wau (0)7 w3y (0)) U(wlU(l)v w2U(1)7 ’LU3U(1))

Table 4.2: Block Markov encoding: mapping of codewords to messages
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Xi=vPoXio+ vVPuXi+ VP X+ VPxoXw+vPo,Ui, - (45)
+/Poy Uiz +/PiU

X /P X /P X1 /P Xos AP Xt Pl (46)
—i—\/]EUz:ﬂL\/@U

X5 =v/Pyo Xa0+v/Ps1 X1+ /Py Xso + /Pt Xsvr+ /P, Ust (4.7)
+/Pu,Uso+ /Py U

Although there are many similarities to the previously proposed policies in Section
3.2 and 3.2, the main difference of our new proposed block Markov encoder is
that the sub-messages are decoded only at their intended receivers. As detailed
in Table 4.2, the signals are categorized into several parts, namely Xy, X;; and
Xij. Xio is a function of w;o, U;j, Uy, U and carries the fresh information intended

for the receiver captured by the powers associated with each component as follow.

Pio+Pio+Pis+Pixu+ P, + P, +Pio < Py (4.8)
Poo+ Por 4 Pas+ Poxv + Py, + Povyy +Poy < P (4.9)
P30+P31+P32+P3)(U+P3U31+P3U32+P1U S P3 (410)

Besides, X;; is a function of fresh information w;; intended for transmitter j,
pairwise cooperative information U;; and the common cooperative information
U. These sub-messages will then be used in the next block to create common
cooperation signals, which will be sent to the receiver. The signals U, U;;, Uy,
Uji are the cooperative codewords mapped to the common information from
the previous block (b — 1) and are sent by groups of three, two, two and two
transmitters respectively for the resolution of the remaining uncertainty from
the previous block. As a main difference from BME in section(3.2) and (3.3),
X,y is also added to block Markov encoder and will be decoded by all users.
Incooperating the codewords X;; in the transmitted signal, we aim to create

a common information at each user, unlimiting the rates of messages wis, wis,
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Wa1, Wo3, W3y, and wso, but also these increase the number of messages that will

potentially cause additional interference at the user side.

4.1.2 Achievable Rates

Theorem 4.1. Pairwise and Collective Encoding For Three User Cooperative

Multiple Access Channel:

An achievable rate region for the system given in Section 4.1 is the closure of
the convex hull of all rate pairs (Ry, Ry, R3) such that Ry = Ry + Ri3 + Ry,
Ry = Ro1 + Roz + Roy, and R3 = Rsy + R3s + Ray where { Rys, Ri3, Riy, Ro1, Ras,
Rou, Rsi1, Rsa, Ray} satisfy the constraints.

Roy <F |10 (1+321P21)] (4.11)

Ry <E _log (1+821P2XU)} (4.12)

Ry <E |log (1+831P31)] (4.13)

Ry <E :log (1+831P3XU)} (4.14)

Roy+ Ry <E :log (1+821 P21+P2XU))} (4.15)
Roy+ Ry <E :log (1+321P21+331P31)} (4.16)

Roy+ Ry <E :log (1+321P21+331P3XU)] (4.17)
Ror+ Ry <E :log (1+321P2XU+331P31)] (4.18)
Royr+ Rayy <E :log (1+821P2XU+831P3XU)} (4.19)
Ryi+ Ry <FE :log (1+331 (P 31+P3XU))} (4.20)
Roy+Ryy+Rsy <E :log (1+821 P21+PjU>+S31P31)} (4.21)
Ry1+ R+ Rsy <E :log (1+321 P21+P22U)+531P3XU)} (4.22)
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Roy+Ra1+Rsy <E
Roy+R31+Rsy <E

Ro1+Roy+Rs1+ Ray <E

Ry, <FE

Ry <E

Rsy <E

Ray <E

Riy+ Ry <E

Ris+Rap <E

Ris+Rsy <E

Riyy+Rsy <E

Rip+Ray <FE

Rao+ Ry <E

Ris+Riy+Rsy <E

Riyy+Riyy+Rsy <E

Rig+Rao+Rsy <E

Rig+Rse+Rsy <E

Ris+Riy+Rso+Ryy <E

Ris <E

Ry <FE
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821P21+831(P31+P3XU))}

821P2XU+831(P31+P3XU))]

A

S21(Po1+Poxv)+531(Ps1+Poxu)

S12 P12+P1XU))]

812P12+832P32)]

312P12+332P3XU )]

312P1XU+332P32 )]

312P1XU+332P3XU )}

532 P32+P3XU) )}

S12 P12+P1XU)+S32P32)}

512 P12+P1XU)+S32P3XU)]

B

312P12+332(P32+P3XU)):|

312P1XU+332(P32+P3XU))]

B

s12(Pra+Pixv)+s32(Psa+Psxp)
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Ras <F |log (1+823P 23)} (4.43)
: P
Roy <F |log (1+82‘°’ 2XU)} (4.44)
: (Pt P
R13+R1U SE lOg (1+813 13t 1XU)):| (445)
: P P
Ris+ Ry <E |log (1+Sl3 e 23)} (4.46)
: P P
Ris+ Ry <E |log (1+$13 R QXU)] (4.47)
Riy+Rys <E |log (1+813P1XU +‘923P23)] (4.48)
Riy+Roy <E |log (1+813P1XU 523 Poxy )] (4.49)
: (Pos+ P
Ros+ Ray <E |log (1+823 Eha 2XU))] (4.50)
: (Pt P P
R13+R1U+R23 SE lOg (1+813 R 1XU)+823 23):| (451)
: (Pt P P
R13+R1U+R2U SE lOg (1+813 13 Ué,U)—i_SQS 2XU):| (452)
: P Pyy+P,
R13+R23+R2U SE lOg (1+813 13+S23( 23+ 2XU)):| (453)
: P P+ P,
s o 11 BRI
: Pis+Pixy)+23( Py + P
Riz+ Ry + Ros+Roy <E |log (1+813( = 1XU>0823( 2 2XU))} (4.55)
Ris+ Ry <E [log (1+519(Pi2+Pin)
—|—820(P21 +P2U1)+D)] (456)
R13+R31 SE [lOg (1+810(P13+P1U3)
+530( P31+ Pays) + E)] (4.57)
Ry3+Rsy <E [log (1+4s20(Pa3+ Por2)
+$30(P32+P3U2)+F)] (458)
Ris+ Ro1+Ri3+ Ra1 <FE [log (14s19(Pr2+ Pis+ P+ Puus)
+590(Po1+ Pou)
+830( P31+ Pays) + D+ E)] (4.59)

Ri9+ Ro1+ Ros+ Rsy <E [log (1+s10(Pra+Piu1)
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+820(Po1+ Paz+ Pou1 + Pavra)
+830( P32+ Paya) + D+ F)] (4.60)
Ros+ R3o+ Ri3+ Rg1 <E[log (14 s10(Pis+ Piys)
+820( Pas+ Parra)
+830( P31+ Paa+ Paya+ Pays) + E+ F)] (4.61)
R+ Ro1+ Ryz+ Raa+ Riz+ R3y <E [log (1+810(Pi2+ Pis+ Py + Puos)

+820(Pa1+ Paz+ Poy1+ Para)

+s30( P31+ Pa+ Paya+ Paus)

+D+E+F)) (4.62)

Ri+Ry+ Ry <E[log (1+810P1 45202+ 530 P3
+D+E+F+Q)] (4.63)

Proof. The decoding at the users is executed at the end of each block, based on
joint typicality check. For example, the channel towards User 1 may be viewed
as a two user MAC, where users 2 and 3 transmit several independent messages,
but User 1 only decodes the messages w1, ws;, woy and wsy, while treating
codewords devoted to other messages, namely ws3, w3y and Usz = Usy as noise.
Note that, assuming the previous decoding stages were error free, User 1 already
knows the codewords Uy = Uy and Uy = Uz, U and X; . Therefore, User 1
searches for woy, wsy, woy and wsy, that make {Xoy, X531, Xoy, Xsu, Y1} jointly
typical, given Uy = Uy, Uyjg = Usy, U and X; . Then, using traditional results
on the capacity of a MAC [15], it is straightforward to show that the probability
of User 1 decoding the messages listed above incorrectly goes to zero, if the rates

of these messages satisfy for each user as in Theorem 4.1.

The decoding at the receiver is performed after all B blocks of information
are received, using backwards decoding. As commonly done in BME, no fresh
information is transmitted in block B, hence the codewords X5, Xs1, Xiz,
X31, Xog, X390, Uig, Usy, Uiz, Usy, Uss and Usy are all used to decode the pair
{wia(B—1),wy(B—1)}, {wiz(B—1), w3 (B—1)} and {wae3(B—1), w3 (B—1)}.
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Similarly, wyy (B — 1), wey(B — 1) and wsy(B — 1) are also decoded in the last
block, by using all of the received codewords, as each codeword is also a function
of U. Since the messages are jointly decoded, asymptotically error free decoding

is possible. O

Here, the interference plus noise terms A, B, C' and coherent combining gains D,

E, F, G are defined as

A= 1+321(P23+P2U23)+331(P32+P3U23)+2\/321331P2U23P3U23

N
D
Ot

B = 1+515(Pi3+ Py, ) +830( Ps1 + Pspyy ) +21/512832 Prvyy Povys

N
D
(@]

C = 14513(Pi2+ Piuy, ) +523(Por + Pavry ) +2+/ 513523 Pru, Pavr,
D = 2\/810820P1U12P2U12
E = 2+/510830P1vs Pavns
F = 2+/530830 Pty Pty

G = 2(\/ s10520 P10 Por + \/310830P1UP3U + \/320530P2UP3U)

W
D
o

— —~ —~ —~ —~ — —~
' = = ' '
D D
Ne) ~
~— ~— ~— ~— ~— ~— ~—

4.2 Simulation Results

The rate region compactly characterized in (4.11)-(4.63) is in fact governed by a
total of 53 simultaneous constraints on the rates, and its simulation is a challenge
in its own right. In this section, we evaluate the rate constrains under several
fading scenarios, to compare our rate region to some known results, and to further
investigate the usefulness of each cooperative codeword component in achieving
rate tuples on the rate region boundary. In Figure 4.1, we compare our proposed
strategy to adaptive BME in Section 3.3 , 2-user cooperation in [27], and an
outer bound, which assumes co-located transmitters. The achievable rate regions
are obtained under Rayleigh fading, with varying direct link and inter-user link
average SNRs (0.5 vs 1, 0.5 vs 2 and 0.5 vs 5, respectively). For the ease of
demonstration, only a slice of each of the 3-D three user rate regions, with R3 = 0,

(the case when User 3 acts like a relay for the other two users) are shown.
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— = Outer bound, received SNRs {0.5,5}

Proposed 3-user cooperation, received SNRs {0.5,5} ||
Adaptive 3-user cooperation [13], received SNRs {0.5,5]
Proposed 3-user cooperation, received SNRs {0.5,2}
Adaptive 3-user cooperation [13], received SNRs {0.5,2)
Adaptive 3-user cooperation [13], received SNRs {0.5,1]
Proposed 3-user cooperation, received SNRs {0.5,1} ||
— — — 2-user cooperation, received SNRs {0.5,1}

0.9

0.8

Figure 4.1: Comparison of achievable rates for two user cooperation, three user
cooperation with channel adaptive BME in Section 3.3, and dedicated three user
cooperation

First observation, based on the innermost three regions (SNRs 0.5 vs 1) is that,
both three user cooperative strategies expectedly surpass two user cooperation
in terms of achievable rates. At these SNRs, when the direct links are moder-
ately stronger than cooperative links, the adaptive strategy of Section 3.3 gives
the largest rate region. For fading set 2 (SNRs 0.5 vs 2), the proposed strategy,
although non-adaptive, performs nearly as well as the adaptive strategy near the
sum rate point, and even better near the single user rates. For set 3, where
the cooperative links are much stronger than the direct links (SNRs 0.5 vs 5),
our proposed dedicated cooperation strategy outperforms the adaptive strategy
of Section 3.3 for all rate pairs. This can be explained by a closer look at the
structure of the encoding policy: the collective cooperation in our BME strategy
is established through dedicated messages, w;;, which are then mapped to the
codeword U; whereas in Section 3.2 and 3.3, the users decode as many of the pair-
wise cooperative messages as possible, even those not intended for themselves, to

form the collective cooperative codewords. When the channel gains among the
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—%— 3 user coop. direct mean 0.6, inter-user mean 1.6
06k —+— 2 user, 1 relay MARC. direct mean 0.6, inter-user mean 1.6{]
—— 2 user coop. direct mean 0.6, inter-user mean 1.6
—+— 3 user coop. direct mean 0.3, inter-user mean 1.0
—+— 2 user, 1 relay MARC. direct mean 0.3, inter-user mean 1.0|
—+— 2 user coop. direct mean 0.3, inter-user mean 1.0
—»— 3 user coop. direct mean 0.1, inter-user mean 0.5
—»— 2 user, 1 relay MARC. direct mean 0.1, inter-user mean 0.5)
—— 2 user coop. direct mean 0.1, inter-user mean 0.5

Figure 4.2: Comparison of achievable rates for two user cooperation, two-
usernone-relay MARC, and dedicated three user cooperation

users are equally very strong, the latter approach puts additional unnecessary
constraints on the rates at the transmitters, while for our proposed non-adaptive
approach, the power distribution achieving the points on the capacity region dic-
tates that the users should not use the pairwise cooperation signals (X;;), and
instead they should only cooperate collectively via X;; and U. Such encoding
results in looser rate constraints at the transmitters (no noise terms due to unin-
tended messages), and overall a better rate region. Finally, we observe that the
achievable rate region is not very far from the outer bound, which is obtained
under the unfair assumption that all transmitters are co-located, with common

information.

In Figure 4.2, we compare the rate regions achieved by our proposed three user
cooperation strategy, with those for a two user cooperative MAC, and a two
user one relay MARC [11] under several Rayleigh fading scenarios with means
indicated in the Figure, and equal user powers. Note that the MARC is the
closest model to three user cooperative MAC: if one of the users rate is set to 0

in our achievable rate region, so as to force dedicated relaying like in the MARC,
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Figure 4.3: Demonstration of active codewords in three user cooperation under
symmetric vs asymmetric fading.

we obtain a MARC, but with cooperating encoders. The results in Figure 2
are particularly interesting, because the comparison of our rate region with that
of the MARC demonstrates the additional gain due to cooperation among the
two transmitters, while being helped by a relay; whereas the comparison of our
rate region with that of two user cooperation demonstrates e gain obtained by
further assigning a dedicated relay to a already cooperating pair of users. We
see that, the maximum individual rates (R; intercepts in the Figure) of the users
are not improved by MARC versus two-user cooperation, as in each setup there
is one dedicated relay. In contrast, three user cooperation provides an additional
relay per user, hence the single user rates improve, especially when the direct
link gains are relatively low, which makes cooperation more valuable. MARC
gives improvement versus two user cooperation near the sum rate point, because
additional relay’s power can be used to relay the users messages, while in two user
cooperation, the users have to allocate some of their own power for cooperation.

However, especially when the direct links are weak, and the inter-user links are
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Figure 4.4: Comparison of sum rates achievable by cooperation within two user
and three user partitions of a multiuser system, with fixed total resources (power
and bandwidth).

strong, the cost of establishing common information is low, and additional three-
way coherent combining gain of our proposed strategy improves the entire rate
region, compared to MARC with the same resources. Note that, in three user
cooperation, it is also possible to select a non-zero rate for the third user, in

expense of some of the rate gains in R; and R, which is fairer than the MARC.

In Figure 4.3, we investigate which codewords are active while achieving several
points on the rate region boundary, under symmetric and asymmetric fading. The
codewords that are assigned non-zero powers are listed next to the rate tuples.
In the symmetric setup (set I), collective cooperation is used throughout, and
pairwise cooperation signal powers are set to zero. In the asymmetric setup (set
IT), the fading coefficients favor User 3 relaying messages of User 2, while User 2
relays messages of User 1, especially near Ry and R; axes respectively. Near the
sum rate point, we see pairwise and collective cooperation signals are both being

used; interestingly User 2 decodes message of User 1, but does not relay it, and
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User 3 uses the common cooperation signal U3 = U; = U to help User 1 while it

uses pairwise cooperation signal Usy, = Usz to help User 2

In Figure 4.4, we investigate the gain from three user cooperation versus two
user cooperation on a fairer ground: we consider a six user setup with fixed total
bandwidth and identical user powers, and consider grouping the users into two
triplets versus three pairs. The channels are assumed to be symmetric, therefore
it is immaterial which users go into which group. The sum rate of the system is
plotted against the common mean inter-user link gain, while keeping the mean
direct link gain constant. We see that except very low quality inter-user links,
when the extra cooperating user causes additional interference during user-side

decoding, three user cooperation with the same resources is always more beneficial
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Chapter 5

Cognitive Cooperative MAC with One Primary and Two
Secondary Users: Achievable Rates and Optimal Power

Control

In this section we consider a three user cognitive cooperative multiple access
channel (MAC) with one primary, two secondary transmitters. We propose two
encoding/decoding strategies with varying levels of cooperation, based on block
Markov superposition encoding and backwards decoding. The first is an overlay
model, where the secondary users (SUs) aid the transmission of the primary user
(PU) by causally decoding part of the PU message, and forwarding it, while also
cooperating among each other. The second is an underlay model, where the SUs
cooperate by decoding and forwarding each others’ messages, while treating the
signal received from the PU as noise. In either case, the PU is guaranteed to
operate at its maximum achievable single user rate. We characterize the achiev-
able SU rate region in a fading scenario for both models, and then maximize this
region as a function of transmit powers. The simulation results indicate that, the

SU rate region can be significantly enlarged, especially using the overlay model.

Cognitive radio (CR) and user cooperation are both advanced techniques that rely
on the propagative nature of the wireless channel, and presence of sophisticated
nodes which are aware of their surroundings. Therefore, it is quite natural to
design wireless protocols which are based on their joint use. While the original

premise of CR, introduced in [31], was to use the unoccupied licensed spectrum
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(later termed interweave CR), more aggressive approaches such as underlay and
overlay CR which lead to spectrum sharing were quickly developed. An excellent

survey of information theoretical approaches to CR can be found in [50].

Recently, there has been significant work on overlay cognitive radio, where the
system is information theoretically modeled as an interference channel with co-
operating transmitters [34], [36], [51],[52], [53], [54]. These works mainly focus on
cognitive networks with separate primary and secondary receivers, with different
assumptions on message sharing (causal vs non-causal), and often use sophisti-
cated encoding techniques at the transmitters to cooperatively cancel interference
at the receiver. However, in cognitive setups it is often desired not to tamper with
the PU transmissions, and such sophisticated techniques for interference channels
are not practical for CR. There is also a line of work which focuses on resource
allocation for cognitive relaying, where the goal is to buy transmission time/rights
for SUs, by first speeding up PU transmissions by relaying their messages, and
then using the created temporal gaps for SU message transmission (see [55], and
references therein). Yet, the focus is again on interference channels, and moreover

simultaneous transmissions and cooperation among SUs are not considered.

In this chapter, we focus instead on a more practical model where the PU and the
SUs belong to the same network, and communicate with the same receiver. This
model alleviates the problem of sharing channel state information between the
primary and secondary networks, as the common receiver can coordinate trans-
missions. The model we use is a cognitive cooperative MAC, with one primary,
two secondary users. There has been some work on throughput maximization
for cognitive MAC in the literature. In [56], optimal power control policies were
obtained for a cognitive MAC, but without cooperative relaying of data. In [57],
power allocation for a cognitive MAC with PU-SU cooperation was considered
for a non-fading scenario, but the SUs were assumed to non-causaly know the PU
message, and did not cooperate among each other. In [58], a cognitive cooperative

MAC with only one SU was considered, and optimal power control to guarantee
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Figure 5.1: Overlay system model: cooperative behaviour towards primary user

no rate loss for the PU was derived; yet the SU rate was not significantly im-
proved. In this letter, without assuming prior knowledge of the PU message, and
without orthogonalizing user transmissions, we propose two cooperation models
based on MACs with generalized feedback [47]: overlay and underlay cooperation.
We allow two SUs to simultaneously cooperate among each other and with the
PU, thereby increasing diversity. We characterize and optimize the correspond-
ing SU long term achievable rate regions, as a function of the channel adaptive

transmit powers, and compare them via simulations.

5.1 System Model

We consider a fading three user cognitive cooperative Gaussian MAC illustrated
in Fig. 5.1. The general system model consists of four nodes: the primary user
P, the secondary users S; and Sy and the destination D. The received signals

Yp, Ys, and Yg, at the destination, S; and S5 respectively are given by

Yp = VhepXp + /hs pXs, + /hs,pXs, + Np (5.1)
YSI = \/hpngp—i— \/hSmXSg —|—N51 (52)
YS2 = \/ h’PSQXP —‘l_ \/ hleXsl + N52 (5.3)
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where hpp, hs,p, hs,;, hps, denote the PU-destination, S;-destination, S;-S; and
PU-S; channel coefficients respectively, where i,j € {1,2} and ¢ # j; Np, Ng,
denote the zero mean additive white Gaussian noise components at the destination
and SUs. The noise variances are normalized to 1 without loss of generality, by
absorbing the noise power in channel coefficients. The variables Xp, Xg, and Xg,
are the codewords transmitted by the PU, S; and S;. The joint channel state
h consisting of all instantaneous fading coefficients is assumed to be known at
all nodes, as the channel states can be estimated by each receiving node, and
then collected and re-distributed by the common receiver. Depending on how
the overheard information is processed at the SUs, we propose two cognitive
cooperative models: overlay and underlay cooperation, and characterize their

corresponding achievable rates.

5.2 Overlay Cooperation Model

In the overlay system model, we employ a causal cognitive radio (CCR) approach,
where the SUs first decode each other’s and PU’s messages from previous block;
and then forward them in the following block. The CCR model can be viewed
as a special case of three user cooperation [40], if the decoding function at one
of the users is disabled (thereby making it the PU), and the cooperation signals
are formed accordingly. We propose the following encoding/decoding policy at
the users: the PU generates the codewords Xp,, and uses them to convey its
message wp to the SUs. Both SUs decode this codeword, and form the common
codeword U to further assist the receiver in decoding wp. The SUs also cooperate
with each other, by first establishing common information by exchanging their
messages wg,, Wg, using codewords Xg,, and Xg,, respectively, and then sending
the pairwise cooperation signal Ug which is mapped to the messages wg,, wg,
shared in the previous block. The block Markov encoding (BME) procedure,
obtained by a suitable modification of the three user BME structure introduced
in [40, Table 4.2] to fit the cognitive radio set-up, generates unit power Gaussian

codewords and maps them to distinct messages from the current and previous
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block, as summarized in Table 5.1. The transmitted codewords {Xp, Xg,, Xg,}
are then obtained by superposing the scaled versions of the component codewords,

ie.,

XPZ\/Pp(h)XpU
X, = V Ps,, (h)X512+ \/PUsl (h)US+V Py, (h)U
Xs, =v/Ps,, (h)X521+ A /PUS2 (h)U5+\/PU2 (h)U (54)

Let P(h) = [Pp(h), Ps,,(h), Py, (h), Py, (h), Ps,, (h), Py, (h), Py, (h)] denote the
vector of power variables, and let Ps,; (h) + Py (h) + Py, (h) £ Pg,(h). Then, the

powers used in (5.4) must take values from the following feasible set:

7Dfeasible = {P(h) : E[PP(h)] S Pp, E[PS1 (h)] S PSl’
E[Psz(h)] < PSzaP(h) > 0} (55)

It is worth noting that the involvement of the PU in the cooperation process is
minimal. It sends only a single codeword, as if it were transmitting alone, and
scales it by a power level that is determined at the receiver and fed back. As a
result, it even does not have to know the individual channel states of the SUs,

thereby making our model suitable for cognitive transmissions.

The decoding at the SUs is carried out at the end of each block b € {1,---B—1}.
In each block b, each SU S; decodes wp(b) and wg, (b) by joint typicality check.
Since the codewords U and Ug that depend on previous block messages are already

known at each SU S;, error free decoding is possible if the rates satisfy

Rp < I(Xp; Yg,

XSj> U7 US7 h) (56)
RSj < I(XSj;YSi‘XP7U> US7h) (57)

Rp + Rs, < I(Xp, Xg,;Ys,

U,Us,h) (5.8)

The receiver employs backwards decoding starting with the last block B, to jointly
decode wp(B — 1) and the pair {wg, (B — 1), wg,(B — 1)}. No fresh information
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Table 5.1: Block Markov Coding Structure for Overlay System Model

is transmitted in the last block, therefore error free decoding at the receiver is

possible if

Rp < ](XP7XS:[7XSQ;YD‘h) (59)
Rsl + R52 S ](X517X52;YD|XP7 U, h) (510)
RP+R51+R52 SI(XP,XSNXSQ;YD‘h). (511)

In obtaining (5.9)-(5.11) we have used the fact that all codewords are functions
of wp(B — 1), and that the pair {wg, (B — 1), ws,(B — 1)} is decoded as a single
message. Note that, (5.11) dominates (5.9), hence (5.9) can be dropped. Once
{ws,(B—1),wg,(B—1)} are decoded, the messages in block B—2, B—3, etc. can
be decoded provided the same conditions hold. Finally, evaluating (5.6)-(5.11)

for Gaussian codewords (5.4), we obtain the following result in Section 5.2.1.

5.2.1 Achievable Rates

Adding the ability to decode the primary user’s codewords, the following achiev-

able rate expressions are obtained at the secondary users and the MAC constraints
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should be satisfied by using backward decoding structure at the destination side.

Theorem 5.1. An achievable rate region for the overlay cooperation model given
in (5.4) is the closure of the convex hull of all rate triplets (Rp, Rs,, Rs,) which

satisfy the constraints.

Rp < Ellog (1+hps, Pp(h))] (5.12)

Rp < Ellog (1+hps,Pp(h))] (5.13)

Rs, < Ellog (1+hsg,,Ps,,(h))] (5.14)

Rs, < Ellog (1+hsg,, Ps,, (h))] (5.15)

Rp+Rs, < Ellog (1+hps, Pp(h)+hs,, Ps,,(h))] (5.16)

Rp+Rs, < Ellog (1+hps, Pr(h)+hs,, Ps,, (h))] (5.17)
Rg, +Rs, < E[log (1+hs,p(Ps,,(h)+ Pyg, (h))

+hs,p(Psy, (h)+ Py, (h)+Cp)] (5.18)

Rp+Rs,+ Rs, <El[log (C)] (5.19)

where C' = 1+hpDPp(h)+hSIDPSI (h)‘i‘hSQDPSQ(h) + C’p—i—Ct,
Ct = 2\/h51Dh52DPU1 (h)PU2 (h) and Cp = 2\/h51Dh52DPU51 (h>PU52 (h)

Proof. In the proof of Theorem 5.1, we consider the decoding at the user sides
is executed at the end of each block, based on joint typicality check. Since the
PU is broadcasting, the codeword wp can be decoded correctly by both SUs if
(5.12)-(5.13) are satisfied for broadcast channel at each SU, respectively. The SUs
also decode each other’s codewords wg, and wg,, satisfying the rate constraints

(5.14)-(5.15) for broadcast channel and (5.16)-(5.17) for the traditional MAC .

We can see the effect of pairwise and threefold coherent combining for the receiver
side rate constraints in (5.18) - (5.19), considering all codewords are decoded at
the end of transmission. The receiver first decodes the cooperative codewords U
and Ug, then jointly wg,, wg, to obtained rate constraints (5.18) - (5.19) by using
capacity results for the traditional MAC. O
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Theorem 5.1 alone does not provide any rate guarantees for the PU. Had the PU

been transmitting alone, it would achieve
Rp = E[log(l + hPDP;(hPD))] £ B* (520)

where Pj(hpp) is the optimal single user power allocation, obtained by water-
filling. Therefore, the overlay model proposed in this section is applicable only if
the rate region given in Theorem 5.1, optimized as a function of transmit pow-
ers, satisfies (5.20). The rate optimization problem, including the cognitive rate
constraint (5.20), is solved in the next section. In the event that (5.20) can-
not be satisfied using overlay cooperation model, an underlay cooperation model,
which involves cooperation of SUs only, can be employed as a back up alternative.
Such an underlay cooperation model, and the resulting achievable rates will be

presented in Section 5.3.

5.2.2 Achievable Rate Maximization for Overlay Cooperation

In this section, we propose a method to obtain the optimal power allocation
policy that maximizes the SU achievable rate region. Setting Rp = B*, the SU

achievable rate region maximization problem can be stated as

P(h)ren%iible i Rs, + paRg, (5.21)
s.t. Rp=B"

Rg, < Elog (1+hg,, Ps,,(h))] (5.22)
Rg, < E[log (1+hg,, Ps,, (h))] (5.23)
Rs, <E[log (14+hpg,Pp(h)+hg,, Ps,,(h))] — B* (5.24)
Rs, <E[log (1+hps, Pp(h)+hs, Ps,, (h))] — B* (5.25)
Rs, + Rs, <E [log (1—1—]15117(]3512(h)—|—PUS1 (h)) (5.26)
+hs,0(Psy, (W) + Pyg, (h))+Cp)]
Rs, + Rs, <FE[log (C))] — B* (5.27)

E [Pp(h)] < Pp,
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E [Ps,, (h)+ Py, (h)+ Py, (h)] < Ps,.
E [Ps,, (h)+ Pyg, (h)+ P, (h)] < Ps,
PP(h)7 P512(h>7 PUS1 (h>7 PUl (h>7 P521 (h)7 PU52 (h>7 PUQ(h> 207Vh

where, by varying p; and ps, all points on the convex rate region can be obtained.

Assuming i, > po without loss of generality, the problem can be restated as

max (1 — po) min{(5.22), (5.24), (5.26), (5.27)}
P(h)epfea.sible

+ 115 min{(5.22)+ (5.23), (5.22)+(5.25), (5.23) + (5.24),

(5.24)+(5.25), (5.26), (5.27)} (5.28)

where each equation number in (5.28) denotes the right hand sides of the corre-
sponding constraint. Let the cost function in (5.28) be represented by R,,. Since
R, is the minimum of monotone increasing concave functions of powers, it is
concave in powers. The constraint set Ppeqsine is convex. However, due to the
minimum operation, 12, is in general discontinuous, and the gradient of R, is not
well defined. Instead, we use the method of projected subgradients, to iteratively
maximize R,. A close examination of (5.28) reveals that R, takes one of 24
functional forms, depending on which constraint is active. The gradient of each
functional form can be computed in each iteration n, and the one corresponding
to the active constraint will form a subgradient, say G,, of the objective function.

Then, the update in the n + 1% iteration of the subgradient algorithm is given by

P(h)" = | P(h)" + B,G/ [|Gal' (5.29)

where 3, is the step size parameter [.]' denotes projection onto the feasible set.
This update is guaranteed to converge to the global optimum, for diminishing step
size [3,, due to concavity. The rate regions obtained by subgradient algorithm

will be provided in Section 5.4.
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Figure 5.2: Underlay system model: egoistic behaviour towards primary user

5.3 Underlay Cooperation Model

Considering current studies, the most common information theoretical model
for underlay cognitive cooperative MAC model is the interference channel. As
commonly determined, in a classical underlay cognitive scenario, three users can
communicate towards a destination where each of them independent transmitter-
receiver pairs communicate interfering each other. However, in this proposed
system model, we introduce an three user communication model where primary
user directly transmits its information, while secondary users (S, S3) are cooper-
atively communicated each other, hence they cause interference in primary user.
In this section, we propose an underlay cooperation model, where the PU trans-
mission, including power control, is not altered at all by the presence the SU’s.
This mode can be used if selecting Rp = B* violates (5.12) or (5.13) in the
overlay scenario. The PU transmits its signal Xp to be decoded at only the des-
tination, allocating its power using single user waterfilling. The SUs can overhear
each other and they cooperate as in the overlay scenario, to convey each other’s

message to the destination. The resulting encoding policy is given by

Xp: Pj;(hpD)XpD (530)
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Xs, =V/Ps,, (W) Xs,,+ /P, (h)Us (5.31)
X, =v/Ps,, (h) X, + 4 /PUS2 (h)Us (5.32)

where E [Pp(h)] < Pp, E [Ps,,(h)+ Py, (h)] < Ps, E [Pg, (h)+ Py, (h)] < Ps,,
and the component codewords are mapped to the messages as given in Table 5.2.
More specifically, the primary user only uses the codeword Xpp as function of
wp that carries fresh information to the destination side, referring to single user
broadcasting. Giving closely followed the ideas in [27], we introduce two user
cooperative channel for the secondary users. Both secondary users can overhear
each other, and are willing to cooperate by forwarding information from the other.
We start dividing each message Xg,, and Xg,, into two sub messages: {wg,, Us}
and {wg,, Us}. wg, and wg, are used to transmit directly to destination. Ug refers
to the part of the message that carries cooperative information between secondary

users. The transmitting signals {Xp, Xg,, Xg,} to carry these messages.

By treating the PU signal as noise, SU Si decodes wg;(b) in each block, and
cooperatively sends this information in the next block. The receiver first decodes
the SU messages by backwards decoding, treating the PU signal as noise, then
cancels interference from SU’s; and decodes the PU as if it is alone in the system.
The SUs then form a well known two user cooperative MAC [27], and the rate
region follows directly from [27], [48] by treating the interference as additional

noise, as stated below.

5.3.1 Achievable Rates

In the proposed underlay system model, only secondary users and destination
have decoding capabilities and should satisfy the traditional MAC constraints to

decode all received messages as given in Theorem 5.2.

Theorem 5.2. An achievable rate region for the SUs based on the encoding given

in (5.30) is the closure of the convex hull of all rate pairs (Rg,, Rs,) that satisfy
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the constraints.

Rs, < Elog (1+hsg,,Ps,,(h)/Is,)] (5.33)

RS2 < E [lOg (1+h521 P521 (h)/151>] (534>

Rs,4+Rs, < E {log <1+hSIDPSI(h)+’;52DPS2(h>+CP)] (5.35)
D

where the interference at node I' € {Sy, Sy, D} is given by Ir = 1+ hprPj(hpp).

Proof. The proof follows the same idea in the Theorem 5.1. The proposed BME
has a different coding structure than the previously proposed model in Section

5.2.1 and can improve secondary users sum rate.

Considering the single user / multiple access gaussian channel capacity theorems
and using the proposed encoding structure in Table 5.2, we can proof this theorem

as follow.

We know that the secondary users use the block Markov encoder and decoding
operation will be proceed at the end of each received block. Since the codeword
Xpp is not intended in the secondary users, the achievable rate constraint Rg,
and Rg, at the secondary users (Si, S») can be obtained with the interference
term. As mentioned, the primary user directly transmits its information to the
destination side in this proposed model. Thus, only single user gaussian chan-
nel theorem could be satisfactory for proofing the achievable rate region at the

intended destination.

Taking account of the secondary users rate region, we should know that, the
destination use backward decoding structure to resolve the received codewords
and obtains achievable rate constraints by utilizing Gaussian MAC capacity the-

orem. ]

Finally, since fixing the PU transmit policy reduces the model to a two user

cooperative MAC, the SU rate region is maximized by suitably modifying the
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Figure 5.3: Simulation setup for Overlay and Underlay system model
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Table 5.2: Block Markov Coding Structure for Underlay System Model

subgradient technique proposed in [48], to include the interference caused by the

PU. The resulting rate region will be evaluated in the next section.

5.4 Simulation Results

In this section, we evaluate the achievable rates obtained by power optimization
for both overlay and underlay cooperation models. We focus on several user ge-

ometries, and investigate the effect of varying channel conditions on the achievable
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Figure 5.4: Comparison of achievable rates for Overlay System Model with BME
in Section 5.2.1 and Underlay System Model with BME in Section 5.3 dedicated
for three user cognitive cooperative system model

rate regions. We employ a simplified path loss model, with a path loss exponent
of 3, to determine the mean value of Rayleigh fading coefficients. The transmit
powers, the radius r and the noise variances are normalized to give an average

received SNR of 4.8dB from each secondary user.

In the first scenario illustrated in Figure 5.3, we fix the SU positions on a circle
of radius r, with @ = 30° as illustrated in Figure 5.4, and vary the location of
the PU to take the values r, v/3r, 2.25r, 2.5r and 3r respectively. The achievable
rate regions for the overlay system model (OSM) are evaluated by optimal power
allocation, and the results are as shown in Figure 5.4. We observe that as the PU
moves away from the receiver, the SU sum rate, which is dictated by constraint

(5.27), increases, as the interference at the receiver due to the PU, as well as the
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PU rate requirement B* decreases. On the other hand, the individual SU rates
show an interesting behavior: among the simulated distance parameters, they
are maximized when the PU is v/3r away from the receiver, and they decrease
when the PU moves toward or away from the receiver. When the PU is close,
the PU rate requirement is too high, making (5.27) active for single user rates.
When the PU is far, the SUs should spend more power in relaying its message to
compensate for the interference they cause, and they still face interference from
the PU while decoding each other’s message, making (5.24) and (5.25) active,
thereby explaining the variable nature of the SU individual rate. Note that, when
the PU is at 4r or more, the B* constraint can no longer be satisfied using the
OSM, and underlay system model (USM) should be used instead. A comparison
of OSM and USM is given in Figure 5.4 for a symmetrical structure with PU
located at v/3r, and it is clear that the overlay cooperation provides a very large

rate gain over underlay cooperation.

In the second scenario, the PU and SUs are placed on a circle. By varying the
angle a as shown in Figure 5.4, we adjust the average qualities of inter-user link
gains, and investigate the effect on the achievable rate region. For simplicity, we
only demonstrate the overlay rate regions. As the SU’s get closer to each other
and the PU, the gain from cooperation increases, as expected. In the limit, the
rate region approaches to that of a MISO upper bound, where the co-located SU’s
can have free access to each other’s message without spending power to establish

common information.
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Conclusion

This thesis has investigated the capacity region of three user cooperative com-
munication for Gaussian multiple access channel proposing different encoding

structures and considering pairwise and collective cooperative messages.

The main contributions of this thesis is to:

e develop information theoretic encoding and decoding policies that allow

multi user cooperation , in particular three user cooperation.
e obtain achievable rates for the three user cooperative MAC-GF.

e determine how much rate we gain by increasing number of cooperating

users.

e cstablish cognitive-cooperative communication in a cognitive radio setting.

In Chapter 3, we introduced a three user cooperative MAC model, and proposed
encoding and decoding policies that rely on a non-trivial extension of the well
known block Markov superposition coding. In particular, we proposed the use
of channel adaptive encoding which depends on the relative receive link qual-
ities; among the cooperating users. We characterized and evaluated the rate
region achievable by our proposed encoding-decoding techniques. We demon-
strated through simulations that, going from the two user cooperative multiple
access channel to its three user counterpart, the achievable rates increased sig-
nificantly due to the additional diversity provided by the existence of an extra

user.

In Chapter 4, we proposed a novel non-adaptive three user BME strategy to

simultaneously establish and send common information. In our encoding model,
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each user divided its message into submessages, each of which is dedicated for
either pairwise or collective (three user) cooperation, but not both. Using this
strategy, we obtained a set of achievable rates for the three user cooperative MAC,
and shown that this set not only improves upon two user cooperation or MARC
significantly, but it could even outperform the adaptive BME strategy, when
the cooperative links were much stronger than direct links to the receiver. The
channel non-adaptive strategy is more complex in that it uses more cooperation
signals, but it is less complex in that it does not require as much channel state
information as the adaptive version, and in that it does not require frequent

changes to the used codewords.

In Chapter 5, we focused instead on a more practical model where the PU and
the SUs belong to the same network, and communicate with the same receiver.
This model alleviated the problem of sharing channel state information between
the primary and secondary networks, as the common receiver can coordinate
transmissions. There, without assuming prior knowledge of the PU message,
and without orthogonalizing user transmissions, we proposed two cooperation
models based on MACs with generalized feedback [47]: overlay and underlay
cooperation. We allowed two SUs to simultaneously cooperate among each other
and with the PU, thereby increasing diversity. We characterized and optimized
the corresponding SU long term achievable rate regions, as a function of the

channel adaptive transmit powers, and compared them via simulations.

The overall conclusion of this thesis based on the observation in all three problems

solved are:

e The capacity rate region is increased by adding the third user with reliable

encoding and decoding strategies.
e Three user cooperation can be more beneficial method than to use two user
cooperative scheme. In particular,

- adaptive model can be used at both low and high inter user links to

obtain better on individual rates and sum rates.
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- non adaptive model can be used at only high inter user links, also

gives lower complexity than adaptive model.
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