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Abstract

In network information theory, the relay channel models a communication sce-
nario where there is one or more relay nodes that can help the information trans-
mission between the source and the destination. Although the capacity of the relay
channel is still unknown even in the single-relay case, two fundamentally different
relay schemes have been developed by (Cover and El Gamal, 1979) for such chan-
nels, which, depending on whether the relay decodes the information or not, are
generally known as Decode-and-Forward (D-F) and Compress-and-Forward (C-F).
In the D-F relay scheme, the relay first decodes the message sent by the source
and then forwards it to the destination, and the destination decodes the message
taking into account the inputs of both the source and the relay. In contrast, the
C-F relay scheme is used when the relay cannot decode the message sent by the
source, but still can help by compressing its observation into some compressed ver-
sion, and forwarding this compression into the destination; the destination then
either successively or jointly decodes the compression of the relay’s observation and
the original message of the source. For the single-relay case, it is known that joint
compression-message decoding, although providing more freedom in choosing the
compression at the relay, cannot achieve higher rates for the original message than

successive decoding.

This thesis addresses some fundamental issues in generalizing and unifying the
above D-F and C-F relay schemes to the multiple-relay case. We first generalize
the C-F scheme to multiple-relay channels, and investigate the question of whether
compression-message joint decoding can improve the achievable rate compared to
successive decoding in the multiple-relay case. It is demonstrated that in the case
of multiple relays, there is no improvement on the achievable rate by joint decoding
either. More interestingly, it is discovered that any compressions not supporting
successive decoding will actually lead to strictly lower achievable rates for the orig-
inal message. Therefore, to maximize the achievable rate for the original message,

the compressions should always be chosen to support successive decoding. Further-
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more, it is shown that any compressions not completely decodable even with joint

decoding will not provide any contribution to the decoding of the original message.

We also develop a new C-F relay scheme with block-by-block backward decoding.
This new scheme improves the original C-F relay scheme to achieve higher rates
in the multiple-relay case as the recently proposed noisy network coding scheme.
However, compared to noisy network coding which uses repetitive encoding/all
blocks united decoding, our new coding scheme is not only simpler, but also reveals
the essential reason for the improvement of the achievable rate, that is, delayed

decoding until all the blocks have been finished.

Finally, to allow each relay node the freedom of choosing either the D-F or C-F
relay strategy, we propose a unified relay framework, where both the D-F and C-F
strategies can be employed simultaneously in the network. This framework employs
nested blocks combined with backward decoding to allow for the full incorporation
of the best known D-F and C-F relay strategies. The achievable rates under our
unified relay framework are found to combine both the best known D-F and C-F
achievable rates and include them as special cases. It is also demonstrated through
a Gaussian network example that our achievable rates are generally better than the

rates obtained with existing unified schemes and with D-F or C-F alone.
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Chapter 1

Introduction

1.1 Information Theory and Network Informa-
tion Theory

In 1948, Claude Shannon, the father of Information Theory, published his revolu-
tionary paper “A Mathematical Theory of Communication” [1]. In the paper, the
most significant result is arguably given by the channel coding theorem, which an-
swers one of the most fundamental questions in information theory, namely, what
is the ultimate transmission rate of communication. Roughly speaking, the chan-
nel coding theorem says that there always exists a maximum achievable rate for a
channel, called the channel capacity, below which the reliable communication can

be implemented while above which the reliable communication is impossible.

Specifically, for the point-to-point channel depicted in Figure 1.1, Shannon
showed that the channel capacity can be elegantly expressed as
C =maxI(X;Y), (1.1)
p(z)
where X and Y are respectively the input and the output of the channel, 7(X;Y) is
the mutual information between X and Y (which will be formally defined in Chapter
2), and the maximum is taken over all input distributions p(z). Information can be

transmitted as reliably as desired if and only if the rate is below the capacity C'

At first sight, the result is rather counter-intuitive. How can one correct all the
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Figure 1.1: A discrete memoryless channel.

errors introduced by the noisy channel and implement the reliable communication?
Indeed, proving the channel coding theorem is not trivial at all, and several orig-
inal ideas were introduced by Shannon in his 1948 paper. Among these original
ideas, the genius of Shannon was especially revealed by the random coding argu-
ment, where the codebook is randomly generated and the probability of error is
calculated averaged over the whole code ensemble. Then, instead of trying to find
a specific good code, Shannon showed that the error probability averaged over all
the codebooks goes to 0, and thus successfully argued that there exists at least one

good code with vanishing probability of error.

While Shannon’s classical information theory addresses point-to-point channels
and has had profound impact on modern communication systems, network infor-
mation theory considers communication networks containing multiple senders and
receivers, e.g., computer networks and satellite networks, and its main goal is to
find the fundamental limits in network communications and the optimal coding
schemes to achieve these limits. The presence of multiple senders and receivers in
the network brings in many new elements to the communication problems, such
as interference, cooperation and feedback, but also makes the problems difficult to
solve. To date, there is as yet no unified theory of network information flow, al-
though such a complete theory will undoubtedly have wide implications for today’s
communication networks, especially the currently ubiquitous wireless communica-

tion networks.

Nevertheless, there have been some triumphs in solving a few special problems
in network information theory, including distributed lossless source coding [2]-[3],

multiple access channels [4]-[5], Gaussian broadcast channels [6]-[10]. Besides, var-



ious other special topics have been studied over the past few decades, such as
distributed lossy source coding [11], interference channels [12], relay channels [13]-
[15], and network coding [16]. In this thesis, we will focus on studying the coding

schemes for the relay channels, especially the multiple-relay channels.

1.2 Relay Channel

As a fundamental building block in network information theory, the relay channel
was introduced by van der Meulen [13],[14]. It models a communication scenario
where there is one or more relay nodes that can help the information transmission
between the source and the destination. Note that the relay channel discussed here
should be distinguished from the multi-hop operation in today’s network commu-
nications. The main difference between these two communication models lies in
how to treat the interference: In the multi-hop operation, each receiver treats the
interference introduced by un-intended signals from other transmitters as noise;
however, viewed more fundamentally, even the “interference” could carry useful in-
formation that may be helpful in decoding the signal from the intended transmitter.
Figure 1.2 illustrates this point with a simple three-node network example, where
node 0 is the source, which wants to send information to the destination node 2
with the help of node 1. With multi-hopping, one operates the network as if it is a
concatenation of two separate point-to-point channels, and the signal transmitted
by node 0 causes interference to node 2. However, the fact is that although the
signal transmitted by node 0 is intended for node 1, it carries exactly the same in-
formation that node 2 wants to decode eventually. This observation has motivated
the study of the “relay channel” from an information theoretic point of view, where
the decoding at the destination is based on the signals transmitted by both the

node 0 and node 1.

Formally, a general information theoretic model for the single-relay channel is
depicted in Figure 1.3, where nodes 0, 1, and 2 are the source, the relay, and the

destination, respectively; the relay and the source cooperate to resolve the receiver’s
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Figure 1.2: Multi-hopping vs. Relaying.

uncertainty. Despite the significant research efforts in the past few decades, the
capacity of the relay channel still remains open even in the single-relay case, except
for a few special classes, e.g., the physically degraded relay channel and the reversely

degraded relay channel [15].

Yy X1

Xo Y2
@— p(y2,y1|zo, 1) —@

0 2

Figure 1.3: The single-relay channel.

Although the capacity of the simplest single-relay channel is still unknown in
general, two fundamentally different relay strategies have been developed by Cover
and El Gamal for such channels [15]. Depending on whether the relay decodes
the information or not, these two strategies are now generally known as decode-

and-forward (D-F) and compress-and-forward (C-F) respectively. In the D-F relay



strategy, the relay first decodes the message sent by the source and then forwards it
to the destination, and the destination decodes the message taking into account the
inputs of both the source and the relay. With the D-F relay strategy, the following

rate is achievable:

R < max min{/(Xy; Y1|X1), [(Xo, X1;Y2)} (1.2)

p(z0,21)
where, the first condition R < I(Xp;Y1]/X;) makes node 1 able to decode the
message based on the signal transmitted by node 0, and the second condition
R < I(Xo, X1;Ys) makes node 2 able to decode the message based on the sig-
nals transmitted by node 0 and node 1 together. Notably, the maximization in
(1.2) is over p(zg, 1), rather than p(zo)p(z1), which suggests that (1.2) can only be
achieved by node 0 and node 1 cooperating with each other when transmitting sig-
nals. To accomplish such cooperation, an essential technique called block Markov
coding was employed in the D-F coding scheme developed in [15]. Besides, the
scheme in [15] also used irregular encoding with codebooks of different sizes at the
source and at the relay, random partitioning (binning), and successive decoding.
Subsequently, some other D-F coding schemes also achieving (1.2) were found in

[17]-[18).

In contrast, the C-F relay strategy is used when the relay cannot decode the
message sent by the source, but still can help by compressing its observation Y; into
f/l, and forwarding this compressed version to the destination via X7, as illustrated

in Figure 1.4. The destination then either successively or jointly decodes the com-

Y1 — ?1

Yi| |\ X1(Y1)

X Y:
@ "1 p(y2, y1lwo, 71) [— @

Figure 1.4: C-F for the single-relay channel.

pression of the relay’s observation and the original message of the source. In the
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original C-F scheme of [15], the decoder performs successive compression-message
decoding, i.e., it first decodes the compression of the relay’s observation, and then

decodes the original message of the source, leading to the following achievable rate:

R< max I(Xo; Y1, Vo] X3) (1.3)

p(zo)p(z1)p(91]y1,71)

such that I(Yy;V1|X1,Ys) < I(X1;Ya), (1.4)

where (1.4) ensures that the compression Y} can be first recovered at the destination,
and (1.3) ensures that the destination can decode the original message X, based

on Yl and Y5 together.

The two-step compression-message successive decoding process in [15] requires
Y; to be decoded first, which facilitates the decoding of X, but is not a requirement
of the original problem. Recognizing this, a joint compression-message decoding
process was proposed in [19], where, instead of successively, the destination decodes
Y; and X, together. It turns out that the decoding of Xy can be helped even if
Y; cannot be decoded first. In fact, with joint decoding, the constraint (1.4) is not

necessary, and instead of (1.3), the achievable rate is expressed as

R < max I(Xo; Y1, Ya|X1) —max{0, I(Yy; Y| X1, Ya) — I(X1;Ys)}. (1.5)

p(zo)p(x1)p(91ly1,1)

Similar formulas as (1.5) have been derived with different arguments in [20]-[22].
Therefore, compared to successive decoding, joint compression-message decoding
provides more freedom in choosing the compression V1. However, the question re-
mains whether joint decoding achieves strictly higher rates for the original message
than successive decoding. For the single relay case, it was proved in [22] that the
answer is negative, and any rate achievable by either of them can always be achieved
by the other, i.e., the achievable rates in (1.3)-(1.4) and (1.5) are essentially the

same.

1.2.1 Motivations

A natural extension of the single-relay channel in Figure 1.3 is to the case of mul-

tiple relays depicted in Figure 1.5, where nodes 0 and n + 1 are the source and the



destination respectively, and nodes 1,2, ..., n are the n relay nodes that constitute

the relay nodes set, denoted by N'. There have been some works on generalizing the

i f
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Figure 1.5: The multiple-relay channel.

above D-F and C-F relay strategies to such multi-relay channels [24]-[30]. Specif-
ically, the generalization of D-F to the multi-relay channel has been completely
resolved, and the schemes presented in [27]-[30] provided the best D-F rate in the
multiple-relay case. However, when generalizing C-F to the multiple-relay case,
there are still several fundamental issues left unaddressed, such as, how to gen-
eralize the compression-message joint decoding scheme to the multiple-relay case,
whether compression-message joint decoding can improve the achievable rate com-
pared to successive decoding in the multiple-relay case, and whether there exists
any better C-F relay scheme than the conventional schemes [15], [19] in the case of

multiple relays. One of the purposes of this thesis is to address these issues.

Our thesis also addresses the issue of unifying the D-F and C-F relay strategies
for general multi-relay channels. In the above discussions, all the relay nodes in
the network perform only one type of relay strategy, either D-F or C-F. However,
to obtain higher achievable rate, it might be better to let each relay node choose
from D-F and C-F its relay strategy depending on the channel condition, e.g., let
the relay node close to the source perform D-F while let the relay node close to
the destination perform C-F. This has motivated the second line of research in our
thesis, namely, the investigation of a unified relay framework where both the D-F

and C-F strategies can be employed simultaneously in the network.



1.2.2 Contributions

The contributions of this thesis can be summarized as follows. All our results in

this thesis have been published or accepted for publication in [33]-[37].

e We generalize the conventional C-F relay scheme to the multiple-relay case.
As in the conventional scheme for the single-relay case, our generalized C-
F' scheme is also based on block-by-block forward decoding. Different from
the previous generalization [30], which only considers compression-message
successive decoding, our generalization includes two decoding methods: either
the original compression-message successive decoding or compression-message

joint decoding.

e We further investigate the question of whether the freedom of selecting the
compressions in compression-message joint decoding can improve the achiev-
able rate of the original message when C-F is generalized to multiple-relay
channels. It is demonstrated that in the case of multiple relays, there is
no improvement on the achievable rate by joint decoding either. More in-
terestingly, it is discovered that any compressions not supporting successive
decoding will actually lead to strictly lower achievable rates for the original
message. Therefore, to maximize the achievable rate for the original message,

the compressions should always be chosen to support successive decoding.

e We then develop a new C-F relay scheme with block-by-block backward de-
coding. To our knowledge, this is the first time of backward decoding being
applied to the C-F scheme. It turns out that our new C-F scheme achieves
the same rate as the recently proposed “noisy network coding” scheme [32],
which improves the achievable rate of the conventional C-F scheme in the case
of multiple relays although no improvement is shown in the single relay case.
However, compared to the noisy network coding scheme which uses repetitive

encoding/all blocks united decoding, our coding scheme is not only simpler,



but also reveals the essential reason for the improvement of the achievable

rate, that is, delayed decoding until all the blocks have been finished.

e Similarly, our new C-F relay scheme can also be combined with compression-
message successive decoding or joint decoding, and it is shown that the achiev-
able rate with our new scheme is maximized only when the compressions are
chosen to support successive decoding. Furthermore, it is shown that any
compressions not completely decodable even with joint decoding will not pro-

vide any contribution to the decoding of the original message.

e Finally, to allow each relay node the freedom of choosing either the D-F or
C-F relay strategy, we propose a unified relay framework, where both the
D-F and C-F strategies can be employed simultaneously in the network. This
framework employs nested blocks combined with backward decoding to allow
for the full incorporation of the best known D-F and C-F relay strategies.
The achievable rates under our unified relay framework are found to combine
both the best known D-F and C-F achievable rates and include them as special
cases. It is also demonstrated through a Gaussian network example that our
achievable rates are generally better than the rates obtained with existing

unified schemes and with D-F or C-F alone.

1.3 Organization of Thesis

The remainder of this thesis is organized as follows.

Some preliminaries are first given in Chapter 2. As the prerequisite knowledge
for later discussions, we first introduce some classical results in single-user infor-
mation theory, such as the concepts and properties of typical sequences as well as
a formal statement of the channel coding theorem. Then a quick review of several
related multi-user communication problems is presented. Finally, some formal defi-
nitions on the relay channel, and two fundamental relay schemes, namely, D-F and

C-F, are discussed.



In Chapter 3, we discuss the conventional C-F relay scheme with forward decod-
ing. We first generalize the conventional C-F scheme to the multiple-relay case, and
then prove the optimality of compression-message successive decoding, in the sense
that to maximize the achievable rate, the compressions at the relays must be chosen
to support successive decoding. An optimality-robustness tradeoff is discussed with

a Gaussian relay channel example.

In Chapter 4, we develop the new C-F relay scheme with backward decoding.

In particular, we develop the following two schemes:

e cumulative encoding/block-by-block backward decoding/compression-message

successive decoding

e cumulative encoding/block-by-block backward decoding/compression-message

joint decoding

and prove that they achieve the equivalent rate as the recently proposed noisy net-
work coding scheme. In proving such a rate equivalence, the optimality of successive

decoding and necessity of joint decodability are also demonstrated.

Chapter 5 proposes a unified relay framework where both the D-F and C-F
strategies can be employed simultaneously in the network. Nested blocks combined
with backward decoding are used to establish the achievable rates, which are found
to combine both the best known D-F and C-F achievable rates and include them as
special cases. A Gaussian two-relay channel is used as an example to demonstrate
that our achievable rates are generally better than the rates obtained with existing

unified schemes and with D-F or C-F alone.

Finally, we conclude this thesis and propose some future work in Chapter 6.

10



Chapter 2

Preliminaries

2.1 Basics in Information Theory

In this section, we introduce some basic and important tools and results in infor-
mation theory, which will be used throughout this thesis. We begin with some

standard definitions on information measures [44, Ch.2].

2.1.1 Entropy and Mutual Information

Let X be a discrete random variable with alphabet X and probability mass function
p(z) =Pr(X =2x),z € X.

Definition 2.1.1. The entropy H(X) of a discrete random variable X is defined
by
H(X)==>_p(x)logp(z).
TEX

The above definition of entropy can be extended to a pair of random variables.

Definition 2.1.2. The joint entropy H(X,Y') of a pair of discrete random variables
(X,Y) with a joint distribution p(x,y) is defined as

H(X,Y) ==Y plx,y)logp(z,y).

TeEX yey

We can also define the conditional entropy.

11



Definition 2.1.3. If (X,Y) ~ p(z,y), then the conditional entropy H(Y|X) is
defined as

H(Y|X) =~ p)) plylr)logp(yle).

rzeX yey
The definition of mutual information is as the following.

Definition 2.1.4. Let (X,Y) be a pair of random variables with a joint probability
mass function p(z,y) and marginal probability mass functions p(x) and p(y). The
mutual information I(X;Y) is defined as

<,>
=22 pley)log oo s

TeX ye)y
2.1.2 Typical Sequences

We now introduce the definitions of typical sequences for discrete random variables,

and some of their properties [44], [45].

Definition 2.1.5. A sequence 21 € X7 is said to be e-typical with respect to a
distribution p(x) on X if:

1. For all a € X with p(a) > 0, we have

1 €

PNl —pla)| <

2. For all a € X with p(a) =0, N(alzT) =0

where N (a|zT) is the number of occurrences of the symbol a in the sequence z'.

The set of sequences 27 € X7 such that z7 is typical is called the typical set
and is denoted by A" (X) or A" when the random variable is understood from

the context.

Theorem 2.1.1 (Asymptotic Equipartition Property(AEP)). Let XT be a sequence
of length n drawn i.i.d. according to p(x7) = []_, p(x:), then:

1. Pr(AET)) > 1— € for T sufficiently large;

9. |A£T)| < 2T[H(X)+6’] ;

12



3. |AD| > (1 — €)2THX=4 for T sufficiently large;
where |A| denotes the number of elements in the set A and € — 0 as e — 0.

The definition of typicality can be extended to a pair of sequences.

Definition 2.1.6. A pair of sequences (21, yT) € XT x YT is said to be e-jointly
typical with respect to a distribution p(x,y) on X x Y if:

1. For all (a,b) € X x Y with p(a,b) > 0, we have

1 Ty €

2. For all (a,b) € X x Y with p(a,b) =0, N(a,blz’,y") = 0.

where N(a,blzT,y") is the number of occurrences of the pair (a,b) in the pair of
sequences (xT,yT).

From the definition, it follows that if (z7,y7) € A™(X,Y), then 27 € A" (X).

2.1.3 Channel Capacity

Before formally stating the channel coding theorem, we need a few definitions [44,
Ch. 8].

Definition 2.1.7. A discrete channel, denoted by (X,p(y|x),)), consists of two
finite sets X and Y and a collection of probability mass functions p(y|z), one for
eachx € X, such that for every x andy, p(y|lx) > 0, and for everyz, 3 p(ylx) =1,
with the interpretation that X is the input and Y is the output of the channel. The
transition probability for the T-th extension of the discrete memoryless channel

(without feedback) is defined as p(y*|xT) = HiTzl p(yilzi).

Definition 2.1.8. An (M,T) code for the channel (X,p(y|z),)) consists of the
following:

1. An index set {1,2,...,M}.
2. An encoding function XT : {1,2,..., M} — X7 yielding codewords
XT(1), x7(2),..., X" (M).
The set of codewords is called the codebook.

3. A decoding function g : YT — {1,2,..., M}, which is a deterministic rule
which assigns a guess to each possible received vector.
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Definition 2.1.9 (Probability of error). Let
Ai =Pr(g(Y") #i| X" = X"(i) = p(y" =" (7))
yTig(yT)#i

be the conditional probability of error given that index i was sent. The mazimal
probability of error XT) for an (M, T) code is defined as

AT = max .
i€{1,2,..M}

The average probability of error M for an (M, T) code is defined as

1 M
LN,
P = —%"\.
=1

Definition 2.1.10 (Achievable rate and capacity). The rate R of an (M, T) code is
R =log M/T bits per transmission. A rate R is said to be achievable if there ezists
an sequence of (277, T) codes such that the mazimal probability of error X tends
to 0 as'T' — oco. The capacity of a discrete memoryless channel is the supermum
of all achievable rates.

We now formally state Shannon’s channel coding theorem.

Theorem 2.1.2 (The Channel Coding Theorem). All rates below capacity C =
maxX,;) I (X;Y) are achievable. Specifically, for every rate R < C, there ewists a
sequence of (2T%,T) codes with mazimum probability error \7) — 0.

Conversely, any sequence of (2T T) codes with X" — 0 must have R < C.

At first glance, the result is rather counter-intuitive. How can one correct all the
errors introduced by the noisy channel and implement the reliable communication?
To prove the achievability part, Shannon used a number of new ideas. These original
ideas include: i) allowing a vanishing probability of error instead of requiring zero
probability of error; ii) using the channel many times instead of only once to put
the law of large numbers into effect; iii) randomly generating the codebook and
calculating the probability of error averaged over the code ensemble. By showing
the error probability averaged over all the codebooks goes to 0, it can be argued

that there exists at least one good code with vanishing probability of error.

To prove the converse part, we need the Fano’s Inequality and the details can

be found in [44]. This converse is sometimes called the weak converse to channel
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coding theorem. It is also possible to prove a strong converse, which states that for
rates above capacity, the probability of error goes exponentially to one [45], [46].
Thus, the capacity C' is a sharp threshold between perfectly reliable and completely

unreliable communication.

2.2 Several Related Problems in Network Infor-
mation Theory

In this section, we consider several related multi-user communication models, in-
cluding distributed lossless source coding, multiple access channel and broadcast

channel. The relay channel will be treated in details in the next section.

2.2.1 Slepian-Wolf Coding

We know that a rate R > H(X) is sufficient to encode the source X. Now, consider
the source coding problem presented in the Figure 2.1, where X and Y are correlated
but encoded separately. It is natural to ask what is the sufficient rate pairs for the

decoder to reconstruct both X and Y.

X R4

Encoder

(X,Y) Decoder (X,Y)

Encoder

Figure 2.1: Slepian-Wolf coding.

The achievable rate pair is defined as the following.

Definition 2.2.1. A rate pair (Ry, R2) is said to be achievable if there ezists
a sequence of ((27F1,2TR2) T) distributed source codes with probability of error
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rPY 0, and the closure of the set of achievable rate pairs is called the achievable
rate region.

The achievable rate region was established by Slepian and Wolf [2].

Theorem 2.2.1 (Slepian-Wolf Theorem). For the distributed source coding problem
for the source (X,Y) drawn i.i.d. ~ p(x,y), the achievable rate region is given by
Ry > H(XIY), (2.2)

R+ Ry, > H(X,Y).

Random Binning and Achievability

The Slepian-Wolf Theorem was then extended to jointly ergodic sources by
Cover [3]. In his paper, Cover used a binning argument, which has evolved to one

of the most significant techniques besides Shannon’s random coding.

Briefly speaking, the technique is to randomly assign 27#) and 2TH(Y) typ-
ical sequences to 27%1 and 2772 indexed bins respectively, such that there are
T (H(X)=F1) op 2T(H(Y)=R2) sequences in each bin. Given a realization 7 (or y7),
the encoder just simply transmits the index of the bin containing z7 (or y*) and
the decoder uses the method of jointly decoding, i.e., finding the jointly typical pair
(7, y™) contained in the bins corresponding to the received bin index. Readily we
can see that, if Ry + Ry > H(X,Y), then the probability that there exists another
jointly typical sequence pair can be driven to 0 as 7" — oo. This is the idea of ran-
dom binning and the outline of the achievability of Slepian-Wolf Theorem. Note

that the binning technique was also employed in the original C-F scheme for the

relay channel [15], which will be discussed in the next section.

2.2.2 Multiple Access Channel

In the multiple access channel as depicted in Figure 2.2, sender 1 chooses an index
W1 uniformly from the set {1,2,--- 271} and sends the corresponding codeword

over the channel and sender 2 does likewise simultaneously.
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— Encoder

h'd Wi, W
p(ylr1,x2) Decoder (1—2>>

— | Encoder

Figure 2.2: The multiple access channel.

A rate pair (R, Rs) is said to be achievable for the multiple access channel if
there exists a sequence of ((2771 2712) T) codes with P = 0, and the closure of
the set of achievable rate pairs is called the capacity region. The multiple access
channel capacity region was found by Ahlswede [4] and Liao [5]:

Theorem 2.2.2. The capacity region of a multiple access channel is given by the
convex hull of all (Ry, Ry) satisfying

RQ S I(XQ,Yle),
R1 —|— R2 S [(Xl,XQ;Y),

for some product distribution p(x1)p(xs) on X X X.

2.2.3 Broadcast Channel

The broadcast channel was firstly introduced by Cover in [6]. This channel describes
the scenario where there is one sender and multiple (two or more) receivers, as illus-
trated in Figure 2.3. Although the capacity region for general broadcast channels
is still unknown, it has been determined for some special classes, for example, the

degraded broadcast channels [7], [8], [9].
Definition 2.2.2. A broadcast channel is said to be physically degraded if

p(y1, y2lz) = p(yilz)p(yalyr). (2.8)

A broadcast channel is said to be stochastically degraded if its conditional marginal
distributions are the same as that of a physically degraded broadcast channel.
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Decoder [———

(W1, Ws) X
Encoder (Y1, y2|)

Decoder [——

Figure 2.3: The broadcast channel.

Since the capacity region of a broadcast channel depends only on the conditional
marginal distributions p(y;|z) and p(ys|x) [44], both the physically degraded and
the stochastically degraded broadcast channels have the same capacity region if
they share the same conditional marginal distributions. The capacity region of
degraded broadcast channel was first conjectured by Cover in [6], and then proved
to be achievable by Bergmans [7], using the idea of superposition coding. Finally

Bergmans [9] and Gallager [8] established the converse.

Theorem 2.2.3. The capacity region for sending independent information over the
degraded broadcast channel X — Y7 — Y5 is the convex hull of the closure of all
(R1, Rs) satisfying

Ry < I(U;Y5), (2.9)
Ry < I(X;Yi|U) (2.10)

for some joint distribution p(u)p(x|u)p(yi, ya|z), where the auziliary random vari-
able U has cardinality bounded by |[U| < min{|X|, ||, |D=|}.

2.3 Relay Channel

2.3.1 Single-Relay Case

The relay channel was introduced by van der Meulen [13],[14]. A general model

for the discrete memoryless single-relay channel is depicted in Figure 1.3, which
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can be viewed as a combination of a broadcast channel (from source to relay and
destination) and a multiple access channel (from source and relay to destination).
Formally, the channel consists of four finite sets Xy, X1, )V, and )s, and a collection
of probability mass functions p(-, -z, 1) on Y X Vs, one for each (zq, x1) € Xy X Aj.
The interpretation is that z( is the input to the channel from the source node 0, -
is the output of the channel to the destination node 2, and ¥ is the output received

by the relay node 1. The relay sends an input x; based on what it has received:
21(t) =re(yi(t — 1), 01(t — 2),...), for every time t, (2.11)
where 71 ,4(-) can be any causal function.

Although the exact capacity of the general relay channel is still unknown after
several decades’ effort, two fundamental coding schemes have been developed in [15],
which, depending on whether the relay decodes the information or not, are generally
known as decode-and-forward (D-F) and compress-and-forward (C-F) respectively.
The coding theorems with D-F and C-F in their original forms [15] are presented
respectively in the following.

Theorem 2.3.1. For the single-relay channel, a rate R is achievable with D-F if
for some p(zo, 31),

R < min{I(Xo; Y1|X1), I(Xo, X1]Y2)}. (2.12)
Proof. Random coding and binning: First randomly generate 2770 i.i.d. sequences
according to p(z!) = TL p(zy;), indexed as z7(s), s € [1,2770] and for each

21 (s), generate 277 conditionally independent sequences z? (w|s), w € [1,27%] ac-
cording to p(xf|z{ (s)) = I p(zo|x14(s)). Then randomly distribute the indexes
1,---,2TR to 2TFo bins Sy,--- | Syrr, such that each message index w is corre-

sponding to a bin index s, i.e., contained in the bin S;.

Encoding: At block b, let w;, be the new index to be sent and assume wy_; € S;,.
The source sends x{ (wp|sp) while the relay estimates wy,_; by w,_; and sends z7 ()
assuming w,_1 € Séb'

Decoding: At the end of block b, the decoding is implemented as follows:
1. Upon estimating s, by §, and receiving y! (), the relay claims that the mes-
sage w, = w is sent iff there exists a unique w such that (xf (w|s;), y7, 2T (5))

are jointly typical. This decoding error probability can be arbitrarily small if
R < I(Xo; Y1|X1).
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2. Upon receiving y2 (b), the receiver claims that the message 8, = s is sent iff
there exists a unique s such that (y2, 27 (s)) are jointly typical. This decoding
error probability can be arbitrarily small if Ry < I(Xy;Y3).

3. The receiver calculates his ambiguity set L(yZ (b — 1)) consisting of all wy_;
such that (zf (wp_1]3p-1), 94 (b — 1), 2T (55_1)) are jointly typical. Assuming
that s, is decoded successfully, the receiver claims that w,_; = w is sent iff
there exists a unique w € Sy, N L(y2 (b—1)). This decoding error probability
can be arbitrarily small if R < I(Xy;Y2|X1) + Ro. Obviously, the receiver is
always one block behind. In B blocks of transmission, a sequence of B — 1
indices will be sent, resulting in the actual rate R(B —1)/B that is arbitrarily
close to R as B — oo. Combining all the above, we establish Theorem 2.3.1.

[]

Theorem 2.3.2. For the single-relay channel ,a rate R is achievable with C-F if
for some p(zo)p(x1)p(91]x1, y1)

R < I(Xo: Y, Yal X)), (2.13)
and
I(X1;Ys) > 1(Y1; Y1|Ys, Xq). (2.14)

Proof. Random coding and binning: Randomly generate 277 sequences according
to p(zT) = ML p(zy), indexed as x7(s), s € [1,27%] and 277 sequences ac-
cording to p(zl) = ML p(zy), indexed as zl (w), w € [1,27F]. For each zT(s),
generate 278 = p(1e|z1e(s)), where p(gi|z1) =
Yo P (01121, y1)p(20)p(y1, ya|zo, 21), indexed as J1 (21s), z € [1,277], s € [1,277].
Then randomly distribute the indexes 1,--- ,27% to 2770 bins Sy, - -+, Syrs,.

sequences according to p(¢7 |21 (s))

Encoding: At block b, let w, be the new index to be sent and assume

(91 (z-1lsp-1), 51 (b= 1), 27 (84-1))

are jointly typical and z,_; € S,,. The codeword pair (x (wy), 2T (sy)) are sent.

Decoding: At the end of block b, the decoding is implemented as follows:

1. Upon receiving y (b), the receiver claims that the message §, = s is sent iff

there exists a unique s such that (yZ, 27 (s)) are jointly typical. This decoding

error probability can be arbitrarily small if Ry < I(Xy;Y3).

2. The receiver calculates a set £(yd (b — 1)) consisting of all z such that
(1 (2155-1), 21 (85-1), 45 (b — 1))
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are jointly typical. The receiver claims that z,_; is sent in block b — 1 if
Zp-1 € Sy, N L(y3 (b — 1)). This decoding error probability can be arbitrarily
small if R < I(Y7;Y2|X1) + Ro.

3. The receiver declares that w,_; was sent in block b — 1 if
(g (1), 51 (Zp-1]85-1), 21 (86-1), 43 (b — 1))
are jointly typical. This decoding error probability can be arbitrarily small if

4. Upon receiving yI (b), the relay declares that z is “received” if

(g?(zlgb)a x?(éb)a y?(b))
are jointly typical. There will exist such a z if R > I (Y3; 171|X1). Combining
all the above, we obtain the constraint I(Xy;Ys) > I(Yi; )>1|§/2,X1).

]

Combining the D-F and C-F together, one can further consider the hybrid
scheme, where the relay partially decodes the message and compresses the rest
of its received signals; see, e.g., [15, Thm 7] for the single-relay case and its ex-
tension to the multiple-relay case in [23]. However, such hybrid schemes generally
involve superposition coding that induces auxiliary random variables, making the
expression and evaluation of the achievable rates rather complicated especially in
the case of multiple relays that we will consider in the sequel. Thus, in this thesis,
our discussion focuses on the “pure” D-F or C-F strategies only, i.e., the strategies
where the relay either completely decodes the message, or does not decode at all

but simply compresses and forwards its observation.

2.3.2 Multiple-Relay Case

A multiple-relay channel consisting of n + 2 nodes is depicted in Figure 1.5, where
nodes 0 and n + 1 are the source and the destination respectively, and nodes
1,2,...,n are the n relay nodes that constitute the relay nodes set, denoted by

N. Formally, this channel can be denoted by

(XU X Xl Xowee XX’IM p(yn—‘rl?ylv'"ayn|x07'x17"'7$n>7 yn—‘rl Xyl Xowee Xyn)
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where, Xy, X7, ..., &, are the transmitter alphabets of the source and the relays re-

spectively, V11, V1, ..., YV, are the receiver alphabets of the destination and the re-
lays respectively, and a collection of probability distributions p(-, -, ..., |xg, 1, ..., z,)
on Vyi1 X Vi X -+ X Yy, one for each (zg,x1,...,2,) € Xy X X} X -+ X X,. The

interpretation is that xy is the input to the channel from the source, vy, is the
output of the channel to the destination, and y; is the output received by the i-th

relay. The i-th relay sends an input x; based on what it has received:
xi(t) =rie(yi(t — 1), v:(t — 2),...), for every time ¢, (2.15)

where 7;;(-) can be any causal function.

There have been some works on generalizing the D-F and C-F relay strategies
to such multi-relay channels [24]-[30]. Specifically, the generalization of D-F to
the multi-relay channel has been completely resolved, and the schemes presented
in [27]-[30] provided the best D-F rate in the multiple-relay case. However, when
generalizing C-F to the multiple-relay case, there are still several fundamental issues
left unaddressed, such as, how to generalize the compression-message joint decoding
scheme to the multiple-relay case, whether compression-message joint decoding can
improve the achievable rate compared to successive decoding in the multiple-relay
case, and whether there exists any better C-F relay scheme than the conventional
schemes [15], [19] in the case of multiple relays. These issues will be addressed in
the following chapters of this thesis. Here, in this section, we only introduce the

generalization of D-F to the multi-relay channel [27]-[30].

Specifically, in generalizing D-F to the multi-relay channel, [27]-[28] modified the
original irregular encoding/successive decoding scheme of [15] to a regular encod-
ing/sliding window decoding scheme to realize the “multi-level” D-F relay strategy.
For any fixed permutation 7 on {0, 1,...,n+1} with 7(1) = 0 and 7(n+2) = n+1,
i.e., any specific ordering of the relay nodes as w(2), 7(3),...,m(n+ 1), their multi-
level D-F scheme [27]-[28] achieves the rate stated in Theorem 2.3.3. Later on,
it was found in [29]-[30] that the same rate can also be achieved with backward

decoding.
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Theorem 2.3.3. For the multiple-relay channel, a rate R is achievable if there
exists a permutation m on {0,1,...,n+ 1} with 7(1) = 0 and 7(n + 2) = n + 1,
such that

R < max min I(Xﬁ(lzk_l); Yﬁ(k)|X7T(km+1)>, (216)

P(20,21,-.,Tn) 2<k<n+2

where m(ky : ko) == {m(k1),m(k1 +1),...,7(k2)}.

The formula (2.16) has a similar interpretation as (1.2)/(2.12). For each node

m(k),k =2,3,...,n+ 2, the corresponding rate constraint is
R < I(Xw(lzk—l); Y7r(k) |X7r(k:n+l))7 (217)

which implies that for the decoding at node 7(k), the signals transmitted by nodes
w(k+1:n+1) are known a priori, and the signals transmitted by nodes 7(1 : k—1)
are cooperating in providing the information. A simple explanation of this feasi-
bility is the following. In the multi-level D-F relay strategy, information is passed
along the route (1) — 7(2) — -+ — m(n+2), so that i) any information obtained
by the downstream nodes of 7(k), i.e., nodes m(k 4+ 1 : n + 1), has already been
obtained by node 7(k), and therefore their inputs are predictable by node 7 (k), and
ii) by the time the information reaches node 7(k), all its upstream nodes m(1 : k—1)
have already obtained the same information and can therefore cooperate with the
technique of block Markov coding. The formula (2.16) also demonstrates a remark-
able feature of the multi-level D-F relay strategy in [27]-[30], i.e., it completely
eliminates the interference in the network: To any node, the signal transmitted by
any other node is either a “real” signal that can be used for decoding, or a priori

known signal that can be subtracted completely.
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Chapter 3

C-F Relay Schemes with Forward
Decoding

3.1 Introduction

This chapter discusses the conventional C-F relay schemes with forward decoding.

Particularly, the following two C-F coding schemes will be considered.

e Cumulative encoding/block-by-block forward decoding/compression-message

successive decoding;

e Cumulative encoding/block-by-block forward decoding/compression-message

joint decoding.

The cumulative encoding/block-by-block forward decoding/compression-message
successive decoding refers to the original C-F scheme developed in [15]. The encod-
ing is “cumulative” in the sense that in each new block, a new piece of information
is encoded at the source. This distinguishes from a “repetitive” encoding process
in the recently proposed noisy network coding scheme [32], where the same infor-
mation is encoded in each block. The decoding is named “block-by-block forward”
to distinguish from the other two choices, where the decoding starts only after
all the blocks have been finished, either by decoding with all the blocks together
as in the noisy network coding scheme [32], or by a block-by-block backward de-
coding process that will be developed in Chapter 4. The decoding is also called
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“compression-message successive” in the sense that the destination first decodes
the compression of the relay’s observation, and then decodes the original message.
In the single-relay case as depicted in Figure 1.4, the compression Y; can be first

recovered at the destination, as long as the following constraint is satisfied:
I(Y1;Y1|X1, Ya) < I(Xy; Ya). (3.1)

Then, based on Y; and Y5, the destination can decode the original message X if

the rate of the original message satisfies

R < I(Xo; Y1, Y| X1). (3.2)

The above two-step compression-message successive decoding process requires
Y; to be decoded first. This facilitates the decoding of Xy, but is not a requirement
of the original problem. Recognizing this, a joint compression-message decoding
process was proposed in [19], where, instead of successively, the destination decodes
Vi and X, together. It turns out that the decoding of Xy can be helped even if
Y} cannot be decoded first. In fact, with joint decoding, the constraint (3.1) is not

necessary, and instead of (3.2), the achievable rate is expressed as
R < I(Xo; Y1, Ya| X1) — max{0, I(Yy; V1] X1, Y2) — I(X1; Ya)}. (3.3)

Moreover, although Y; is not even required to be decoded eventually, it can be
more easily decoded by joint decoding, and instead of (3.1), we need a less strict
constraint:

[(X1;Ya) > 1(Y4; V1| X1, Ya, Xo), (3.4)
where, it is clear to see the assistance provided by Xj.

Similar formulas as (3.3) have been derived with different arguments in [20]-

22).1

Therefore, compared to successive decoding, joint compression-message decod-

ing provides more freedom in choosing the compression Y;. However, the question

!The formula and proof in [20] missed a Y, and were later corrected in [22].
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remains whether joint decoding achieves strictly higher rates for the original mes-
sage than successive decoding. For the single relay case, it has been proved in [22]
that the answer is negative, and any rate achievable by either of them can always
be achieved by the other. In this chapter, we are going to further consider the case
of multiple relays as depicted in Figure 1.5, and demonstrate that joint decoding
will not be able to achieve any higher rates either. More interestingly, we will
show that any compressions not supporting successive decoding will actually result
in strictly lower achievable rates for the original message. Therefore, to optimize
the achievable rate, the compressions should always be chosen so that successive

decoding can be carried out.

Although the compressions supporting successive decoding can be explicitly
characterized as we will show later, it is also of interest to consider other compres-
sions not supporting successive decoding. For example, in a network with multiple
destinations, when a relay is simultaneously helping more than one destinations,
it is very likely that different destinations require different optimal compressions
from the relay. In such a situation, the relay may have to find a tradeoff between
these requirements, i.e., adopting a compression which may be too coarse for some
destinations, but too fine, thus not supporting successive decoding, for the others.
An example of this tradeoff to optimize the sum rate was given for the two-way re-
lay channel in [32]. Another possibility of using too coarse or too fine compressions
is when there is channel uncertainty, e.g., in wireless fading channels, so that it
is impossible to accurately determine the optimal compressions even with explicit
formulas. In these scenarios, compression-message joint decoding introduces flex-
ibility in choosing the compression at the relay, which improves the robustness of
the C-F relay scheme. Such an optimality-robustness tradeoff in C-F schemes will

be discussed in Section 3.5.

It is not surprising that coarser compressions than the optimal do not fully
exploit the capability of the relay, thus leading to lower achievable rates for the

original message. However, it may not be so obvious why finer compressions will
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also lead to lower achievable rates. For this, one needs to realize that a relay’s
observation not only carries information about the original message, but also reflects
the dynamics of the source-relay link, which is unrelated to the original message.
Thus, compared to the direct link between the source and the destination, the
support by the relay-destination link is not so pure. When the compression is too
fine so that only joint compression-message decoding can be carried out, i.e., the
direct source-destination link has to sacrifice, the gain does not make up for the

loss, thus leading to lower achievable rates.

The remainder of the chapter is organized as the following. We first summarize
the main results in Section 3.2. Then, detailed proofs of the achievability results
and investigations on the optimal choice of the relays’ compressions are presented
in Section 3.3 and Section 3.4, respectively. Finally, discussions on the optimality-

robustness tradeoff are included in Section 3.5.

Notation: In this chapter and the rest of the thesis, we denote, for any subset
SCN, Xs={X;,i €S}, and Xsc = {X;,7 € N'\ S}. Similar notations are used

for other variables.

3.2 Main Results

Under the block-by-block forward decoding framework, the achievable rates with
successive compression-message decoding and with joint compression-message de-
coding are presented in Theorems 3.2.1 and 3.2.2 respectively. Then the optimality
of successive decoding is stated in Theorem 3.2.3, which shows that the optimal rate
can be achieved only if the compressions at the relays are chosen such that they can
be first decoded at the destination, i.e., successive compression-message decoding
can be carried out. The proofs of Theorems 3.2.1-3.2.2 and 3.2.3 are presented in

Section 3.3 and Section 3.4, respectively.

Theorem 3.2.1. For the multiple-relay channel depicted in Figure 1.5, by the cu-
mulative encoding/block-by-block forward decoding/compression-message successive
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decoding scheme, a rate Rc/r/s 1s achievable if for some

p(@)p(xo|q)p(x1q) - - - (0| Q)P |11, 21, Q) - - D(Gn|Yn, Tn» ),

there exists a rate vector {R;,i =1,...,n} satisfying
Y R < I(Xsy; Yaia| Xsp, Q) (3.5)
1€S1

for any subset S; C N, such that for any subset S C N,

I(Ys; Ys|Vse, Vi1, Xu, Q) < ZRi (3.6)
ics
and
Reyrss < 1(Xo; Yar, Yo | Xn, Q). (3.7)

Theorem 3.2.2. For the multiple-relay channel depicted in Figure 1.5, by the cu-
mulative encoding/block-by-block forward decoding/compression-message joint de-
coding scheme, a rate Ro/p 5 is achievable if for some

p(q)p(xo|q)p(x1|q) - - (20 |Q)P(G1|Y1, 21, ) - PG |Yn» Tn» ),

there exists a rate vector {R;,i = 1,...,n} satisfying
> Ri < I(Xsy; Yoia| Xz, Q) (3.8)
I€ST

for any subset S; C N, such that for any subset S C N,

Reyrys < 1(Xo; Yo, Yoyt X, Q) — 1(Vs; Y |Vae, Vo1, X, Q) + Z R (3.9)

€S

One can easily check that the achievable rates stated in Theorems 3.2.1 and
3.2.2 include the achievable rates (3.1)-(3.2) and (3.3) for the single-relay channel

as special cases.

Let R /S and R, IF/3 be the supremum of the achievable rates stated in The-

orems 3.2.1 and 3.2.2 respectively.

Theorem 3.2.3. R*C/F/S = R*C/F/J, and R*C/F/J can be obtained only when the
distribution

p(q)p(xo|q)p(x1]q) - - - (@] Q)P(G1 Y1, 21, Q) - - - D(Un|Yn» Ty )

is chosen such that there exists a rate vector {R;,i = 1,...,n} satisfying (3.5)-(5.6).
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3.3 Generalization of C-F Schemes with Forward
Decoding to Multiple-Relay Case

In this section, we prove the achievability results stated in Theorems 3.2.1 and 3.2.2.
For simplicity of notation, we consider the case Q = (). Achievability for an arbitrary
time-sharing random variable ) can be obtained by using the standard technique
of time sharing [44], [22]. The same consideration on ) applies throughout all the
achievability proofs of this thesis.

In both the cumulative encoding/block-by-block forward decoding/compression-
message successive decoding and the cumulative encoding/block-by-block forward
decoding/compression-message joint decoding schemes, the codebook generation
and encoding processes are exactly the same as the classical way, i.e., the way in
the proof of Theorem 6 of [15]. The difference between these two schemes is only
on the decoding process at the destination: i) In successive decoding, the desti-
nation first finds, from the specific bins sent by the relays via Xi, X, ..., X,,, the
unique combination of }71, YQ, e ,?’n sequences that is jointly typical with the Y,
sequence received, and then finds the unique X, sequence that is jointly typical with
the Y,, 11 sequence received, and also with the previously recovered }71, )>2, e Y, se-
quences. ii) In joint decoding, the destination finds the unique Xy sequence that is
jointly typical with the Y, 1 sequence received, and also with some combination of

Y1, Ys, ..., Y, sequences from the specific bins sent by the relays via X7, Xo, ..., X,,.

3.3.1 Proof of Theorem 3.2.1

The basic idea of the C-F scheme is for the relay to compress its observations into
some approximations, which can be represented by fewer number of bits, and thus,
can be forwarded to the destination. To deal with delay at the relay, block Markov
coding was also used, where the total time is divided into a sequence of blocks of
equal length T', and coding is performed block by block. For example, each relay

compresses its observations of each block at the end of the block, and forwards the
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approximations in the next block. Therefore, to decode the message sent by the
source in any block, it is not until the end of the next block, has the destination

received the help from the relay.

We now prove that the rate in Theorem 3.2.1 is achievable with cumulative
encoding/block-by-block forward decoding/compression-message successive decod-
ing. The encoding process is exactly the same as that in the proof of Theorem 6

of [15]. We only emphasize that the i-th relay needs to generate 9T U(YisYi|Xi)+e)

se-
quences of Y;, and randomly throws them into 275 bins, where {R;,i = 1,2,...,n}
are chosen such that for any nonempty subset S; C N,
> R < I(Xs,; Your|Xs:). (3.10)
1€ST
At the end of each block, the relay finds a Y; sequence which is jointly typical with
the Y; sequence it received and the X; sequence it sent during the block, and in

the next block, informs the destination the index of the bin that contains the Y;

sequence via X;.

The decoding process operates in a successive way. At the end of each block
b=2,3,..., the destination first finds, from the bins forwarded by the relays during

~ ~

block b, the unique (Y,(b—1),...,Y, (b— 1)) such that

(Kn+1(b —1),(X,(b—=2),Y,(b—1)),..., (X, (b—2), Y, (b— 1)))
€ A(Yoir, Xn, V) (3.11)

~

where Y, (b — 1) is the Y, 41 sequence received during block b — 1, (Y,(b —
1),...,Y, (b — 1)) are the Yi,...,Y, sequences from the bins forwarded by the
relays during block b, and (X,(b —2),...,X,,(b — 2)) are the signals sent by the
relays at block b — 1 which are known to the destination since the multiple-access

condition (3.10) is satisfied.

Error occurs if the true Y (b — 1) does not satisfy (3.11), or a false ¥ (b — 1)
satisfies (3.11). According to the properties of typical sequences, the true XN(b— 1)
satisfies (3.11) with high probability.
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The probability of a false Y (b — 1) with some false {Y,;(b—1), i € S} but true
{V.(b—1), i € 8¢} being jointly typical with Y, (b—1)and (X,(b—2),...,X,(b—
2)) can be upper bounded by

QT(H(YnHYN7XN)+€)2*T(H( 1, Yse, X)) — H o—T(H( (YilXi)—

i€S
There are [, g(2TUOYiX0-Rit9) _ 1) false Yg(b — 1) from the bins, thus the
probability of finding such a false Y (b — 1) can be upper bounded by
QT(H(YnJrleNvXN)‘f’E)2_T(H(Yn+la?SCaXN)_E) H 2_T(H(Y/i|Xi)_I(Yi?i/i|Xi)+Ri_25)7
€S

which tends to zero for sufficiently small € as T" — oo, if

H(Ys|Y,i1, Yse, Xov) = Y _[H(Yi|[Y;, X;) + Ri] < 0. (3.12)

€S

Letting S = {i; e N : j =1,...,|S|}, we have

Y HMYiYL,X)= Y HY,|Yi. X))

€S 7j=1,..., ‘S|
= Z H(Y/VZ']'|YS7YTL+17§>’$"7XN7{1>1'17'--affij_l})
Jj=1,.., ‘Sl

= H(YS’YS7YTL+17YSC7XN)'

Plugging this into (3.12), we have ¥ /(b — 1) can be decoded at the end of block b
if
I(Ys; Ys|Vse, YVoyr, Xv) < 3 Ri. (3.13)
i€S
Then, based on Y (b —1) and Y, (b — 1), X,(w) can be recovered if

Royrss < 1(Xo; Yo, Yot | Xa).- (3.14)

Combining (3.10) and (3.13)-(3.14), and using the standard technique of time shar-

ing, we conclude that the rate stated in Theorem 3.2.1 is achievable.?

2The case of “=" in (3.5)-(3.6) can be included since (3.7) doesn’t include “=". The same

consideration applies throughout the thesis.
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3.3.2 Proof of Theorem 3.2.2

In cumulative encoding /block-by-block forward decoding/compression-message joint
decoding, the encoding part is exactly the same as that in the proof of Theorem
3.2.1, and the decoding process operates as the following. At the end of each block
b=2,3,..., the destination finds the unique X,(w) and some (Y, (b—1),...,Y, (b—
1)) from the bins forwarded by the relays during block b such that

(o), Yoy (b= 1), (X, (b= 2), ¥, (b= 1)), (X, (0= 2), 1, (0~ 1))
€ A(X,Y, Xy, Yy) (3.15)

where Y, . (b—1), (Y (b—1),...,Y, (b—1)), and (X,(b—2),..., X, (b—2)) have

the same interpretations as in (3.11).

Error occurs if the true X ,(w) does not satisfy (3.15), or a false X,(w’) satisfies
(3.15). According to the properties of typical sequences, the true X (w) satisfies
(3.15) with high probability.

The probability of a false X(w’) being jointly typical with Y, ., (b—1), (X, (b—
2),..., X, (b—2)), and some false {Y,(b—1), i € S} but true {¥,(b— 1), i € S}
can be upper bounded by

T (H(X0,Yn+1,Xx YN )+€) T (H(Xo0)—€)p—T(H(Yn11,Xx Vse) - H o—T(H(¥;|X:)—
€S
There are 27R¢//3 — 1 false w', and [, (27U O#YiX0-Rit9) _ 1) false ¥ g(b—1) from
the bins, thus the probability of finding such a false X (w') can be upper bounded
by
T Resyi 39T (H(X0. Y1 Xar F)+0) 9T (H(X0)—0)

H(Yni1,Xn,Yse)— H(Y;| X)) —I(Y3;Y;| X))+ Ri—2€
w 9~ T(H(Yn+ 9T | |X3) )7
iES

which tends to zero for sufficiently small € as T" — oo, if

Reyrps < 1(Xo; Vv, Yo Xo) — I(Vs; Vs[ Ve, Yagr, X)) + Y Ri. (3.16)
i€S

This combined with the technique of time sharing proves Theorem 3.2.2.
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3.4 Optimality of Successive Decoding in Multiple-
Relay Case

Before proceeding to the proof of Theorem 3.2.3, we first introduce some useful

notations and lemmas. For any A,B C N and {R;,i=1,...,n}, let

Las(8) =)  Ri— I(Ys; Ys|Ya, Vs, Yar1, X), VS C B, (3.17)
€S
I5(8) :=Iys(S) = Y Ri— I(Ys:Ys[Vi\s, Yos1, Xn), VS C B, (3.18)
€S
I(S) :=In(S) = > Ry — I(Vs:; Ys[Vse, Vg1, Xy), VS C N. (3.19)
€S

Also, in the following proof and the rest of the thesis, for any two sets A and B,
AN B or AB interchangeably denotes their intersection while A U B denotes their
union. Then, we have the following lemmas, whose proofs will be given until we
finish the proof of Theorem 3.2.3.
Lemma 3.4.1. 1) If I4(S1) > 0, VS; C A, and I5(Ss) > 0, VSy C B, then
Taup(8) >0, VS C AUB.

2) ]f IA(Sl) Z O, VSl Q .A, and IA,B<82) 2 O, VSQ Q B, then IAU3(8> Z 0,
VS C AUB.

Lemma 3.4.2. For any p(xo) [, p(z:)p(9ilyi, x:) and {R;,i = 1,...,n}, there
exists a unique set D, which is the largest subset of N satisfying

Ip(S) > 0,¥S C D.

Lemma 3.4.3. If I45(B) > 0 for some nonempty B, then there exists some
nonempty C C B such that [4¢(S) > 0,¥S C C.

Lemma 3.4.4. For any A and B with ANB =0, I(A) + [(B) = I(AUB) +
I(YA; YB|Y auB)e, Yot Xnr).

We are now ready to prove Theorem 3.2.3. Still for simplicity of notation,
we only prove Theorem 3.2.3 for Q = (), while the proof for an arbitrary @ can
be obtained by simple analogy. The same consideration on () also applies to the

proofs of Theorems 4.2.3 and 4.2.5.
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Proof of Theorem 3.2.3. With Q = ), RE/F/S and R*C/F/J can be respectively writ-
ten as

Ripg = max I(Xo; Y, Yos1| X 3.20
CIESS  pwo) Ty p@p(@ilyirei) A Rivi=1,...in} (Xo; Yo, Y| Xr) (3.20)
such that Y R; < I(Xs,; Yo |Xs), VS C N (3.21)
I€SY
I(Ys; Ys|Vse, Yoy, Xn) = Y _Ri < 0,YS C N (3.22)
€S
and
Ry = max
CTEIT ™ pa0) Ty p(s)p(Gilys ) L Rii=1, )}

min {1 (Xo; Vv, Vasa| Xar) = 1(Vs: Vs |Vse, Yarr, Xov) + 2; R}
1€
such that Y~ R; < I(Xs,; Vo] Xse), VS C N

1€S)

We show RE/F/S = RE/F/J by showing that RE/F/S < RE/F/J and RE/F/S >
R*C/F/J respectively. For any p(xo) [ [, p(:)p(9ilyi, ©;) and {R;,i =1,...,n} sat-
isfying (3.21)-(3.22), we have

min {7 (Xo; Ve, Yogr | Xor) =1 (Vs Vsl Ve, Yapr, Xar)+ D Ri} = 1(Xo3 Vv, Yo [ X)),
N €S

and thus RE/F/S < RE/F/J.

To show Ry, Fs 2 Ry, R/ it is sufficient to show that R, /pyy can be achieved
only with p(xo) [T/, p(x:)p(¥ilyi, x;) and {R;,i = 1,...,n} such that I(S) > 0,
VS C N. We will show this by two steps as follows: i) We first show that
for any p(zo) [T, p(z:)p(Uilys, x;) and {R;,i = 1,...,n}, if D° # (), then D¢ €
argmin /(S) and mTeargminI(S) T = D¢, where D is defined as in Lemma 3.4.2

SCN SCN
and argmin I(S) := {7 C N : I(T) = mingcy [(S)}. ii) We then argue that,
SCN
under the optimal choice of p(zo) [T, p(z:)p(¥i|yi, x:;) and {R;,¢ = 1,...,n}, D°
must be @, i.e., D must be A/, and thus by the definition of D, I(S) > 0,VS C V.
i) Assuming D¢ # () throughout Part i), we show D¢ € argminI(S) and
SCNV

mTeargmin 1(S) T =D~

SCN
1) We first show [(D°) < 0 by using a contradiction argument. Suppose [(D¢) >
0, i.e.,, Ippe(D) > 0. Then, by Lemma 3.4.3, we have that there exists some
nonempty B C D¢ such that Ipg(S) > 0, VS C B. This will further imply, by Part
2) of Lemma 3.4.1, that Ips(S) > 0,¥S C DU B. This is contradictory with the
definition of D, and thus I(D¢) < 0.
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2) We show that VA C D¢ and A # D¢, I(A) > I(D°), and thus I(A) >
mingcy I(S). The proof is still by contradiction. Suppose that there exists some
A C D¢ and A # D¢ such that I(A) < I(D°). Then I(D°) — I(A) > 0, i.e.,

> R~ I(Ype; Yoe|Yp, Vo1, Xiv) = 3 Ri+ I(Ya; YalVae, Yoir, Xov)

1€D¢ icA
= Z Rz - ](YDC\A; YDC\A|YD7 Yn+17 XN)
€D\ A
=Ippe\a(D°\ A)
>0.

Again by Lemma 3.4.3 and 3.4.1 successively, we can conclude that there exists
some nonempty B C D¢\ A, such that Ipys(S) > 0,VS C D U B, which is in
contradiction. Therefore, I(A) > I(D°) > mingcy I(S).

3) We prove that VA with AD # () and AD¢ # D¢, I(A) > mingcy I(S). Let
A, = AD and A, = ADC. Then, we have, by Lemma 3.4.4, that

I(A) =T(Ay U Ay) = T(Ay) + I(Ag) — T(Ya,: Yoo [Voae, Yorn, X,

[(Ay U D) =I(Ar) + I(D°) = I(Yay; Yo | Yiaupeye, Yarr, Xv)-

Since I(Ag) > [(D°) by 2) and

I(Yay; Yoo Yia, Upeye Yt Xnv)

I(Y/ 13 Yoo 4, | Y, Upeyes Yot Xov) + T(Yays Vo Yo, Upeye, Yooy g Yot Xov)
(¥

(

I A1 Y.AQ |YA67 n+1 X/\f) + ](YAU YDC\AQ |YA1 UDe)e, Yn-‘rla XN)
I YA17YA2|YA° n+17XN)

Y%

we have I(A) > I(A; UD) > mingcy I(S).
4) We prove that VA with AD # () and AD® = D¢, I(A) > I(D°). Letting
A = AD, we have
I(A) =I(A, UDY)
=I(A) + I(D°) — I(YAl ; YDC|YA1UDC)Ca Y1, Xn)
=Y R — I(Ya; Vo, [Yag, Yo, Xo) = T(Vays Yoo Viaupeye, Yo, Xov) + 1(D°)

€A

== Z Rz - I(YAU YDcv YAl |}A/(A1UDC)C7 Yn+17 XN) + I<DC)
€A

=Y R~ I(Ya;: Ya|Voya,, Yorr, Xov) + (D)
€A1

=Ip(A1) + I(D)

>1(D°).
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Combining 2)-4), we can conclude that

D¢ € argmin I(S)
SCN

ﬂ T = D"

Teargmin ()
SCN

and

ii) We now argue that under the optimal choice of p(zo) [T, p(z:)p(¥ilyi, z:)
and {R;,i = 1,...,n} that achieves RE g 50 if D° # (), then R g,y is not optimal;
and hence D¢ must be (). The argument is extended from that in [22] and the
detailed analysis is as follows.

Suppose D¢ # () at the optimum. Then,

D¢ € argmin I(S)

SCN
and
 7=p"
Teargmin ()
SCN
Therefore,

REeyy =1(Xo; Vv, Yaia| Xuv) + 1(D°)
=1(Xo; Yp, Yot | X)) + I(Xo; Yoo YD, Vi1, Xiv)
+ 3 Ry — I(Xo, Ype; Yo Vp, Yot Xyv)
i€De
=I(Xo;Yp, Yasa| Xn) + > Ry — I(Ype; Ype| Xo, Vp, Yarr, X),  (3.23)

1€De

and similarly,

Reyp s =1(Xo; Y, Yog | Xn) + I(T)
=I(Xo; Yre, Yot |[Xn) + > Ry = I(V7; Y7 |Xo, Ve, Vi, Xov), (3.24)
€T

for any 7 € argmin I(S), T # D°.
SCN

We argue that higher rate can be achieved. Consider 571’ ,}72’, e ,YT;, where
Yi’ =Y, for any ¢ € D, and Yi’ = Y; with probability p and ffi’ = () with probability
1 —p for any i € D°. When p = 1, the achievable rate with Y7, VY, ..., Y/ is
R¢ gy As p decreases from 1, it can be seen from (3.23) and (3.24) that both

I(Xo; Y, Y1 | Xow) + 1(D9) and I(Xo; Y, Yoy1|Xn) + I(T) will increase, where
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T € argmin I(S), T # D¢. Thus, no matter how I(Xo; i, Voi1|Xn) 4+ 1(S) will
SCN
change as p decreases for S ¢ argmin /(S), it is certain that there exists a p* such
SCN

that the achievable rate by using 171’ , }72’, e ,Yé is larger than R, F/3- This is in
contradiction with the optimality of R R/ and thus at the optimum, D¢ must be
0,ie, I(S)>0,VS CN. This completes the proof of Theorem 3.2.3. O

We now present the proofs of Lemmas 3.4.1-3.4.4.

Proof of Lemma 3.4.1. For any S C AUB, let S; = SA and So = S(B\ A). Then,

IaB(S) = Z R — I(Ys; Ys|Yiausns, Yai1, Xa)

€S
= Z R, — I(Ys,; Ys, |?(AUB)\87 Y1, Xy)
€S
+ Z R’L - ](Y827 ySz |}A/(AUB)\S7 YS& ; Yn-‘rla X./\/)
1€S2

> Ry — I(Ys,: Y, [Yans:, Yasr, X)

i€ST
+ Z RZ - ]<YSQ7 YSQ |Y.A7 }}6\327 Yn+1, XN)
1€Sa
:]A(81> + [A,B(SQ) (325)
21a(81) + I5(S2). (3.26)

If 14(S1) > 0, VS; C A, and Ig(S2) > 0, VS; C B, then following (3.26),
IAU3(8> > 0, vS - AUB. If IA(81> > O, VSl - .A, and [A,B<82) > 0, \V/SQ - B,
then following (3.25), I4u5(S) >0, VS C AU B. O

Proof of Lemma 3.4.2. Let L :={F CN : Iz(S) > 0,VS C F} and L. == {D €
L : |D| = maxres | F|}. Suppose there are more than one element in L.y, say,
Dy, D, ..., D,, where n > 2. Then based on 1) of Lemma 3.4.1, D := |J;_, D; also
satisfies that Ip(S) > 0,VS C D, which is in contradiction, and hence Lemma 3.4.2
is proved. O

Proof of Lemma 3.4.3. If I,5(S) > 0, VS C B, then this lemma obviously holds.
Otherwise, if there exists some Sy C B, & # B, such that [45(S1) < 0, then we
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have I45(B) — I45(S1) > 0, ie.,

Z Rz - ](YBa YBDA/Aa Yn—‘rla X./\/) - (Z Rz - I(YSN }}51 |}A/.A; YB\SN Yn—f—la XN))

i€B 1€ST
= Y Ri—I(Yas,: Yo |Ya Yars, X)
1€B\S1

=lap\s (B\ S1)
>0.

Now, we arrive at the same situation as in the original assumption with B replaced
by B\ &;. Continue applying this argument, and we must be able to reach a
nonempty C C B, such that I4¢(S) >0, VS C C. m

Proof of Lemma 8.4.4. For any disjoint A and B,

I(AUB)
= Z R; — I(Yaus; YAUB|}>(AUB)07 Yoi1, Xu)
i€ AUB
= Ry — I(Yaus; YalYiausye, Yasr, Xu)
icA
+ 3 Ri = I(Yaus; Ya|Yiaus)e, Y, Yagr, X)
ieB
= Ry — I(Ya, V5 YalYiausye, Yar1, Xn)
icA
+ Z Rz - I(Y87 YB‘YAV(AUB)% YA7 Yn+17 XN)
ieB
= "Ry — I(Yg; YalYiausye Yart, X)) — I(Ya; YV Viae, Yior, Xov)
icA
+ Y R — I(Yp; Yi|Vae, Yogr, X))
icB

=I(A) + I(B) — I(Y; YBDA/(AUB)C; Yoi1, Xn),

which proves the lemma. O

3.5 Discussion: An Optimality-Robustness Trade-
off
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Although the flexibility for the relay to choose its compression may not im-
prove the achievable rate, compression-message joint decoding makes the C-F relay
scheme more robust to the variation of channel. To illustrate this point, we con-
sider a Gaussian single-relay channel as depicted in Figure 3.1. In this channel,
Y=X+27 Y =X+ 7, where X is of power P, and Z and Z; are independent
Gaussian noises, and the relay is connected to the destination via an error-free
digital link with capacity R;. The optimal distribution f(x)f(g1|y:1) for the C-F
scheme is not known. By convention, we assume X ~ A(0, P) and 371 =Y + Zl

with Z; ~ N(0, Ny) and independent of other random variables.

-t _

Figure 3.1: A Gaussian relay channel with a digital link.

In the original C-F scheme with compression-message successive decoding, the
relay needs to know the value of I(Y7; }71|Y) in order to decide upon the appropri-
ate compressed version Y; to choose such that the constraint I(Y;;V;|Y) < R, is
satisfied. This requires the knowledge of the channel dynamics from X to Y, which
may be difficult to obtain for the relay, e.g., in wireless communications where the
channel could be time varying. In this situation, if Y; is inappropriately chosen such
that 1(Y71; Yl\Y) > R, then the destination can not decode 171, causing a problem
to further decode X.

However, this problem will not happen with compression-message joint decod-
ing, where the relay can choose any version Y: since Y; is not to be decoded.

Despite that the relay may not know the channel dynamics from X to Y, it can
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compress its observation at a constant rate [ (Yl;f/l), where Y] is a pre-specified
compressed version and the choice of Vi may be based on the statistics of the chan-
nel dynamics. Then, when I(Y;;Yi|Y) < Ry, joint decoding can achieve the same
rate as successive decoding as in the original C-F scheme. More importantly, when
I(Yy;Y1|[Y) > Ry, unlike in the original C-F scheme where a decoding problem
happens, with joint decoding, the destination can still achieve some rate specified
in (3.3), or more generally, Theorem 3.2.2 when there are multiple relays. Clearly,
this makes the C-F relay scheme with compression-message joint decoding more
robust to the variation of channel, especially when the relay has no access to the

channel state information of the X — Y link.

Specifically, in the setup of Figure 3.1, the information quantities (X Vi, Y)
and I(Y1;Y1]Y) reduce to

o P(N + Ny + Nl)
(N, + Ny )N

and

. (PN + PN, +ANN1>
(P+ N)V;
respectively, where C(x) := %log(l + x). Thus, the achievable rate stated in
(3.3)/Theorem 3.2.2 is given by

P(N+N;+Ny) PN+PNi +NN;
C( (Ni+N1)N ) Whenc( (PN, 1) s

R < (3.27)

C (% _ %) + Ry otherwise.

Figure 3.2 plots the achievable rate for P = N = 200, N; = 10 and R; = 2,
where the A-B-C curve is the achievable rate with the C-F scheme with joint
decoding, while the horizontal straight line is the achievable rate of the main channel

X — Y, which is independent of the choice of Ni.

Point B corresponds to the highest rate in (3.27), which is achieved by choosing
the optimal Nl, namely the N; such that

: PN+ PN, + NN
I(YI;Y1|Y):C< TN 1):31.

(P + N)N;
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Figure 3.2: Achievable rate for the Gaussian relay channel.

Point C' corresponds to the N; such that

A P+ N
[(Y1§Y1):C< _{: I)ZRb

N

which is the scenario where Y; can always be decoded at the destination no matter
how is the channel dynamics from X to Y, and the Y} in this scenario is the coarsest
compressed version that is of interest. The curve B-C' describes the achievable rate

for the first case in (3.27), i.e., when

i PN+ PN, + NN
IVuny)=c 22N AN o g
(P+ NN

In this case, successive decoding and joint decoding achieve the same rate.

Point A is the intersection of the achievable rate curve for the C-F scheme with
joint decoding and the rate of the main channel. It corresponds to the scenario
where the N; is chosen such that the C-F only achieves the rate of the main channel,
and the Y; in this scenario is the finest compressed version of interest. The curve

A-B describes the achievable rate for the second case in (3.27), i.e., when

PN + PNy + NN,
= > R;.
(P+N)N

(Y Y]Y) = C(

This is the case where the original C-F with successive decoding encounters a

decoding problem, but joint decoding can still achieve some rate.
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Chapter 4

C-F Relay Schemes with
Backward Decoding

4.1 Introduction

Recently, a noisy network coding scheme was proposed in [32]. Unlike the conven-
tional C-F scheme with cumulative encoding/block-by-block forward decoding, in
noisy network coding, different blocks use independent codebooks to repetitively
transmit the same information, and the decoding is based on all the blocks to-
gether. Compared to cumulative encoding, this repetitive encoding process appears
to introduce collaboration among all the blocks, so that all the blocks can unitedly
contribute to the decoding of the same message. This repetitive encoding/all blocks
united decoding process was combined with joint compression-message decoding in
[32], and although no improvement was shown in the single relay case, some in-
teresting improvement on the achievable rate was obtained in the case of multiple
relays. In this chapter, we will show that actually it is not necessary to use repeti-
tive encoding to introduce such collaboration among the blocks. The same rate can
be achieved with cumulative encoding as long as the decoding starts after all the

blocks have been finished. In particular, we will develop the following two schemes:

e cumulative encoding/block-by-block backward decoding/compression-message

successive decoding
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e cumulative encoding/block-by-block backward decoding/compression-message

joint decoding

and show that they achieve the same rate as noisy network coding. To highlight
their difference from noisy network coding in the encoding/decoding process, we

also use

e repetitive encoding/all blocks united decoding/compression-message joint de-

coding

to refer to the noisy network coding scheme interchangeably in the thesis.

Since block-by-block backward decoding and compression-message successive
decoding are relatively easier to implement than all blocks united decoding and
compression-message joint decoding respectively, the cumulative encoding/block-
by-block backward decoding/compression-message successive decoding scheme be-
comes the simplest choice in achieving the highest C-F rate in the case of multiple

relays.

For these new encoding/decoding schemes, we will also show that the optimal
compressions must be able to support successive compression-message decoding,
and any compressions not supporting successive decoding will necessarily lead to
strictly lower achievable rates than the optimal. Therefore, for any of the C-F
relay schemes studied in the thesis, we can restrict our attention to successive
compression-message decoding in the search for the optimal compressions of the
relays’ observations. Of course, it should be noted that any compressions supporting
successive decoding also support joint decoding. Besides the optimality of successive
decoding, we will further demonstrate the necessity of joint decodability in the
sense that any compressions not completely decodable even with joint decoding
will not provide any contribution to the decoding of the original message, and the
destination would rather simply treat the corresponding relays’ inputs as purely

noise in the decoding.
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In the rest of the chapter, the main results are first presented in Section 4.2,

followed by their proofs in Sections 4.3- 4.5.

4.2 Main Results

It was shown in [32] that the original cumulative encoding/block-by-block forward
decoding/compression-message successive decoding scheme developed in [15] can
be improved to achieve higher rates in the case of multiple relays, although no
improvement was obtained in the case of a single relay. In their noisy network
coding scheme [32], cumulative encoding was replaced by repetitive encoding, and
block-by-block forward decoding was replaced by all blocks united decoding. They
also used joint instead of successive compression-message decoding. For the single-
source multiple-relay channel depicted in Figure 1.5, their Theorem 1 in [32] can

be re-stated as the following theorem.

Theorem 4.2.1. For the multiple-relay channel depicted in Figure 1.5, a rate
Rr v/ is achievable if there exists some
p(a)p(xola)p(xilq) - - p(zal@)p(Gnlyr, 21, 0) - - P(Gn|Yns Tns ),

such that

RR/U/J < ‘Tslélj{l/ ](X07X8; Y/S’w Yn+1|X5C7 Q) - ](Yé‘; ?S|X07XN; Yoi1, 37567 Q)~ (4~1)

In this chapter, we will show that the improvement is not a result of replacing
cumulative encoding by repetitive encoding, but actually, is a benefit obtained when
the decoding is delayed, i.e., only starts after all the blocks have been finished.
Besides all blocks united decoding, we will show that block-by-block backward
decoding also achieves the same improvement since it also starts the decoding after

all the blocks have been finished.

Similar to the framework of block-by-block forward decoding, we will also show
that for these new schemes with decoding after all the blocks have been finished,
the optimal rate can be achieved only when the compressions at the relays are cho-

sen such that successive compression-message decoding can be carried out. Thus,
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in terms of complexity, cumulative encoding/block-by-block backward decoding/
compression-message successive decoding is the simplest choice in achieving the
highest rate in the case of multiple relays. The corresponding achievable rate is

presented in the following theorem.

Theorem 4.2.2. For the multiple-relay channel depicted in Figure 1.5, a rate
Reypys is achievable if there erists some

p(Q)p(zol@)p(z1lq) - - - p(x0]@Q)p(G11y1, 21, Q) - - P(In|Yns Ty @),

such that for any subset S C N,

[(Xs; Yse, Yoi1| Xse, Q) — I(Ys; Ys| X, Yora, Ve, Q) > 0, (4.2)
and
Reyprs < I(Xo; Y, Yo | Xo, Q). (4.3)

Let Ry 10/ and R¢ /B/S be the supremum of the achievable rates stated in The-
orem 4.2.1 and 4.2.2 respectively. The optimality of successive decoding is demon-

strated in the following theorem.

Theorem 4.2.3. R’]‘%/U/J = R*C/B/S, and R’]‘%/U/J can be obtained only when the
distribution

p(@)p(xol@)p(z1|q) - - - p(z0|@)P(U1 Y1, 21, q) - - P(Fn|Yns Tns @)

is chosen such that (4.2) holds.

As mentioned in Section 3.1, although the optimal rate is achieved only when
successive decoding can be supported, there are situations where it is of interest
to consider other compressions not supporting successive decoding. Hence, more
generally, we will use the cumulative encoding/block-by-block backward decoding/
compression-message joint decoding. The corresponding achievable rate is given in

the following theorem.

Theorem 4.2.4. For the multiple-relay channel depicted in Figure 1.5, with a given
distribution

p(@)p(zolg)p(z1|q) - - p(xnl)p(O1|y1, 21, @) - - P(UnlYn, Tns ),
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a rate Ro/psy is achievable if

Reypyr < min I(Xo, Xs:Yp s, Yot Xpps, @) — 1(Ys: Vsl Xo, X, Yair, Yo s, Q),
=LJ
(4.4)
where Dy is the unique largest subset of N satisfying

I(Xs; Yo s, Y1 Xo, Xpps, Q) — I(Ys; Y| Xo, Xp,, Vo1, Yops, Q) >0, (4.5)

for any nonempty S C Dy. In addition, f/DJ can be decoded jointly with X .

There also exists a unique largest subset D} C N satisfying
I<XS7 YDS\S? YTH—I |X07 XDS\SJ Q) - I(Y37 YleOJ XD&, Yn—‘rla YD3\57 Q) 2 07 (46)

for any S C D). It will be clear from the proof of Theorem 4.2.4 that the compres-

sions of the relays in N\ D] are not decodable even jointly with the message.

On the other hand, the achievable rate (4.1) can be more generally expressed as

Rrjuys < min I(Xo, Xs3 Yanss Yor1| Xans, Q) — I(Ys; Y| Xo, Xots Yoin, Viars, Q)

(4.7)
if we only consider a subset of relays M C N for the decoding, while treating
the other inputs as purely noise. Interestingly, the following theorem implies that
M = N may not be the optimal choice to maximize the R.H.S. (right-hand-side)
of (4.7), i.e., sometimes, it is better to consider only a subset of relays.

Theorem 4.2.5. For any p(q)p(zolq) [ 11—, p(xi|Q)p(U:|xi, vi, @), among all the choices
of M C N, the R.H.S. of (4.7) is mazimized when M = D; or M = D', but is
strictly less than the mazimum when M ¢ D',. Here, D; and D', are defined as in

(4.5) and (4.6).

Therefore, not only the compressions of the relays in A\ D} are not decodable,
but also including them in the formula (4.7), i.e., choosing M ¢ D}, will even

strictly lower the achievable rate.

By comparing (4.4) and (4.7) with M = Dj, Theorem 4.2.5 also implies that
for any compressions chosen at the relays, the cumulative encoding/block-by-block
backward decoding/compression-message joint decoding scheme achieves the same
rate as the repetitive encoding/all blocks united decoding/compression-message

joint decoding scheme.
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4.3 Cumulative encoding/block-by-block backward
decoding/compression-message successive de-
coding and Optimality of Successive Decod-

ing

In cumulative encoding/block-by-block backward decoding, the encoding process
is similar to that in the proof of Theorem 6 in [15] (except that the binning at
the relay is not needed here), but the decoding process operates backwardly. This
scheme, combined with compression-message successive decoding, proves Theorem

4.2.2 as follows.

Proof of Theorem 4.2.2. Consider B + M blocks, where the source will transmit
information in the first B blocks and keep silent in the last M blocks, the relays
will compress-and-forward in all the B + M blocks, and the destination will not
start decoding until all the B + M blocks have been finished. As we will see in the
following proof, the added M blocks are used to ensure the relays’ compressions in
the B-th block can be decoded with the help of the subsequent M blocks. Then,
backwardly, the relays’ compressions in blocks B — 1 to 1 can be decoded. Finally,
using the recovered relays’ compressions in all the first B blocks, the original mes-
sages can be decoded. Of course, the added M blocks could introduce decoding

delay and thus rate loss, but note that we can always choose M < B such that the
M

rate loss B

Rcypss can be made arbitrarily small.

Codebook Generation: Fix p(zo) [T, p(z:)p(¥;|zi, ;). We randomly and inde-
pendently generate a codebook for each block.

For each block b € [1 : B + M], randomly and independently generate 27 Fc/s/s
sequences Xg,(my), my € [1 2 278e/mss]; for each block b € [1 : B + M] and each
relay node 7 € A/, randomly and independently generate 9T R sequences X; p(lip—1),
lip—1 €11 ZTRi], where R; = I(Y;;Y;|X;) + €; for each relay node i € N and each
Xip(lip—1), lip—1 € [1: QTRi], randomly and conditionally independently generate
9T R; sequences ¥; p(lip|lip-1), lip € [1 : QTRi]. This defines the codebook for any

block b € [1: B+ M|,

Cp = {Xo,b(mb)7 Xi,b(li,bfl)7yi,b<li,b|li,b71) :
my € [1: 2TRers] 1y 1y € [1:275) i e N}

Encoding: Let m = (my,ma,...,mp) be the message vector to be sent and
let mp = 1 be the dummy message for any b € [B+ 1 : B + M]|. For any block
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b € [1: B+M], each relay node i € N, upon receiving y;; at the end of block b, finds
an index l;, such that (x;4(lip—1), Yip, Yis(linllip—1)) € Ae(X:, Y5, }A/;), where [, =1
by convention. The codewords xq;(ms) and x;4(lip-1),7 € N are transmitted in
block b, b € [1: B+ M].

Decoding: i) The destination first finds a unique combination of the relays’
compression indices 12 = (1,...,1) and some lgi{” = (1g41,-.-,1p4ar), where
L= (ligs---slnp), Vb € [1: B+ M], such that for any b=1,..., B+ M,

((Xuallno) Yanllialtis): -+, R (lns1), Yus(lusllns1))s Yorio)
€ AdXn, Y, Yosr).  (4.8)

Specifically, this can be done backwards as follows:

a) The destination finds the unique 1z such that there exists some 157" =

(Ig11,-..,1p+n) satisfying (4.8) forany b= B +1,...,B+ M.

Assume the true 157 = 1M+1 where 1 := (1,...,1) is an n-dimensional all-
ones vector. Then, error occurs if 15 = 1 does not satisfy (4.8) with any lgiiw for
any b= B+1,...,B+ M, or a false 15 # 1 satisfies (4.8) with some 157} for any
b= B+1,...,B+M. Since 15" = 1M+ gatisfies (4.8) forany b = B+1,..., B+ M
with high probability according to the properties of typical sequences, we only need
to bound Pr(lUJ, ., &), where &, is defined as the event that 15 satisfies (4.8) with
some lgflv[ forany b= B+1,...,B+ M. For any (I, 1,1;), define A,(1,_1,1,) as
the event that (1,_1,1,) satisfies (4.8). Then, we have

B+M
Pr(| ) &) =Pr(|J U ) A1)
Ip#1 IEW 1p#1 b=B+1

B+M

:Pr(U U U U ﬂ Ap(lp-1,1))

=gt gy =1 151 gy, #£1, 15#10=B+1
Vjie[l: M—1]
B+M

< ipr( U U ﬂ Ap(ly-1,15))

B+M B
lBil 213+]‘:1 1p#1 b=B+1

B+M

+ Pr( U U () Al b)). (4.9)

150V gy #1, 1B#10=B+1

Viell: M—1]
Let us first consider the second term in (4.9). For any 127 let S,(15™) =
{i € N : liy_1 # 1}. Note S,(15™) only depends on 1,_;, so we also write it
as Sp(lp—1). Define X;(Sp(lp-1)) as {X;p(lip—1),7 € Sp(ly—1)}, and similarly define
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Y3 (S(lp-1)) and Y4 (Sy(,-1)). Then, (Xy(Sy(l-1)), Yo(Sp(lp-1))) is independent of
(Xp(SE(1p-1)), Yp(S5(L—1)), Yp), and Pr(A,(1y—1,1,)) can be upper bounded by

2T(H(XN,?N,YTL+1)+6)2_T(H(ng(lb71)7Y$§(1b71)7Yn+1)_6)
« 2_T(H(X5b(1b71))—5)27T(Ziesb(lb71)(H(Y/i|Xi)*€))

::2*T(I(Sb(1b71))7el)

where

Z(Sp(lp-1)) =1(Xs,1,_1); Ysg(lb,l), Y1 Xseq, 1))
—H(Ysb(lb_lﬂXN,Ysg(lb_l),Yn+1)+ Z H(Y;|X;)

€Sy (lp—1)
and ¢ — 0 as € — 0. Then, we have
B+M
U U ) AL
150 1y, # 1, 18710=B+1
Vie[l: M—1]
B+M
< g g H Pr(Ay(lp-1,1))
155 i lpyy #1, 1B71b=B+1
Vjel: M—1]
B+M
< E E E H 9= T(Z(Sp(lp-1))—¢)
Ippm 1551 i1py; #1, 1B#10=5+1
Vie[l: M—1]
B+M
- E E H 9—T(Z(Sp(lp-1))—¢)

Ip+m SBi1s--,SBam ngerl :Sb(l?M*l) =S, b=B+1

Spij # 0,V €[1: M] Vbe[B+1:B+ M|

B+M B+M
SR DR | LRIy |

1B«&»M SB+17~~-7SB+M : b=B+1 b=B+1

Sps £ 0¥ €[1: M]

B+M R R R
< § : H 2—T(I(X5b;YSg,Yn+1|X5§)—I(Y5b;Y5b|XN,Yn+1,Y5§)—e”)

Ity Spi1,...,Sprm:  b=BH1

Spij #0,Yj € 1: M]

= Z o7 g (I(Xs, Vg Yot Xse) T (Vs Vs, | Xar Yot Vo) —¢)

Iprm Spia,..., Spim:

Spyj #0,Vj € [1: M]
< E (2”)M2_TM(minSgN:S¢V){I(XS?stc7Yn+l|XSC)_I(YS;?S‘X./\/',YnJrl,Y/SC)_5//})

gy
<2T(Z,~6N(I(f’i;Yz‘|Xz')+6))QnMQ—TM(minsgN:s;é@{I(Xs;f/sc,Yn+1 |Xse)—1(Ys:;Ys|Xn,Yni1,Yse)—€"})
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where €’ — 0 as € — 0. Thus, as both T"and M go to infinity, the second term in
(4.9) goes to 0, if

I(Xs: Yse,Yoi1|Xse) = I(Vs: Y| X, Viy1, Yse) > 0,VS C N, S # 0. (4.10)

Now consider the first term in (4.9). For any j € [1: M — 1], we have

B+M B+j

e U N Aasauw)<ee U U ) 4Gl

\B+M —11p#1 b=B+1 —11#1b=B+1

. , B+j. .
B11 1B+ Ipi1lB+;

Note Pr(Ulgﬂleﬂ:l Unsz1 ﬂfjéﬂ Ap(1,-1,15)) is the probability that there exists

a false 1p # 1 satisfying (4.8) with some lgﬁ for any block b € [B+1 : B+j], where
lp; = 1 is true. Below, we show that this probability goes to 0. The underlying
idea is backward decoding, which will also be used in step b).

For any k € [1:j], j € [1: M — 1], denote

B+k

PB4k = Pr( U U ﬂ Ap(lp—1,15)).

Then, we have

B+k

PB+r = Pr( U U ﬂ Ap(lp—1, 1))

lgi’f:lB-‘rk:l 1p#1 b=B+1

B+k

< Pr( U U N A1)

15 =11 p1=116#1 b=B+1

B+k

+ Pr( U U ﬂ Ap(lp-1,1))

lgillc:quLk:l:lB«kkfl?él 137&1 b=B+1

B+k—-1

< Pr( U U N AL)

121?71:13+k,1=1 lB7é1 b:B+1

+ Pr( U Apk(s1k-1,1818))

Ip1e=Llp k171
. /
=!PB+k-1 t+ DBk

where
Pk = Pr( U Apx(B4r-1,1B1k))

lp1r=1lpr-17#1

and especially

PB+1 = PIB+1 = Pr( U Ap41(1s,1p11)).

Ipy1=1,1p#1
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Recursively, for any j € [1: M — 1],

k=3
/ / / !
PB+j < PB+j-1 T Ppyj S PBvj—2 +Ppyj1 TPy <00 < ZpB”“'
=1

For any k € [1 Ij], j S [1 M — 1], with SB+k(lB+k71) = {Z € N : li’BJrk,l 7A 1},
we have

Pryx = Pr( U Apir(pr—1,154k))

Ip1r=Llp1r-17#1

= Pr( U Apik(pik-1,154k))

1= 1:SByr(lByr—1)#0

< Z Z Pr(Apir(1B1k—1,14%))

SB+I€7£® 1B+k =1,
14k—1:SB+k(B+k—1) = Sp+k

< Z 2T(ZiesB+k(I(YiQY/i|Xi)+€))2—T(I(SB+k)—E')

Sp+r#D
< gng=T(minscns20{I(Xs Vs, Ynt1]|Xse)—I(Ys;Vs| Xn, Ynt1,Vse)—€"’})
- )

and thus pp; — 0 as " — oo if (4.10) holds. Therefore, if (4.10) holds, the first
term in (4.9) also goes to 0 as 7' — oo, and 1 can be decoded.

b) Given that 1z has been recovered, the destination performs the backward
decoding as follows. That is, backwards and sequentially from block b = B to
block b = 2, the destination finds the unique 1,_1, such that (1,_1,1;) satisfies (4.8),
where 1, has already been recovered due to the backward property of decoding. At
each block b = B, B — 1,...,2, error occurs if the true 1,_; does not satisfy (4.8),
or a false 1,_; satisfies (4.8). According to the properties of typical sequences, the
true 1,_; satisfies (4.8) with high probability.

For a false ,_; with false {;;_1,7 € S} but true {l;,_1,i € S}, (Xu(S), Y5 (S))
is independent of (X,(S¢), Y,(S°),Y), and the probability that (1,_;,1,) satisfies
(4.8) can be upper bounded by

T (H(Xx YN Ynt1)+€) 9=T(H(Xse,Yse,Yni1) =€) =T (H(Xs) =€) 9=T(T;c s (H(YilXi)—e€))
Since the number of such false 1,_; is upper bounded by ], ¢ QT(IO/Z';Y”X")*E), with
the union bound, it is easy to check that the probability of finding such a false 1,_;

goes to zero as T — 00, if (4.10) holds. This combined with a) proves that 1 can
be decoded, if (4.10) holds.
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ii) Then, based on the recovered 12, the destination finds the unique m =
(mq,ma,...,mpg) such that for any b=1,..., B,

<X0,b(mb)u (Xip(lip—1), Yl,b(h,b”l,b—l))a o (Xp(lnp—1), Yn,b(ln,b|ln,b—1)), Yn+1,b)

€ As(X07 X/\fa YNa Yn—l—l)-
(4.11)

Note that after 17 has been recovered,

(Xoo(lip1), Yis(linllip-1)), - Knsns-1)s Yo (lnsllnp-1))

and Y, 11 in (4.11) are known to the destination. Thus, from the property of
typical sequences, the probability of decoding error will tend to zero if R¢/p/s is less
than I(Xo; Xu, Y, Y'), which is equal to I(Xy; Y, Y| X ) noting the independence
between Xy and X . O

We are now in a position to prove Theorem 4.2.3. To facilitate the proof, we

introduce some notations and lemmas. For any A, B C N, let

Jas(S) =1(Xs; Yas, Ya, Yas1| X4, X5\5)
— [(Ys; V5| X, Ya, Yiyr, X, Vins), ¥S C B, (4.12)
I5(S) :==Jy5(S) = I(Xs; Vs, Yur1| Xn\s) — [(Ys; Ys| X5, Vas, Y1), VS C B,
(4.13)
J(8) =Jn(S) = I(Xs; Ve, Yiar| Xse) = I(Vs; Vs Xr, Yorr, Vse) VS SN
(4.14)
Then, we have the following lemmas, whose proofs will be presented in Section 4.5.

Lemma 4.3.1. 1) If J4(&1) > 0, VS; C A, and Jg(S2) > 0, VS C B, then
Jaup(S) >0,VS C AUB.

2) [f JA(Sl) Z 0, VSl Q .A, and JAjg(Sg) Z O, VSQ g B, then JAug(S) Z 0,
VS C AUB.

Lemma 4.3.2. Under any p(xo) [T, p(x:)p(9ilzi, vi), there exists a unique set D,
which is the largest subset of N satisfying

Jp(S) > 0,¥S C D.

Lemma 4.3.3. If J4p(B) > 0 for some nonempty B, then there exists some
nonempty C C B such that Jac(S) > 0,VS C C.
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Lemma 4.3.4. For any A and B with ANB =0, J(A)+J(B) = J(AUB)+J(AoB),
where

J(Ao B) =1(Xa,Ya; X, V8| Xaus)e, Yiausys Yor1)
=1(X 45 XB| X (auB)e, Yiausye, Yas1) + 1(Xa; Y| Xae, Yiausye, Y1)
+ I(Xp; Ya| Xpe, Yiausye, Yor1) + 1(Ya; Ya| X, Yiausye, Yosr).

The proof of Theorem 4.2.3 is similar to the proof of Theorem 3.2.3, and the
details are as follows.

Proof of Theorem 4.2.3. Again, we consider the case Q = (). In this case, RE/B/S
and Ry Juyy can be respectively written as

Ripye = max I(Xo; Yo, Yoia| X 4.15
OIBIS = o) T S oy 0 +lXw) (4.15)
such that J(S) > 0,VS C N, (4.16)
and

Rl*%/U/J
= max min 1(Xo, Xs; Yse, Yoi1| Xse) — I(Ys: Vs Xo, Xor, Yis1, Ve
(o) LT oS (o) B (00 Xesi Ve Yuga | Xise) = I (Vi Yl Xo, Xry Yo, Vo)
= max min{I(Xo; Y, Yos1| Xn) + J(S)}. (4.17)

p(x0) [Ty p(xi)p(dili,y:) SCN

We ShOW R*C/B/S = R;{/U/J by ShOWiIlg that R*C/B/S S RE/U/J and RE/B/S Z
Ry )y vespectively. Under any p(zo) [Tiy p(x:)p(yi|zi, y;) such that J(S) > 0,
VS C N, we have

gg}\}{[(Xo; Y, Y1 |Xn) + J(S)} = I(Xo; Vi, Yosa [ Xn),

and thus RE/B/S < RE/U/J.

To show R /BjS = Ry 1030 it is sufficient to show that R Juyy can be achieved
only with the distribution p(zo) [, p(z;)p(9i|xi, y;) such that J(S) > 0, VS C
N. We will show this by two steps as follows: i) We first show that under any

p(xo) [Trm1 (@) p(Yil2i, yi), if D¢ # 0, then

D¢ € argmin J(S)
SCN

and

n 7-o

Teargmin J(s)
SCN
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where D is defined as in Lemma 4.3.2 and argmin J(S) := {T C N : J(T) =
SCN

minscy J(S)}. ii) We then argue that, under the optimal p(zo) [T, p(z:)p(i|zs, vi),
D¢ must be (), i.e., D must be N, and thus by the definition of D, J(S) > 0,VS C V.

i) Assuming D¢ # () throughout Part i), we show D¢ € argmin J(S) and

SCN
mTeargmin J(S) T =D~

SCN
1) We first show J(D¢) < 0 by using a contradiction argument. Suppose
J(D°) >0, i.e., Jppe(D) > 0. Then, by Lemma 4.3.3, we have that there exists
some nonempty B C D¢ such that Jpg(S) > 0, VS C B. This will further imply,
by Part 2) of Lemma 4.3.1, that Jpus(S) > 0,¥S C D U B. This is contradictory
with the definition of D, and thus J(D°) < 0.

2) We show that VA C D¢ and A # D¢, J(A) > J(D°), and thus J(A) >
mingcy J(S). The proof is still by contradiction. Suppose that there exists some
A C D¢ and A # D¢ such that J(A) < J(D°). Then J(D°) — J(A) >0, ie.,

I[(Xpe; Yp, Yoi1| Xp) — I(Ype; Yoo | Xnr, Yos1, Yo)
— I(X 45 Yige, Yo | Xae) + T(Yo4; Yu| X, Yo, Vo)
=I(Xpe\a; Y, Yni1 | Xp) + I(X a5 Yo, Vo1 | X ac)
- [(YDC\A; Y/Dc\A|X/\/7 Yoi1, YD) - I<YA; YA|XJ\/> Yoi1, ?AC)
— I(X4; YD, Vo1 | Xae) — I(X a5 Yposu| Yo, Yisr, Xae) + 1(Yoa; Ya| X, Yosr, Yaae)
=I(Xpe\a; Y, Yoi1| Xp) — H(Ypes al X, Vo1, Yp) + H(Ypesa| Yoo, as Xar, Vo1, Yo)
— H(Ype\u|Yp, Y1, Xae) + H(Ypea| Xa, Yo, Vo1, X ae)
=I(Xpe\a; Y, Yoi1 | Xp) — I(Ypey 43 Yooy 4| Xp, Xpeyas Yor1, Yo)

=Jppea(D\ A)
>0.

Again by Lemma 4.3.3 and 4.3.1 successively, we can conclude that there exists
some nonempty B C D¢\ A, such that Jp s(S) > 0,¥S C D U B, which is in
contradiction. Therefore, J(A) > J(D°) > mingcy J(S).

3) We prove that VA with AD # () and AD® # D¢, J(A) > J(AU D) >
mingcy J(S). Let A; = AD and Ay = ADC. Then, we have, by Lemma 4.3.4, that

J(A) =J (AL U Ay) = J(A1) + J(A2) — J(A1 0 Ay),
J(A, UDY) =J(Ay) + J(D) — J(As 0 D).

Since J(Ay) > J(D°) by 2), to show J(A) > J(AU D) > mingcy J(S), we only
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need to show J(A; o Ag) < J(A; 0 D). Let A3 = D¢\ Ay. Then, we have

J(A1 0D — J(A; 0 Ay)
=I(X a3 X agos | X (ar0a0045)0, Yay0a040), Yos1)
+ I(X s Yaguas | X e, Yia0as045)0 Yos1)
+ I(X ty0is; Yoau | X (asus)es Yiaruasosds)e Y1)
+ T(Yays Yoaguaa X Yo utsug)es Yos1)
— I(X 5 Xy | X (ay00)0, Yooy, Yarr) — T(X s Yoo | Xae, Viayonye, Y1)
— I(X a3 Yoy | X a5, Yiasooyes Y1) — T(Yoa; Yo | X v, Yiayuoyes Yosn)
=T (X A,5 X 4| X (4r040040) 5 Yds0AoUAn)es Yot
+ T(X a3 X g Vi X (s Yo, udus)e Yos1)
+ T(X g5 Y | X (Aaua)es Viasuasuay)e Yorn)
F I (Yoays X, Yty | X s, Y udsus)es Y1)
— I(Xay; X 4| X 0oy, Yiasoaoye Your) — T(X o Yo, [ X g, Yo, ooye, Yogr)
=I(X 415 X | X (Ar0a0045) YiArUasUAs)e Yis1)
+ T(X a5 Vg | Xy ta)es Yiayuasuay)e Yorn)

+ I(Xay; Yy [ X (ap0s)es Yiaoasuds)es Yosr) + 1Yoy Yo | X g, Yiaoasuis)es Yas1)
>0.

Thus, we have J(A) > J(A; UD) > mingcy J(S).

4) We prove that VA with AD # () and AD® = D¢, J(A) > J(D°). Letting
A, = AD, we have

J(A) = J(A UD?) = J(A) + J(D°) — J(As 0 D).

Thus, to show J(A) > J(D¢), we only need to show J(A;) — J(A; 0 D) > 0. For
this, we have

J(Ay) — J(A; 0 DY)
=I(X 435 Yo, Yp\ar, Yos1 | Xpe, Xonay) — 1(Yoay; Yoy [ X, Yosr, Yoo, Yo ay)
— I(X .y, Yar; Xpe, Yoe| Xpyays Yoy, Vi)
=I(X 4,5 Xpe, Yoo, Vo ay, Vo1 | Xovay) = T(Yay; Yoo [ X, Yost, Yoo, Youu,)
— I(X a3 X, Yo | Xpvays Yosar, Yarr) — L (Yay; Xoe, Yoo X, Youay, Yoi1)
=I(Xa; Yo\ ay, Y1 [ Xova) — T(Ya; Xpe, Yoo, Yo, | X, Yoy 4y, Yot
=Jp (A1)
>0

)
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and thus J(A) > J(D°).

Combining 2)-4), we can conclude that

D¢ € argmin J(S)
SCN

N 7=

Teargmin J(s)
SCN

and

ii) We now argue that under the optimal p(zo) [\, p(z;)p(¥i|z;, y;) that achieves
RE/U/J, if D¢+ (), then RE/U/J is not optimal; and hence D¢ must be (.

Suppose D¢ # () at the optimum. Then,

D¢ € argmin J(S)

SCN
and
N 7=
Teargmin J(s)
SCN
Therefore,

R'g vy =1(Xo, Xpe; Yp, Yoi1| Xp) — I(Ype; Ype | Xo, X, Vi1, Vo) (4.18)
=1(Xo, X7; Y7e, Vo1 | X7e) — I(Y7; Y7 | Xo, Xnv, Yoy, Y7e), (4.19)

for any 7 € argmin J(S), T # D°.
SCN

We argue that higher rate can be achieved. Consider 371’ ,YQ’, e ,Yr{, where
Y! =Y, for any i € D, and Y/ = Y; with probability p and Y; = §) with probability
1 —p for any i € D°. When p = 1, the achievable rate with Y/, Y5, ..., Y/ is Ry v/

As p decreases from 1, in (4.18) and (4.19), both
I(Xo, Xpe; ¥, Yos1| Xp) — I(Ype; Yoe| Xo, Xar, Y, Y)

and
I(Xo, X3 Yoe, Vo1 | Xe) — I(Y7; Y| Xo, Xovr, Yoi, Yre)

will increase, where T € argmin J(S), 7 # D¢. Thus, no matter how
SCN

I(Xo, Xs3 Ve, Yaya| Xse) — (s Vs | Xo, X, Yarn, Vae)
will change as p decreases for S ¢ argmin J(S), it is certain that there exists a p*
SCN
such that the achievable rate by using Y{,Y5, ..., Y, is larger than Ry uyy- Thisis
in contradiction with the optimality of R} U3 and thus at the optimum, D¢ must
be 0 ,i.e., J(S) >0, VS C N. This completes the proof of Theorem 4.2.3. m
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4.4 Cumulative encoding/block-by-block backward
decoding/compression-message joint decod-
ing and Necessity of Joint Decodability

Some notations and lemmas are introduced to facilitate the later discussion. For

any A, B C N, let

Kap(S) :=1(Xs;YVa\s, Ya, Yos1| X0, Xa, Xp\s)
— I(Ys; Y| Xo, X4, Y, Yor1, X5, Yir), VS C B, (4.20)
K5(S) :==Ky5(S) = I(Xs; Ya\s, Yoi1| X0, Xn\s)
— I(Ys; Ys| X0, X5, Yars, Yoi1), VS C B, (4.21)
R5(S) :=1(Xo, Xs; Vs, Yar1| Xn\s) — [(Ys; Ys| X0, X5, Vars, Yor1), VS C B.
(4.22)

Lemma 4.4.1. 1) If K4(S1) > 0, for any nonempty S; C A, and Kp(Ss) > 0, for
any nonempty So C B, then K 5(S) > 0, for any nonempty S C AU B.

2) If K4(S1) > 0, for any nonempty S C A, and K4 5(S2) > 0, for any
nonempty So C B, then K4 5(S) > 0, for any nonempty S C AU B.

Lemma 4.4.2. Under any p(zo) [[, p(z:)p(i|zi, yi), there exists a unique set Dy,
which is the largest subset of N satisfying

Kp,(S)>0,¥S CD;,S #0.

Lemma 4.4.3. If K 5(B) > 0 for some nonempty B, then there exists some
nonempty C C B such that K 4¢(S) > 0, for any nonempty S C C.

Lemma 4.4.4. For any disjoint A and B, and any S C AUB, let S = SA and
Sy = SB. Then, we have:

1) Raus(S) > Ra(S1) + Kaus(Sz)-
2) Specially, when Sy = B, Raup(S) = Ra(S1) + Kap(B).

Lemmas 4.4.1-4.4.3 can be proved along the same lines as the proofs of Lemmas
4.3.1-4.3.3 respectively, while the proof of Lemma 4.4.4 is given in Section 4.5.

The cumulative encoding/block-by-block backward decoding/compression-message

joint decoding scheme is presented in the following proof.
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Proof of Theorem 4.2.4. The uniqueness of D; has been established in Lemma
4.4.2. Below, we focus on showing that i) the rate in (4.4) is achievable, and ii) the
compressions in the set Dy can be decoded jointly with Xj.

To make the presentation easier to follow, we first consider the case when Dy =
N, ie., the case when

I(XS;Y/SC7YH+1‘XOJXSC) - I(YS;)A/S|XO7XN7Y7L+17)A/SC) > O,VS g N7S 7£ Q)a
(4.23)

and show that
Roymyy < min I(Xo, Xs; Vor, Yo | Xor) = 1(Vs Vsl Xo, X, Vs, Yoo) - (4.24)

is achievable. The case of Dy # N will follow immediately after the case of Dy = N
is treated.

Fix p(xo) [Ti; p(@:)p(9ilxi, y;). Assume (4.23) holds. The codebook generation
and encoding process here are exactly the same as those in the proof of Theorem
4.2.2, and hence omitted. For the decoding, the destination finds the unique mes-
sage vector m = (my, mo, ..., mg) and some 12*M = (1;,... 15,,/) such that for

anyb=1,..., B+ M,

(Xoo(ms), (Xalt1) Yrallapliag 1) Kl 1)y Yooolollns1)) Yos1s)

S A€<XO7 X/\/a YN? Y'IH-I):
(4.25)

where my, = 1 is dummy message for all b € [B+1: B+ M]|.

Again, this can be done backwardly as follows.

a) The destination first finds the unique g such that there exists some 157 =

(Ig11,...,1psn) satisfying (4.25) for any b = B+ 1,...,B + M. Through the
similar lines as in the proof of Theorem 4.2.2 with Xg4(my),b € [B+1: B+ M|
taken into account and treated as known signals, it follows that 1z can be decoded

if (4.23) holds.

b) Backwards and sequentially from block b = B to block b = 1, the destination
finds the unique pair (my,1,_1), such that (mp,1,_1) satisfies (4.25), where 1, has
already been recovered due to the backward property of decoding.

At each block b= B, B —1,...,1, error occurs with m, if the true m; does not
satisfy (4.25) with any 1,_1, or a false my, satisfies (4.25) with some 1,_;. According
to the properties of typical sequences, the true (mp,1,—1) satisfies (4.25) with high
probability.
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For a false m; and a 1, with false {l;,—1,7 € S} but true {l;;,—1,7 € S},
Xos(mp) and (Xp(S), Y5(S)) and (Xp(S), Y5(S), Yoi1s) are mutually indepen-
dent, and the probability that (m,1,—1) satisfies (4.25) can be upper bounded by

QT(H(XO,XNYN,Ynﬂ)-FG) 9—T(H(Xo)—¢)

s 9~ T(H(Xse ¥se,Yos1) =€) g=T(H(Xs) =) g—T(Sics (H(Vil X))

Since the number of such false (my, 1, 1) is upper bounded by
9TRc/B/3 H 2T(I(Yi§Yi‘X1)+5)7
i€S
with the union bound, it is easy to check that the probability of finding a false m,
goes to zero as T — 00, if (4.24) holds.

Then, based on the recovered my; and 1,, again from the proof of Theorem 4.2.2

with Xg,(my) taken into account and treated as known signal, it follows that 1,
can be decoded if (4.23) holds.

Combining a) and b), we can conclude that both m and 1% can be decoded if
both (4.23) and (4.24) hold.

If under p(zo) [T'—, p(z:)p(¥i|zi, vi), Dy # N, then through the same line as
above with A replaced by Dj, it readily follows that

Reypyy < min 1(Xo, X3 Ypps, Yor1| Xpps) — I(Vs; Y| Xo, Xp,, Yar1, Yoys)
=g

is achievable; and pr or more strictly, {{? i € D;}, can be decoded jointly with
Xy since

[(Xs; Ypps, Yar1| Xo, Xpps) — I(Vs; Y| Xo, Xp,, Yai1, Yops) > 0,

for any nonempty & C D;. O

Now, we demonstrate that only those relay nodes, whose compressions can be

eventually decoded, are helpful to the decoding of the original message.

Proof of Theorem 4.2.5. Still consider the case Q = (). The uniqueness of Dj
has been treated in Lemma 4.4.2, while the uniqueness of D} can be established
along the same lines. To prove Theorem 4.2.5, in terms of the notations defined
in this section, we will sequentially prove that: i) maxycy minscap Rum(S) =
mingscp, Rp,(S); i) mingcym Ry(S) < mingcp, Rp (S), for any M & Dj; iii)
max ey minscpm Bum(S) = minscp; Ry (S).

i) We prove maxycy minscap Ra(S) = mingcp, Rp,(S) by proving that: 1)
For any M N DJ = DJ, M 7& DJ, miDSgM RM(S) S minggDJ RDJ(S) 2) For
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any M N Dy # D;, minscp Rm(S) < mingc mup, Rmup, (S), and thus by 1),
minscp Rum(S) < mingep, Rp,(S) . The details are as follows.

1) Assume MﬂDJ = DJ7 M 7é DJ. We show minggM RM<S) S minsng RDJ (S)
by showing that for any S C Dy, Rp(SU (M \ Dy)) < Rp,(S).

For any S C Dy, by Part 2) of Lemma 4.4.4, we have
Ba(S U (M Dy)) = Bp,umvpy) (S U (M Dy)) = Rp,(S) + Kp, ayp, (M \ Dy).

We argue Kp, pm\p, (M\Dy) < 0 by contradiction. Suppose Kp, av\p, (M\Dy) > 0.
Then, by Lemma 4.4.3, we have that there exists some nonempty C C M\ Dj such
that Kp, ¢(S) > 0, for any nonempty S C C. This will further imply, by Part 2)
of Lemma 4.4.1, that Kp,,c(S) > 0, for any nonempty & C Dy UC, which is in
contradiction with the definition of Dy. Thus, we must have Kp, vop, (M\Dy) <0,
and Ry (SU M\ Dy)) < Rp,(S).

2) Assume M N Dy # D;. For any S C M UDy, let S = SM and S, =
S(Dy \ M). By Part 1) of Lemma 4.4.4, we have

Ry, (S) = Rymumpmn(S) 2 Ru(S1) + Ko, (S2),

and then,
sdiin Rwmop,(S) 2 min | {Ra(S1) + Kaup, (S2)}
.
_SQ%BDJ{RM(SO + Kp,(S2)}

B SlgM{ISIQHCjDJ\M{RM (S1) + Kp,(S2)}

o -
SrpglglARM(SlH sn Dy (S2)

.
2 min Rum(Sy),

where the last inequality follows from the fact that Kp,(S2) > 0, for any nonempty
82 - DJ.

ii) We can prove mingcy Rm(S) < mingcp, Rpy(S), for any M ¢ Dj by two
similar steps as follows.

1) Through the similar lines as in Step 1) of Part i), we can prove that for any
MND; =Dy, M # Dj, mingcpm RBpqa(S) < mingcp, Rp,(S). The only difference
is that here the inequality is strict, but it can be easily justified by noting that “="
is included in the definition of Dj.

2) From Step 2) of Part i), it can be similarly proved that for any MND} # D/,
minsc m Bm(S) < minsc mupy Raupy (S). Therefore, if, further, M ¢ D), then by
1) we have

B < i e (8] = i R (S),
B FmS) = (it Ry (8) < iy Ry ()
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iii) From Part ii), we have 1) minscpm Bm(S) < minscp, Rp(S), for any
MnND) = D), M # D}, and 2) for any M N D} # D), mingcpm Rm(S) <
minsc pup, Rmup, (S) < mingcpy Rp (S). Thus, it follows immediately that

in R~ (S) = in Ru(S).
iy Rpy(8) = max min Ra(S)

This completes the proof of Theorem 4.2.5. O]

4.5 Proofs of Lemmas 4.3.1-4.3.4 and 4.4.4

Proof of Lemma 4.53.1. For any S C AUB, let S; = SA and S; = S(B\ A). Then,
Jaus(S)
=1(Xs; Yoausns, Yas1| Xavsps) — 1(Ys; Vs| Xaos, Yiausns: Yor1)
=I(Xs,; Yiausns, Yar1l Xaosns) + T(Xs,; Yiaosns, Va1l Xs,, Xaumns)
— I(Ys,; Yo, | X auss Yiausps: Yorr) — I(Ys,; Yo | X aus, Ve, Yiausns, Y1)
=I(Xs,; Yoausps: Ynr1| Xavspns) + 1(Xsy; Yiausps, Yori| Xsi» Xausns)
— [[(Ys,; Vs, | X, Yavsy, Yorr) — I(¥sys Xpya, Yiars,| X, Yavs, s Vag)]
— I(Ys,; Yo, | X aus, Vs, Y(AUB)\S, Yii1)
=[I(Xs,; Yiausps: Yarr| Xcausns) — I (Vs Yo | X4, YVarsys Yor)]
+ [(Xsy; Yiausys, Yor1| Xy, Xeavsps) + 1(Ys,s Xpa, Yoaers, [ Xa, Yas,: Yosr)]
— I(Ysy; Yo, | X 4, X5, Y4, Vr s, Vi)
>[1(Xs,5 YVanse Yot [ Xas) = (Vs Ve [ X, Vars,, Yarn)]
+ [(Xsy; Yiausns, Yor1| Xy, Xeavsps) + I(Ys,s Xpa, Yoaers, [ Xa, Yas,, Yosr)]
— I(Ysy; Yo, | X 4, X5, Y4, Yo\, Vi)
=[I(Xs,; Yiausps: Yor1| Xs, X(aus)s)
+1(Ys,; Xsy, Xpas,, Yoaos, [ Xa, Yas,, Yosr)]
— I(Ysy; Yo, | X 4, X5, Yo, Vorss Yor1) + Ja(S1)
>[I(Xsy; Yiausns: Yor1|Xa, Xavs,) + I(Vs,; X, | X, Xpaers,s Yaersy, Yarsys Yas1)]
— I(Ysy; Yo, | X 4, X5, Yo, Virsys Y1) + Ja(S1)
=I(Xs,; Y, Yors, Yor1 | X a5 Xvs,) — 1(Vsys Yoo | X 4y X5, Y, Yisrsy, Yor1) + Ja(S1)
=JA(S1) + Ja5(S2) (4.26)
>J4(S1) + Jp(S2)- (4.27)
If J4(S1) > 0, VS C A, and Jp(Ss) > 0, VS, C B, then following (4.27),

JAUB(S) Z 07 VS g AU B. If JA(SI) Z Oa VSI g A) and JA,B(82> Z 07 \VISQ g B?
then following (4.26), Jaus(S) >0, VS C AU B. O
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Proof of Lemma 4.3.2. Let L := {F C N : J¢(S) > 0,VS C F} and Ly, =
{D € L :|D| = maxze, |F|}. Suppose there are more than one elements in L.y,
say, Dy, Dy, ..., D,, where n > 2. Then based on 1) of Lemma 4.3.1, D := J_, D;
also satisfies that Jp(S) > 0,VS C D, which is in contradiction, and hence Lemma
4.3.2 is proved. O

Proof of Lemma 4.3.3. If J45(S) > 0, VS C B, then this lemma obviously holds.
Otherwise, if there exists some &) C B, S; # B, such that J45(S1) < 0, then we
have J45(B) — Ja5(S1) > 0, ie.,

I(Xp; YA, Vo1 | X4) — I(Y; Y| X4, Yiu, Vi1, Xi8)
— I(Xs,; YB\SN Y, Y1 X4, Xn\s,) +1(Ys,; Y, | X, Y, Vi1, X5, 373\51)
=1(Xp\s,3 Ya, Yoa| X ) + 1( X3 Yo, Yorr | X, X))
—1(Yp\s;; ?8\81|XA> You, Yoir, X) — I(Ysy; Y, | Xa, Y, Yora, X, 3}8\51)
— I(Xs; Va, Vo1 [Xa, X)) — 1( X5 Vins, [V, Yarr, X, Xiis,)
+ 1(Ys,; Yo, | XA, Y, iy, X, YB\Sl)
=I(Xp\s,3 Y, Yor1|Xa) — I(Yovs,; Vavs, [V, Yorn, Xa, Xnis,)

=Japs (B\S)
>0.

Now, we arrive at the same situation as in the original assumption with B replaced
by B\ &;. Continue applying this argument, and we must be able to reach a
nonempty C C B, such that J4¢(S) >0, VS C C. ]

Proof of Lemma 4.3.4. For any disjoint A and B,

J(AoB)
J(A)+ J(B) — J(AU B)
I(X4; Ve, Yoyt | Xae) — T(Y4; Yo | X, Yigr, Yo
+ I(Xg; Ve, Yoy | Xpe) — I(Yi: Y| X, Yist, Ve
— I(Xp: Yaup)e, Yar1| X aup)e) — I(Xa; Yiausye, Yor| X ae)
+ I(Ya; Ya| X, Yo, Yoaosye) + 1(Ya; Yo X, Yoia, Vae)
=1(Xa; Y5| X e, Yoaosye, Yorr) + I(Xp: Xa, Yal X aosye, Yoausye, Yor1)
+ T(YVa; VI Xnr, Yagr, Yiaus)e)
=1(X 4, Y4; V5| X e, Yiaumye, Yorr) + I(X5; Xa, Yal X (aus)e, Yiausye, Yar1)
=1(Xp, Y5; X4, Ya| X408y, Yiaus)es Yor1),

which proves the lemma. O]
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Proof of Lemma 4.4.4. For any disjoint A and B, and any S C AUB, let §; = SA
and Sy = SB. Then, we have

Raus(S)
=1(Xo, Xs; Yiausns: Yar1 | Xausns) — I(Vs; Ys| Xo, X aus, Yiausns: Yar1)
=1(Xo, Xs1, X33 Yarss, Yorse Yort| Xavss Xms,)
— 1(Yis,085); Yisiusn)| X0, X X5, Yans,s Yarsy, Yoi1)
=1(X0, Xs,; Yars,, V6805 Yot | X sy, X\s,)
+1(Xs,; Yavsy, Varsss Yot | Xo, Xa, Xps,)
— [I(Ys,3 Yo, | X0, Xy X5, Yars,s Vorsos Yos1)
+ 1(Ysy; Vi, | X0, X4y X5, Yo, Virss Y1)
=1(Xo, Xs,; Yars:: Yo | Xavs,) + 1(Xo, Xs,3 Xovs, Vars, [ Xans, Yoans: Yor1)
— [I(Ys,; Vs, | Xo, X4, YA\SN Y1) — I(XB,YB\SQ; Vs, | X0, X4, }A/A\Sla Y1)l
+ I1(Xsy; Yars,, Yo\sos Yor1| X0, X4, Xprs,)
— I(Ys,; Y, | Xo, X4, X, Y, ?B\SQ, Y1)
=[1(Xo, Xs,3 Yars,, Yar1 | Xavs,) = 1(Ysy: Ve, [ Xo, X, Yars, Yarr)]
+ (X0, X513 X5\, Yi\so| X815 Yoarsss Yor1)
+1(Xp, Yo\s,: Y, [ X0, X, Yars,s Yosn)
+ I1(Xsy; Yans,, Yi\sos Yor1| Xo, X4, Xprs,)
— I(Ys,; Y, | Xo, X4, X5, Ya, ?B\SQ, Yoi1)
=RA(S1) + (X0, Xs,3 Xp\s,, Varsa | X avsy, Yans, s Yorn)
+ (X5, Ya\sy; Yo, | X0, X4, Yoasys Yor)
+I(Xs,; Yavsy, Varsss Yot | Xo, Xa, Xps,)
— I(Ysy; Yo, | X0, X4, X5, Y, Visrs Yi1)- (4.28)

When S, = B, following (4.28), we have

Raus(S) =RA(S)) + I(Xp; Vs, | Xo, X, Yars,s Yor1)
+ (X5 Vs, Yoi| Xo, Xa) — I(Ya; Y| Xo, X4, X5, Vi, Y1)
=RA(8)) + I(Xp: V4, Yo Xo, X4) — I(Yi: V| Xo, X4, X5, Yiu, Yis1)
=R(S)) + Ka5(B).
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Generally, for any So C B, continuing (4.28), we have

Raus(S)
>Ra(S1) + 1( X5, YB\SQ; Vs, | Xo, X, YA\SU Yoi1)
+1(Xsy Yas Yorss: Yas1 | Xo, Xa, Xnis,)

— I(Ysy; Yo, | X0, X4, X5, Y4, Vers Vi)
=RA(S1) + 1(Xp\s,, YB\SQ; Vs, | Xo, X4, YA\SN Y1)
+I(Xs,; Vs, | Xo, X, X\, Yarsas Yarsss Y1)

+ I(Xsy; Yars,, Yo\sos Yor1| X0, X4, Xprs,)

— I(Ys,; Vs, | Xo, Xa, X, Yo, Yo\, Yor1)
=RA(S)) + I(Xp\s5, Yirsy; Yer | X0, Xy Yarsys Yorr)

+ 1(Xsy; Y, Yinsy, Yar1| X0, X, Xivs,) — I(Vsy; Y, | Xo, X, X6, Y, Yirsy, Yor1)
>Ra(81) + 1(Xsyi Va, Vors, Yar1 [ Xo, X, X,

— I(Ysy; Vs, | X0, X4, X5, Y4, YB\SQ, Y1)
=RA(S1) + Kaus(S2).

This completes the proof of Lemma 4.4.4. O
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Chapter 5

A Unified Relay Framework with
Both D-F and C-F Relay Nodes

5.1 Introduction

So far, we have discussed the generalization of D-F and C-F to multiple-relay chan-
nels, with the best known D-F ([27]-[30]) and C-F ([32]-[34])! rates summarized in
Theorem 2.3.3 and in Theorems 4.2.1, 4.2.2, 4.2.4, respectively. In these discus-
sions, all the relay nodes in the network perform only one type of relay strategy,
either D-F or C-F. However, to obtain higher achievable rate, it might be better to
let each relay node choose from D-F and C-F its relay strategy depending on the
channel condition, e.g., let the relay node close to the source perform D-F while let
the relay node close to the destination perform C-F. This invokes a unified relay
framework that includes both the D-F and C-F relay nodes in the network. In
developing such a framework, one naturally wants to combine the advantages of
both the best known D-F and C-F schemes, i.e., the multi-level D-F schemes in
[27]-[30] and the recent advances on C-F schemes [32]-[34] that have been discussed

in last chapter.

Some attempts towards this unified relay framework have been made in [30, Thm
4], [41], [42]. The work [30], however, had been done before noisy network coding

was proposed, and thus the recent progress on C-F schemes was not reflected in it.

'Part of the results in [33]-[34] have also been recognized in [38]-[40].
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Moreover, in the scheme of [30, Thm 4], the relay nodes are not fully cooperating
in the sense that the D-F relay nodes do not utilize the help of the C-F relay nodes.
[41] improves [30, Thm 4] by combing noisy network coding to their scheme, but
still does not allow the D-F relay nodes exploit the help of the C-F relay nodes.
In [42], the authors incorporate noisy network coding to their scheme and let the
D-F relay nodes exploit the help of the C-F relay nodes. Nevertheless, [42] does
not use the multi-level D-F schemes as in [27]-[30]. Instead, all the D-F relay nodes
in [42] are at the same level, and thus the decoding at each D-F relay node cannot
exploit the help of other D-F relay nodes. Besides, in [42], although the destination
performs backward decoding to fully exploit the help of the C-F relay nodes, the
decoding at each D-F relay node is based on two consecutive blocks only and thus

does not fully utilize the help of the C-F relay nodes as in [32]-[34].

Indeed, it turns out that, to incorporate in full the advantages of both the best
known D-F and C-F relay strategies into a unified framework is nontrivial due to
the following major challenge: For the D-F relay nodes to fully utilize the help of
the C-F relay nodes as in [32]-[34], decoding at the D-F relay nodes should not be
conducted until all the blocks have been finished; however, to perform the multi-
level D-F strategy as in [27]-[30], the upstream nodes have to decode prior to the
downstream nodes in order to help, which makes simultaneous decoding at all the

D-F relay nodes after all the blocks have been finished inapplicable.

To tackle this problem, nested blocks ([29]-[30], [43]) combined with backward
decoding are used in our framework, so that the D-F relay nodes at different levels
can perform backward decoding at different frequencies: the closer to the source
in the information passing route, the higher decoding frequency. As such, the
upstream D-F relay nodes can decode before the downstream D-F relay nodes and
the destination, and the use of backward decoding at each D-F relay node ensures
the full exploitation of the help of both the other D-F relay nodes and the C-F

relay nodes.

Specifically, we partition the relay nodes set N into two sets, M with |[M| = M
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and N\ M, as depicted in Figure 5.1, and fix some permutation 7 on {0} J M J{n+
1} with 7(1) = 0 and 7(M + 2) = n + 1. Let the relay nodes in M perform the
multi-level D-F cooperatively along the route m(1) — 7(2) — -+ — w(M + 2),
while let each node i € N'\ M perform C-F as in [32]-[34] independently. Then,
a total of BM*! blocks will be used and the length of a “virtual” block for node
m(k),k =2,3,..., M + 2, will be B*¥~2 blocks. The backward decoding at the des-
tination, i.e., node 7(M + 2), will happen at the end of all BM*! blocks, while the
backward decoding at the D-F relay node n(k),k = 2,3,..., M + 1, will happen
whenever it has received B new “virtual” blocks, i.e., at the end of each block
b=vB*! v e[l: BM*/Bk1] Also, both the D-F relay nodes and the destina-
tion will perform compression-message joint decoding, which is in general necessary
since the compressions of the C-F relay nodes may not be chosen to support suc-

cessive decoding at all the D-F relay nodes and the destination.

Under the above described framework, for any given distribution
p(xo)p(ealae) 11 plep(@ilys, v2),
1EN\M

the following rate is achievable:

R < 2 on grglgi[(Xw(mq), Xs:Ypas, Ya) | XD\ 8, Xa(hevi+1))

— I(Ys; Ys| Xnars1)s Xpp, Ya(i)s YD0\8)5 (5.1)
where Dy, is the unique largest subset of A\ M satisfying

I(Xs; Yps, Ve | Xnnr 1), Xopvs) — I(Vs: Yo | Xaenr i1y, Xops Yary, Yoris) > 0,
(5.2)

for any nonempty S C Dy.

(5.1) has the flavors of both (2.16) and (4.4). Specifically, for each node 7(k), k =

2,3,..., M + 2, the corresponding rate constraint is
R < min [(Xﬂ'(lzk—l)7 XSa ?Dk\gSv Yw(k) ‘XDk\Sa XW(]CIM+1))

SCDy

— I(Ys; Ys|Xrars1) Xop, Yoy YD08)5 (5.3)
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(M +2)/n+1

Figure 5.1: A unified relay framework with both the D-F and C-F relay nodes.

which is in a form similar to (4.4) but with the appearance of X (1.-1), Xa(r:n+1)
and Xr(1:ar+41)- (5.3) has the similar form as (4.4) since node 7(k) uses the help of
the C-F relay nodes as in [33]-[34]. Xraus-1), Xr(e:m+1) and Xr.as41) appear in
(5.3) because node (k) also utilizes the help of other D-F relay nodes as in [27]-[30]
so that the signals of its upstream nodes, i.e., Xr(1.x—1), are cooperatively providing
the information while the signals of its downstream nodes and itself X (4.1741) are
known at w(k). Also, the set Dy defined in (5.2) has a similar interpretation as
the set D defined in (4.5), i.e., the “jointly decodable” C-F relay nodes set at node
7(k) such that the compressions of the relays in this set are decodable jointly with

Xr1:6—1) given that X (.as41) are known at node m(k).

It can be easily seen that (5.1) includes the achievable rates in (2.16) and (4.4)
as special cases: When M = N i.e., all the relays perform D-F, D, = () and (5.1)
reduces to (2.16); When M = 0, i.e., all the relays perform C-F, (5.1) reduces to
(4.4).

Finally, it should be noted that, the achievable rate (5.1) is proved by using
the block-by-block backward decoding scheme in [34]. We can also modify the all
blocks united decoding scheme in [32] to a B-blocks-by- B-blocks backward decoding

scheme, to fit it into our unified relay framework and prove the following achievable
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rate:
R< min  max minl(X,as1), Xs; Y8 Yaw | X7ass Xa(rarsn)

2<k<M+2 T, CN\M SCTi

- I<YS; 1A/:S"A)(W(I:MJrl)a)(77@Y;r(k:)a{/7}\5)' (54)

Similarly to the equivalence between (4.4) and (4.7), here (5.1) and (5.4) are also
equivalent. One can also easily check that (5.4) includes the achievable rates in
(2.16) and (4.7) as special cases by letting M = N and M = () respectively.
Notably, again, in terms of complexity, block-by-block backward decoding is rela-
tively easier to implement since B-blocks-by-B-blocks backward decoding involves

B blocks united decoding.

The remainder of the chapter is organized as the following. The main results, as
well as their applications to Gaussian networks, are first summarized in Section 5.2.
Then, in Section 5.3 and Section 5.4, our unified relay framework with block-by-
block backward decoding and with B-blocks-by-B-blocks backward decoding will
be presented in detail respectively. The details on the evaluation of the rates for

the Gaussian network are finally included in Section 5.5.

5.2 Main Results

Before presenting the main results, we introduce some simplified notations. As in
Chapters 3-4, denote the set N' = {1,2,...,n}. For any subset S C {0, 1,...,n+1},
let Xs = {X;,i € S8}, and use similar notations for other variables. For any M C N
with [M| = M, let 7({0, M, n + 1}) be a permutation on {0} (JM [J{n + 1} with
(1) =0 and 7(M 4+ 2) =n+ 1, and let w(ky : ko) = {m(k1), m(k1 + 1), ..., 7(ko)}.

Under our unified relay framework as described in the Introduction, the fol-
lowing Theorems 5.2.1 and 5.2.2 present the achievable rates by block-by-block
backward decoding and B-blocks-by-B-blocks backward decoding respectively. The
coding schemes used to prove these theorems constitute the key contributions of

this chapter, and will be presented in detail in Sections 5.3 and 5.4 respectively.
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Theorem 5.2.1. For the multiple-relay channel, a rate R is achievable if for some
M C N with |[M| = M, there exists a permutation ({0, M,n + 1}) and some

p(@)p(zolg)p(zalzo, ) [[ plwila)p(@ilys, zi,q),
1EN\M

such that for any k =2,3,..., M + 2,
R < min I(Xr(h-1), X3 Yoos: Yao| Xpp\s) Xa(karsn), Q)
=k
- [(YS7 }A/S‘XW(I:MJrl)a XDka Yﬂ'(k)) YDk\Sa Q)? (55)

where Dy, is the unique largest subset of N\ M satisfying

I(Xs; Yous, Yai) | Xearsn), Xoos: Q)
— I(Ys; Ys|Xrari1)s Xops Yarys Y5, Q) > 0, (5.6)
for any nonempty S C Dy.
Theorem 5.2.2. For the multiple-relay channel, a rate R is achievable if for some

M C N with [M| = M, there exists a permutation ({0, M,n + 1}) and some

p(@)p(zolg)p(zmlzo ) [[ plxila)p(@ilyi, zi,q),
1EN\M

such that for any k =2,3,..., M + 2,

R< in (Xrr-1), Xs: Y, Yaro | X780 Xor(bar11)s
pmax i (Xnaa), Xs:Yrs, Yoo | X7irs: Xainr 1), @)

- I(YS;YS|XW(1:M+1)7XT;€’YW(I€)7)A/T;C\SvQ)' (57)

The following theorem establishes the equivalence between the achievable rates
in Theorems 5.2.1 and 5.2.2. The proof of this theorem can be immediately obtained
by analogy to the proof of Theorem 4.2.5 and will be omitted here.

Theorem 5.2.3. For any M C N with |M| = M, any permutation 7({0, M, n +
1}), any distribution

p(@)p(xolg)p(zmlzo ) [[ plwila)p(@ilys, zirq),
1EN\M

and any k = 2,3,..., M + 2, the mazimum in the R.H.S. of (5.7) is attained when
T = Dy, where Dy is as defined in (5.6).

Remark 5.2.1. Finally, we point out that Theorems 5.2.1 and 5.2.2 can also be
applied to multiple-destination problems, by choosing the D-F' relay nodes set M to
include the other destinations.
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5.2.1 An Example of Gaussian Networks

We now apply the above results to additive white Gaussian noise (AWGN) networks
and compare the achievable rates under our unified framework to the rates with D-
F or C-F alone and with other unified schemes [30], [42]. In particular, we consider
an AWGN two-relay channel with the geometry shown in Figure 5.2, where nodes
0 and 3 are the source and destination respectively, and nodes 1 and 2 are the relay

nodes. This channel is described by

Y1 = g1 Xo + guXo + 21,
Yo = g2 Xo + 912 X1 + 2,

Y3 = go3Xo + 913X + 923 Xo + Z3,

in which, the channel gains are go3 = 1, go1 = go3 = d~/%, goo = g13 = (1 — d) /2,

g1z = go1 = (1 —2d)™%/2, where « is the path-loss exponent; the noises Zy, Z,, Z3
are zero-mean unit-variance Gaussian random variables that are independent of
each other and the channel inputs. We further assume uniform average power
constraint P on each transmitter X;,7 = 0,1,2, and noncoherent transmission
among the transmitters, i.e., Xy, X, X5 are independent.? The achievable rates
with our unified schemes and various other schemes are evaluated for this two-
relay channel in Section 5.5. Figure 5.3 plots these rates for P = 10, a = 2, and
d € (0,0.5). As can be seen, the rates with our unified schemes are generally better
than the rates with existing unified schemes and with D-F or C-F alone. Detailed

analyses based on Figure 5.3 are as follows.

D-F vs. C-F: The D-F and C-F achievable rates plotted in Figure 5.3 are the
multi-level D-F rates [27]-[30] and noisy network coding rates [32]-[34] respectively.
Roughly speaking, when d is relatively large, D-F performs better than C-F; when

d is relatively small, C-F outperforms D-F. This is because, relatively large d means

2The assumption of noncoherent transmission is made mainly to simplify the evaluation of the
achievable rates; nevertheless, it does also reflect some realistic wireless communication scenarios,
e.g., the phase-fading channels with the phase information unknown to the transmitter, so that
coherent beamforming cannot be achieved [30].
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Figure 5.2: A two-relay channel.

that both relay nodes are not far from the midpoint, which facilitates the use of
multi-level D-F; while when d is small, i.e., when relay nodes 1 and 2 are respectively
close to the source and destination, the D-F' scheme still requires node 2 to be able
to decode the message, thus limiting the achievable rate for the channel compared
to the C-F scheme which has no requirement of decoding at either relay node. Also
note here the highest D-F rate is achieved when d is around 1/3, i.e., when relay

nodes 1 and 2 are approximately evenly distributed along the line.

Our unified schemes vs. D-F or C-F alone: With multi-level D-F and noisy
network coding included as their special cases, our unified schemes achieve the
same rate as multi-level D-F when d is around 1/3, and provide considerable gains
on the achievable rates against using D-F or C-F alone as d decreases or increases
from around 1/3. The interpretation is that, in our unified schemes, for d around
1/3, nodes 1 and 2 should perform multi-level D-F; otherwise, a better choice is
to let node 1 perform D-F while let node 2 perform C-F. It is not surprising that
as d decreases from around 1/3, i.e., as nodes 1 and 2 move towards the source
and destination respectively, introducing the freedom of choosing nodes 1 and 2 to
be the D-F and C-F node respectively can improve the achievable rates, compared
to performing D-F or C-F alone at both relay nodes. However, it may not be so
obvious why this choice of the D-F and C-F node also leads to better achievable
rates than multi-level D-F as d increases from around 1/3, i.e., as relay nodes 1
and 2 move towards each other. For this, one has to realize that in our schemes,
D-F node 1, when decoding the message from source node 0, also exploits the help
of C-F node 2, which could result in a looser rate constraint for decoding at D-F

node 1 than in multi-level D-F, thus potentially improving the achievable rate for
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Figure 5.3: Achievable rates for the two-relay channel.

the channel. In contrast, if the D-F node does not utilize the help of the C-F node,
which is the case in the unified scheme of [30], then, as d increases from around

1/3, this gain will not happen.

Our unified schemes vs. unified scheme in [30]: Generally, the unified scheme
in [30] also improves D-F alone by introducing the flexibility of choosing node 2
to be C-F node, but cannot achieve the same rates as our unified schemes. The
reasons are two-fold as mentioned in Section 5.1, i.e., i) it incorporates an inferior
C-F scheme instead of noisy network coding, and ii) it does not allow the D-F node
to utilize the help of the C-F node. For the first reason, it cannot achieve the noisy
network coding rates for d roughly between 0.1 and 0.24. Due to the second reason,
it cannot provide any gain against using multi-level D-F as d increases from around

1/3, in contrast to our unified schemes.
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Our unified schemes vs. unified scheme in [42]: Our unified schemes also outper-
form the unified scheme in [42]. Recall that there are two drawbacks in the scheme
of [42]. First, in the scheme of [42], all the D-F relay nodes are at the same level,
and thus it cannot achieve the same rates as multi-level D-F for d € (0.24,0.34).
Second, it does not allow the D-F node to perform backward decoding to fully
utilize the help of the C-F node as in our schemes, which, together with the first

drawback, leads to lower achievable rates than our schemes for d € (0.1, 0.36).

5.3 Unified Relay Framework With Block-By-Block
Backward Decoding

To prove Theorem 5.2.1, we incorporate the multi-level D-F scheme in [27]-[30] and
the cumulative encoding/block-by-block backward decoding/comression-message
joint decoding C-F scheme in [34] into the unified relay framework described in

the Introduction.

Specifically, we divide the relay set N into two sets, M with |[M| = M and
N\ M, as shown in Fig. 5.1, and fix some permutation 7({0, M,n + 1}) with
7(1) = 0 and 7(M + 2) = n + 1. The source performs cumulative encoding, in the
sense that a new message is encoded at the source in each new block; the nodes
in M perform the multi-level D-F cooperatively, along the route 7(1) — 7(2) —
-+ — m(M +2), in a similar manner with [27]-[30]; each node ¢ € N'\ M performs
C-F independently in the same way as [32]-[34]; both the D-F relay nodes and
the destination node, i.e., nodes 7(2 : M + 2), perform compression-message joint
decoding in a block-by-block backward manner. (Note here, the nodes 7(2 : M +2)
will be treated as multiple destinations with respect to the C-F relay nodes, and
thus compression-message joint decoding is generally necessary at the these nodes,
as mentioned in the Introduction.) A total of BM*! blocks will be used and the
length of a “virtual” block for node w(k),k = 2,3..., M + 2, will be B¥~2 blocks.
The backward decoding at the destination, i.e., node w(M + 2), will happen at
the end of all BM*+! blocks, while the backward decoding at the D-F relay node
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m(k),k =2,3,..., M + 1, will happen at the end of every B*~! blocks, i.e., at the
end of block b = vB*1 v € [1: BMT1/Bk1].

To make the presentation of the detailed coding scheme easier to follow, we first
consider the case of single D-F relay node, i.e., when M = 1, and then present the

extension to the general case of multiple D-F relay nodes, i.e., when M > 2.

5.3.1 Single D-F Relay Node (M = 1)

Assume that, among the relay nodes set A/, only node 1 is the D-F relay node, and
all other relay nodes are the C-F relay nodes. Denote N'= N\ {1}. Specializing

Theorem 5.2.1 to this case, we have that a rate R is achievable, if there exists some

p(g)p(xolg)p(z1|zo, @) | | plaila)p(@ilys, =i, ),

ieN
such that
r . ~ \
Sn’Clgl I(X07 XS7 YD1\87 }/ileJ XD1\57 Q)
, — I(Ys; Ys|Xo, X1, Xp,, Y1, Ypi\s, Q)
R < min R (5.8)
Sgl'Din I(X07 X17 XS; Y’Dn+2\57 Yn+2|X'Dn+2\S7 Q)
=n42

- I(Y$7 }A/S|X07 X17 X’Dn+27 Yn+2; -Y,Dn+2\$7 Q) )

\

where D; is the unique largest subset of N satisfying
-[(X$7 YD1\87 }/I‘X()a X17 X’D1\S7 Q) - ](YS’ }A/S|X0> X17 XDU }/17 Y’D1\37 Q) > 07 (59)
for any nonempty S C D, and D, is the unique largest subset of A satisfying

I(Xs; }A/Dn+2\87 Yit2| Xo, X1, Xp, 1 0\s: Q)

- I(YS7 YS|X07 Xla X’Dn+27 Y?’H—Qa }A/'Dn_;_z\S) Q) > O’ (5]‘0)

for any nonempty S C D, 1.

The uniqueness of D; and D,,; 5 can be immediately obtained by analogy to the

proof of Theorem 4.2.4. Below, we focus on proving the achievablity of the rate in
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(5.8). For simplicity of notation, we only prove the achievability for the case @ = 0.
Achievability for an arbitrary time-sharing random variable () can be obtained by
using the standard technique of time sharing [44], [22]. The same consideration on

(@ applies throughout all the proofs of this paper.

In the case of single D-F relay node, a total of B? blocks will be used; the
backward decoding at the destination node n + 2 will happen at the end of all B2
blocks, while the backward decoding at the D-F relay node 1 will happen at the
end of every B blocks, i.e., at the end of block b = vB,v € [1 : B]. See Figure 5.4
for an illustration. Note here, in order to fully utilize the help of the C-F nodes
as in [32]-[34], even the only D-F relay node 1, has to perform backward decoding,
which is different from the situation arising in [29]-[30] and [43], where there is no
issue of exploiting the help of the C-F nodes and node 1 can decode at the end of
every block. The detailed codebook generation and encoding/decoding process are

as follows, which can be understood with the help of Table 5.1.

(mp,...,m1) (mop,....mpy1) (Mpp_1):---:MB(B-2)+1)
Decoding at | + + + |
DFnode 5 B 5B SS B(B—-1) B2
(mpg2,...,m1)
Decoding at | | | S | +
destination 0 B 2B s B(B-1) B2

Figure 5.4: An illustration of nested blocks with backward decoding.

Codebook Generation: Fix p(xo)p(z1]xo) [ [;cr p(x:)p(¥ilyi, x:). We randomly

and independently generate a codebook for each block.

i) First consider the codebook generation for the source node 0 and the D-F
relay node 1. A joint codebook for these two nodes will be generated in a backward
manner similar to [28] for each block. Specifically, for each block b € [1 : B?],
randomly generate 277 independent sequences x1,5(mp—p) for node 1, and randomly

2TR

generate conditionally independent sequences xq (my|m,—p) for node 0, where

my, my_p € [1: 2TF]. Asin [28], the codebook is generated in the backward manner
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because the source node 0 knows what the D-F relay node 1 is going to transmit,
and therefore can adjust its own transmission accordingly, but not the converse.
The difference from [28] is that here the delay between the messages transmitted
by node 1 and node 0 is B blocks, instead of 1 block in [28], since in our framework
node 1 has to wait for every B blocks to perform backward decoding for exploiting

the help of the C-F relay nodes.

ii) Then we generate the codebooks for the C-F relay nodes in the same way as

in [32]-[34]. For each block b € [1 : B?] and each relay node i € A/, randomly and

independently generate 9T sequences X; p(lip—1), lip—1 € [1 : QTRi], where R; =

I(Y; YZ]XZ) + €; for each relay node i € N and each Xip(lip—1), lip—1 € [1: ZTRi],

randomly and conditionally independently generate TR

lip €[1:27R,

i sequences ¥;p(lipllip-1),

The combination of i) and ii) defines the codebook for any block b € [1 : B?],

Cp = {Xl,b(mbe)aXO,b(mb‘mbe) s my, my_p € [1: 277
Xip(liv—1), Yip(lipllip—1) = Lip, lip—1 € [1: QTRi]aZ' € -/\7} (5.11)
Encoding: Let m = (my, mg,...,mp2) be the message vector to be sent and let
mp = 1 be the dummy message for any
be Ul [wB—L+1:wB]| J(B-1)B+1: B (5.12)

and for any b < 0. As we will see, these dummy messages are inserted to ensure

the start of block-by-block backward decoding. Due to these dummy messages,

(B—L)(B-1)

the actually achievable rate becomes %

R, which, however, can be made
arbitrarily close to R by choosing L < B, i.e., the rate loss %R can always

be made arbitrarily small.
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i) First consider the encoding process for nodes 0 and 1.

e In block b € [1 : B?], the source node 0 transmits xq (mp|my_g).

e At the end of block vB,v € [1 : B — 1], the D-F relay node 1 has decoded

messages

(mvB—B-i-la MyB—B+2 - - - 7mvB)

using backward decoding (see the decoding part). In the next B blocks, i.e.,
in block b € [uB+1: (v+1)B], the relay node 1 transmits x; ,(my_p), where
mp—p for any b € [vB +1: (v + 1)B]) has been decoded by block vB.

ii) For any block b € [1 : B?], each relay node i € N, upon receiving Yip at the
end of block b, finds an index [;; such that

A

(Xip(liv—1), Yip, Yin(lipllin-1)) € Ac(X;, Y3, Y5),

where [; 0 = 1 by convention. In block b € [1 : B?], the relay node i € N transmits
Xi,b<li,b71)-

Decoding: We present the decoding process at the D-F relay node 1 and at the

destination node n + 2 separately.

i) At the end of block b = vB, v € [1 : BJ, the D-F relay node 1 decodes messages
(Mp—By1, Mb—Br2, -+ )
using block-by-block backward decoding. In fact, among these messages,
(mbfLJrla Mpy—r+2, - - - ,mb)
are dummy messages according to (5.12) and only
(Mb—B11, My-B12, -+, Mp1)

need decoding.
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e a) Node 1 first finds the unique Ip, -1, = {lip—1,? € D1} such that there exists

some 13, ,_; . satisfying that for any block j =b—L+1,b—L+2,....b,

(Xo,(my|my—p), X j(my—p), {(Xij(lij—1), Y (lillijo1)) 11 € D1}, Yo)
S AE(XCHXl)X'Dl)Y/'Dlv}/l)-
(5.13)

Note in (5.13), for any j = b— L+ 1,b—L+2,...,b, m; and m;_p are
both dummy messages according to (5.12), and both X ;(m;|m;_p) and
X ;(m;_p) are known at node 1. Then, it follows from the proof of The-

orem 4.2.4 that Ip, 1, can be decoded if
I(Xs; Ypis, Ya| Xo, X1, Xpj\s) —1(Vs; Ys| Xo, X1, Xp,, Y, Yos) > 0, (5.14)
for any nonempty S C D;.

e b) Backwardly and sequentially from block j =b— L to j =b— B + 1, node
1 finds the unique pair (m;, lp, j_1) satisfying (5.13), where Ip, ; has already
been recovered due to the backward property of decoding, and m;_p has been

decoded by block b — B.

At each block j =b—L,b—L—1,...,b— B+1, error occurs with m; if the
true m; does not satisfy (5.13) with any lp, j_1, or a false m; satisfies (5.13)
with some Ip, j_1. According to the properties of typical sequences, the true

(mj,lp, j—1) satisfies (5.13) with high probability.

For a false m; and a lp, j_1 with false {l; j_1,7 € S} but true {l; ;_1,7 € Dy \
S}, Xo,;(m;|m;_p) is conditionally independent of {(X; (I ;-1), Yi;(lijllij1)) :
i € D1} and Yy given Xy ;(m;_p); and {(Xi;(lij1), Yi;(li;|lij1)) 1 i € S}
are independent of {(X;;(li;1), Yi,; (i lli;-1)) - i € D1\ S}, Xy;(m;_p) and

Y17j.

Therefore, the probability that such false (m;,lp, j_1) satisfies (5.13) can
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be upper bounded by

9T (H(X0,X1,Xp, Yp, Y1)+€)9-T(H(X1,Xp)\s: YD \5:Y1)—¢)

¢ 9~ T(H (Xo|X1)=0) 9~ T(H(Xs)~€) 9~ T(S e (H(Vi| Xs) —€)

Since the number of such false (m;, lp, j_1) is upper bounded by
9TR H QT(I(Yi;f/ilXi)Jre)7
i€s
with the union bound, it is easy to check that the probability of finding a

false m; goes to zero as 1" — oo, if

R < min I(Xo, Xs; Yp\s. V1 |X1, Xpy\s) = 1(Ys: Vs|Xo, X1, X, Y1, Yop6)-

CDy

(5.15)

Then, based on the recovered m;, m;_p, and lp, ;, again from the proof of

Theorem 4.2.4, it follows that Ip, ;1 can be decoded if (5.14) holds.

By a) and b) together, at the end of block b = vB,v € [1 : B]|, the D-F
relay node 1 can decode messages (my_py1, Mp_pi2,--.,myp) if both (5.14)

and (5.15) hold.

ii) At the end of all B? block, the destination node n + 2 decodes messages
(mq, ma, ..., mp2) using block-by-block backward decoding. Similarly, we only con-
sider the decoding of (my,ma,...,mp2_p_r), since (Mp2_p_r11,MB2_B_Li2,---,Mp2)

are all dummy messages according to (5.12).

e a) Node n+ 2 first finds the unique lp, ., g2, = {l; g2_1,% € Dyy2} such that
there exists some lg;g’Bg_LH satisfying that for any block j = B? — L +

1,B2—L+2,... B

(Xog(mjlm—p), X (m;_p), {(Xij(lij-1), Yij(lillij1)) i € Dusa}, Yoiay)
S AE(XOa Xla XDn+27 }A/Dn+27 Yn+2)7
(5.16)
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where, similarly, m; and m,_p are both dummy messages according to (5.12),
and Xo j(m;|m;_p) and X; j(m;_p) are both known at node n+2. Still, from

the proof of Theorem 4.2.4, Ip, , p>—1, can be decoded if

I(Xs; YD, 0\ Yoo Xo, X1, X1, \s)

- I(Y87 YS|X07 X17 XDn+27 Yn+27 ?Dn+2\$> > 07 (517)
for any nonempty S C D, 5.

b) Backwardly and sequentially from block j = B> — L to j = 1, node n + 2
finds the unique pair (m;_g,lp,+2,-1) satisfying (5.16), where lp, ., ; has
already been recovered due to the backward property of decoding, and m;
either is a dummy message (for j = B>~ L,B*~L—1,...,. B>~ B—L+1)
or has been decoded due to the backward property of decoding (for j =
B?-B-L,B>~B—-L—1,...,1).

At each block j = B*— L, B>~ L—1,...,1, error occurs with m;_g if the
true m;_p does not satisfy (5.16) with any Ilp, ., j_1, or a false m;_p satisfies

(5.16) with some Ip According to the properties of typical sequences,

n+27j_1'

the true (m;_g,lp,,, j—1) satisfies (5.16) with high probability.

For a false m;_p and a lp, ., j—1 with false {l; j_1,7 € S} but true {l;;_1,i €

D2\ S}, Xo,j(mj|m;_p) and X, ;(m;_p) are independent of

{(Xij(lij—1), Yij(lijllij—1)) i € Dpya} and Yopay;

and {(X;;(li;-1), Yi;(lijlli;—1)) - i € S} are independent of
{(Xij(lij1), Yos(ligllig—1)) s i € Doia \ S} and Vs,

Therefore, the probability that such false (m;,lp, ., ;—1) satisfies (5.16) can
be upper bounded by

9T (H(X0,X1,Xp,, 5 YD, 4 vYn+2)+€)Q*T(H(XDHH\s:YDn+2\s,Yn+2)*€)

9~ T(H(X0,X1)=€) 9T (H(Xs)~€) =T (X5 (H(Yil Xi)—€))
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Since the number of such false (m;, lp, ., ;—1) is upper bounded by

9TR H 2T(I(Yi§Yi|Xi)+5)’
€S
with the union bound, it is easy to check that the probability of finding a

false m; goes to zero as T' — oo, if
R < minI(Xo, X, Xs; Yo, 0\85 Yor2| X1, 0\8)
— I(Ys; Ys| X0, X1, XD, 0, Yoty Yo, o0\8)- (5.18)
Then, similarly, based on the recovered m;, m;_g, and Ip,, ;, Ip, . j—1 can

be decoded if (5.17) holds.

By a) and b) together, at the end of all B? block, the destination node
n 4 2 can decode messages (mq,mo, ..., mpgz) if both (5.17) and (5.18) hold.

Combining i) and ii), and using the standard technique of time sharing, we

conclude that the rate described in (5.8)-(5.10) is achievable.

5.3.2 Multiple D-F Relay Nodes (M > 2)

When there are multiple D-F relay nodes, i.e., M > 2, a total of BM*+! blocks will
be used. The detailed codebook generation and encoding/decoding process are as

follows.

Codebook Generation: Fix p(wo)p(am|wo) [ Liepm P(@i)p(Gilyi, xi).  We ran-

domly and independently generate a codebook for each block.

i) First consider the codebook generation for nodes (1 : M + 1).

e For each block b € [1 : BM*1] backwardly and sequentially for each relay node
n(k),k=M+1,M,...,2 randomly generate 272 conditionally independent
sequences

Xfr(k),b(mbek—l [my_pk, ... My ),

where my,_pgr1, my_pr, ..., mp_pm € [1: 2TF];
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e For each block b € [1 : BM*1] and node (1), i.e., the source node 0, randomly
generate 277 conditionally independent sequences X 4(mp|mp—5, - - ., My_par),
where

My, My_p, . .., My_pgu € [1:277],

ii) The codebook generation for the nodes in N\ M is the same as that in
the case of M = 1. For each block b € [1 : BM*] and each relay node i €
N\ M, randomly and independently generate oTR; sequences X; p(l;p-1), lip—1 €
[1: 278 where R; = I(Y;;Y;|X;) + € for each relay node i € N\ M and each

Xip(liv—1), lip—1 € [1: QTRi], randomly and conditionally independently generate

278 sequences yip(lip|lin-1), lip € [1: QTRZ']‘

The combination of i) and ii) defines the codebook for any block b € [1 : BM*1]

Cb = {Xw(k)7b(mb_3k—1 |mb_Bk, ce ,mb_BM) :
My_ g1, My_pgh, ..., My_pu € [1: 278 k=M +1,M,...,2;
. 2TR]

Xo,b(mb|mb_3, ce ,mb,BM) TMp, Mp—B, ..., My_gM € [1

Xip(liv—1), Yip(lipllip—1) = Lip, lip—1 € [1: QTRi]ai € N\M} (5.19)

I

Encoding: Let m = (my, ma, ..., mpu+1) be the message vector to be sent and

let mp = 1 be the dummy message for any

B]\l—u

be U [wB—L+1:wh] JulL,u [v(B—1)B*+1:vB""],  (5.20)

v=1

and for any b < 0. Now, the actually achievable rate is Z22(Z-1)M R due to the
dummy messages, which can still be made arbitrarily close to R by choosing L < B,

similarly as in the proof for the single D-F relay node case in Subsection 5.3.1.

i) We still first consider the encoding process for nodes 7(1: M + 1).

e In block b € [1 : BM*! node 7(1), i.e., the source node 0, transmits
Xo,b(mb|mb—B, e amb—BM)'

B]\4+1

e By the end of block vB* ! v € [1 : £5— — 1], the D-F relay node 7 (k), k =

2,...,M + 1, has decoded messages (mi,ms,...,m,pr-1) using backward
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decoding (see the decoding part). In the next B*~! blocks, i.e., in block
b € wB*¥1 + 1 : (v+ 1)B*1], node n(k),k = 2,...,M + 1, transmits

Xﬂ—(k)’b(mb_kal |mb_Bk, Ce ,mb,BM), where
(mb,kal, Mmy_pk, ... ,mbeM), b - [UBkil + 1: (U + I)Bkil]

have all been decoded by block vB*~1.

ii) The encoding process for the nodes in A\ M is still the same as that in the
case of M = 1. For any block b € [1 : BM*1] each relay node i € N'\ M, upon

receiving y;, at the end of block b, finds an index /;; such that

(Xip(lip—1), Yip, Yip(lip|lip—1)) € Ac(Xi, Y5, }A/z)a
where [;o = 1 by convention. In block b € [1 : BMT1] the relay node i € N'\ M
transmits x;(l;p—1).

Decoding: At the end of block b = vB*1 v € [1 : B¥T/B* 1] the node
w(k),k=2,...,M+2, decodes messages (my_pgr-1,1, ..., M) using block-by-block
backward decoding as follows.

i) The node w(k),k = 2,..., M + 2, first finds the unique lp, -1 = {lip—1,7 €
Dy} such that there exists some I, , ;. satisfying that for any block j = b— L+
1,b—L+2,...,0,

(X07j(mj|mj_B, e ,mj_BM),
{Xw(s)d(mj_BsA’mj_Bs, e ,mj_BM), s=2,....k—1kk+1,....M+ 1},
{(Xij (L), Yi(lijllij1)) 0 € Di}, Yapg) € Ad(Xo, Xon, Xy, Yoy, Y.
(5.21)

Note in (5.21), (mj,mj_p,...,mj_pm),j =b—L+1,b— L+ 2,...,b are all

dummy messages according to (5.20), and thus X() ,s = 1,...,M + 1 are all

known at node 7(k). Then, it follows from the proof of Theorem 4.2.4 that Ip, »—r,
can be decoded if

I(Xs; Yos, Yar) | Xearsn), Xoas) — T(Ys; Vs | Xa(iar1)s Xogs Yahys Yous) > 0,
(5.22)

85



for any nonempty S C Dy.

ii) Backwardly and sequentially from block j =b— L to j = b— B*! +1, node
(k) k=2,3,..., M +2, jointly decodes the message transmitted by its immediate
upstream node 7(k — 1), and the compressions of the C-F relay nodes. Specifically,
node 7(k),k = 3,4,..., M + 2 finds the unique pair (m;_pgr—2,lp, j—1) satisfying
(5.21), and node 7(k),k = 2, finds the unique pair (m;,lp, j_1) satisfying (5.21).
Here the exception for node m(2) arises because the source node 7(1) transmits
m; rather than m;_; in block j, but the ideas of the decoding processes at all
w(k),k =2,3,..., M + 2, are exactly the same. Thus, below, we only present the
decoding at node 7(k),k = 3,4,..., M + 2, while the decoding at node 7(2) can
be easily obtained by analogy. The same consideration also applies to the proof in

0.4.2.

In (5.21), Ip, ; has already been recovered due to the backward property of
decoding, and among the messages (m;,m;_p,...,m;_pgm), only m;_gr— is the
unknown message at node (k) that needs to be decoded in block j. In fact,
(m;_pr-1,...,m;_pu) have been decoded by block b—B*!, while (m;, ..., m;_pr-s)
either are dummy messages according to (5.20) (for block j = b—L,b—L—1...,b—
B2 — [ +1) or have been decoded due to the backward property of decoding (for
block j=b—B*2 - Lb—-B*2—-L—1,...,b— B*1+1).

At each block j =b—L,b—L—1,...,b— B* ' +1, error occurs with m;_pr-2 if
the true m;_pr—2 does not satisfy (5.21) with any Ip, ;_1, or a false m;_ g2 satisfies

(5.21) with some Ip, ;_1. According to the properties of typical sequences, the true

(m;_pr—2,lp, j—1) satisfies (5.21) with high probability.

For a false m;_pgr-2 and a lp, ;1 with false {l;,—1,7 € S} but true {l;p—1,i €

Dk\8}7

{Xw(l)vj(mj|mj_3, PN ,mj_BM), X.ﬂ-(s)hj(mj_Bsfl |mj—BSa S ,mj_BM), S = 2, ceey k?—]_}

are conditionally independent of {(X; ;({;;—1), Yi;(lij|lij—1)) 11 € Dy} and Yo ;
given

{ X (my-perlmype, ... ,mj_pu), s =k, ... .M+ 1}
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and {(X;;(li;-1), Yi;(lijlli;—1)) - i € S} are independent, of

A

{(Xii(lij-1), Yij(lijllij-1)) 11 € Dp \ S},

{Xw(s),j(mjst_lymjfBé’? e ,mjfBM), S € [k . M + 1]}7Y7r(k),]

Therefore, the probability that such false (m;_gr-2,lp, j—1) satisfies (5.21) can
be upper bounded by

9T (H(Xr(1:041) XDy, Yo, ,Yw(k))ﬁ)2—T(H(X7r(k:M+1)»XDk\ska\&Yn(k))—e)

o 9~ THX (1) | Xnonr 1)) =) 9~ T(H (X)) g =T (e (HVil Xi) =€)

Since the number of such false (m;_pgr—2,lp, j—1) is upper bounded by
9TR H 2T(I(Yi;?i|xi)+6)’
€S
with the union bound, it is easy to check that the probability of finding a false

m;_pr-2 goes to zero as T — oo, if

R < min I(Xa(iho1) X3 Yo 80 Ya) | XDo8: Xn(rearsn))
=k

— I(Ys; YS’XW(I:M+1)7 Xy Ya(k), ?Dk\s)- (5.23)

Then, based on the recovered (m;,m;_g,...,m;_gm) and lp, ;, from the proof of

Theorem 4.2.4, it follows that Ip, ;_; can be decoded if (5.22) holds.

Combining i) and ii), using the technique of time sharing, we obtain the achiev-

able rate (5.5)-(5.6).

5.4 Unified Relay Framework With B-Blocks-By-
B-Blocks Backward Decoding

Under the unified relay framework using nested blocks and backward decoding, we
can also consider combining the noisy network coding scheme [32] with the multi-
level D-F scheme. However, since noisy network coding uses repetitive encoding/all

blocks united decoding, to make it fit into our framework, a modification is needed.
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Specifically, assume some fixed M C N with [M| = M and 7 ({0, M,n + 1}), and
a total of BM*! blocks are used. The source can still repetitively encode intra-
B-blocks as in [32], but inter-B-blocks, the source has to cumulatively encode to
allow for the operation of D-F strategy; Correspondingly, both the D-F relay nodes
and the destination will perform B-blocks-by-B-blocks backward decoding, which
is essentially a combination of backward decoding and B blocks united decoding.
Same as in Section 5.3, the backward decoding at node 7(k),k = 2,3,..., M + 2,
will happen at the end of every B*~! blocks, i.e., at the end of block b = vB*! v €
[1: BM*1/B%1] and both the D-F relay nodes and the destination node perform
compression-message joint decoding. Below, we still first consider the case of single
D-F relay node (M = 1) to illustrate the main idea, and then extend it to the

general case of multiple D-F relay nodes (M > 2).

5.4.1 Single D-F relay node (M = 1)

Still assume that only node 1 is the D-F relay node, and all other relay nodes are
the C-F relay nodes, and let N := A"\ {1}. Specializing Theorem 5.2.2 to this case,

we have that a rate R is achievable, if there exists some

p(g)p(xolg)p(xr|wo, @) | | plaila)p(Gilys, i, 0),

ieN
such that
| 71?8/}\3%1% I(Xo, Xs: Y78, Y1l X1, X705, Q) )
R < min B I(YS?VSWO’X? X7, Y1, Yrs, Q), .
Jax, i 1(Xo, Xo, X Y7180 Voo [ Xans: Q)
( — I(Ys; Ys|Xo, X1, X7, 10 Yosn. V75, Q).

Still, a total of B? blocks will be used. The detailed codebook generation and
encoding/decoding process are as follows, which can be understood with the help

of Table 5.2.
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Codebook Generation: Fix p(xo)p(x1|zo) [ [;cx p(xi)p(9ilyi, :). We randomly

and independently generate a codebook for each block.

i) First consider the codebook generation for the source node 0 and the D-F

relay node 1. Denote f(b) := [2], i.e., the smallest integer greater than or equal

2TBR

to %. For each block b € [1 : B?], randomly generate independent sequences

leb(mf(b, B)) for node 1, and randomly generate 275% conditionally independent
sequences Xo (M e |[mpp-p)) for node 0, where my@y, mep—p) € [1: 275H].

ii) The codebook generation for the C-F relay nodes is exactly the same as that

in Section 5.3. For each block b € [1 : B?] and each relay node i € N, randomly and

independently generate 9T sequences X; p(lip—1), lip—1 € [1 : ZTRi], where E’Z =

I(Y; }A/;]XZ) + ¢; for each relay node i € A and each Xip(lip—1), lip—1 € [1: 2Tf%i],

2T1:2

randomly and conditionally independently generate i sequences ¥; p(lip|lip-1),

lip € [1:2TR),

The combination of i) and ii) defines the codebook for any block b € [1 : B?],

Cy = {Xl,b(mﬂb—B)%Xo,b(mf(b)!mﬂb—B)) L), Mye-p) € [1:2770);
Xiv(lin-1), Viw(linllip-1) : lip, lip—1 € [1: 275 i € /\7} (5.25)
Encoding: Let the message vector to be sent be
m = (an,ml,...,ml,lng,m%...,mg,...,mB,mB,...,mg).
B B B
Let mp = 1 be the dummy message, i.e., mss) = 1 for any
be[(B-1)B+1:B?, (5.26)

and for any b < 0. The actually achievable rate is %R due to the dummy

messages, which, however, can be made arbitrarily close to R by letting B — oo.

i) First consider the encoding process for nodes 0 and 1.
e In block b € [1: B?], the source node 0 transmits Xo ) (M 0| mro-5))-

90



e At the end of block vB,v € [1 : B — 1], the D-F relay node 1 has decoded
message m, using B blocks united decoding (see the decoding part). In the
next B blocks, i.e., in block b € [vB+1 : (v+1)B], the relay node 1 transmits
X1,5(My@p-B)), where myp_p) for any b € [vB +1: (v+ 1)B] is corresponding
to m, that has been decoded by block vB.

ii) For any block b € [1 : B?], each relay node i € N, upon receiving y;, at the
end of block b, finds an index [;;, such that

~

(Xi,b<lz’,b71)7 Yib, }A’i,b(li,b\li,bq)) € A (X, Y, V),

where [;0 = 1 by convention. In block b € [1 : B?], the relay node i € N transmits
Xip(lip-1)-
Decoding: We present the decoding process at the D-F relay node 1 and at the

destination node n + 2 separately.

i) At the end of block b = vB, v € [1 : BJ, the D-F relay node 1 decodes messages
m,, using B blocks united decoding, i.e., it finds the unique m,,, such that there exists

some lj’\f(v_l)BH satisfying that for any block j = (v—1)B+1,(v—1)B+2,...,vB,

(Xo,i(myslmyi-p)), X1(myi-p))
{(Xij(lij—1), Yis(ligllij—1)) 11 € N}, Y1) € Ad(Xo, X1, Xg, Vi, Y1), (5.27)

where my(;_p) is corresponding to m,_; and has been decoded by the end of block
(v —1)B, and my(; is corresponding to m,. From [32, Thm 1] and its proof (see

also Theorem 4.2.1), we have that m, can be decoded if

R < gé%l(xo,xg; Yins: Vil Xjn s, X1) — 1(Vs: Y| Xo, X1, X5, V1, V). (5.28)

Note, (5.28) can be improved by considering only a subset 7; € N for the decod-
ing while treating the inputs of other C-F relay nodes as purely noise, leading to

following more general rate constraint:
R < max min I(Xo, Xs; Vs, V1| X7i\s, X1) — [(Ys; Ys| Xo, X1, X7, V1, Yins)-
TiCN SETh
(5.29)
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ii) At the end of all B? block, the destination node decodes all messages
(ml,mg, PN ,mB)

using B-blocks-by-B-blocks backward decoding. In fact, since mp = 1 is dummy
message, only (my, ma,...,mp_1) need to be decoded. For this, backwardly and
sequentially for g = B —1,B —2,...,1, node n + 2 finds the unique mg, such that

B+B

there exists some l% B4 satisfying that for any block j = gB+1,9B+2,...,9B+B,

(Xoj(msilmp-p)s X (my-p)
{(Xij(lij1), YisUislli 1)) 01 € N}, Yoia;) € AdXo, X1, X, Vi, Yasa)-
(5.30)
Note in (5.30), for j = gB+1,9B +2,...,9B + B, only my(;_p), corresponding to
myg, needs decoding; and myj), corresponding to mgyy, either is a dummy message
(forg=B—1,ie.,j=(B—1)B+1,(B—1)B+2,...,B?%), or has been decoded
due to the backward property of decoding (for g = B—2,...,1). Thus, Xy and X,

are cooperatively transmitting the message m,, and similarly as above, m, can be

decoded if

R < min [(Xo, Xi, X Yins: Yool X s) — I(¥s; Y| Xo, X1, X, Yoso, Vins)-

(5.31)

Also, (5.31) can be improved by considering only a subset 7,2 for the decoding,

leading to the following rate constraint:

R< max_ min I(Xo, X1, Xs; Y7 0\8) Vsl X7 0\s)

Tn42CN SCTn+2

— I(Ys; Ys| X0, X1, X710, Yor, Y7 o\8)- (5.32)

Combining (5.29) and (5.32) and using the technique of time sharing, we have
that the rate in (5.24) is achievable.

5.4.2 Multiple D-F Relay Nodes (M > 2)

Codebook Generation: Fix p(xo)p(xml|zo) [ Liepnm P(i)p(Gilyi, x:). We randomly

and independently generate a codebook for each block. The codebook generation
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for the C-F relay nodes is exactly the same as that in 5.3 and 5.4.1, and hence
omitted. We only present the codebook generation for nodes 7(1 : M + 1). Still,

denote f(b) := [£], i.e., the smallest integer greater than or equal to 5.

e For each block b € [1 : BM*1] backwardly and sequentially for each relay node
m(k),k=M+1,M,..., 2 randomly generate 278 conditionally independent
sequences

Xfr(k),b(mf(b—Bk—l) |mf(b—B’€)a e 7mf(b—BM))7

where Mg (b—Bh=1); M f(b—Bk)s - - - » T f(b—BM) c [1 : 2TBR].

e For each block b € [1 : B¥*1] and node 7(1), i.e., the source node 0, randomly

generate 27B% conditionally independent sequences
Xo5(mf0) M p 6By, - -5 Mg -B0)),
where M (b); M f(b—B)s - - s Mf(b—BM) € [1 : 2TBR].

The above, together with the codebook generation for the C-F relay nodes, defines
the codebook for any block b € [1 : BMF1],

Cy, = {Xw(k),b<mf(b—Bk*1)|mf(b—B’“); e >mf(beM)> :
mf(b,qu), . ,mf(b,BM) € [1 : 2TBR], k=M + 1, M, e 2,

. 2TBR].

X0.0(Ms ) Mg 6By - T po-)) = T p(0) Mf(6-B)s - -5 M (o) € [1

Xip(liv-1), Yio(lipllin—1) = lip, lip—1 € [1: 2Tﬁi]7i e N\ M}.

Encoding: Let the message vector to be sent be

m = (Inl,ml,...,mlj,zng,mg,...,m%,...,mBM,mBM,...,mB%).
Vv Vv Vv
B B B

Let my@) = 1 be the dummy message for any

B]qu

be UM, UB " [w(B—1)B*+1:vB", (5.33)
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and for any b < 0. The actually achievable rate is (%)M R due to the dummy

messages, which can still be made arbitrarily close to R by letting B — oo for any

M.

The encoding process for the C-F relay nodes is still exactly the same as that in

5.3 and 5.4.1, and hence omitted. We only present the encoding process for nodes

m(l: M+1).
e In block b € [1 : BM*1], the source node 0 transmits
X07b(mf(b)|mf(b,3), . ,mf(b_BM)).

e At the end of block vB* ' v € [1 : % — 1], the relay node w(k),k =
2,...,M + 1, has decoded messages (mi,ms,...,m,pr—2) using backward
decoding (see the decoding part). In the next B*~! blocks, i.e., in block
be [vB¥14+1: (v+1)B*1], the relay node 7(k), k = 2,..., M +1, transmits

Xn(k),b(mf(b—kal) |mf(b—Bk)a S ,mf(b—BM)),

where (mjq_pr-1), Myp_pr), .-, Mpep_pmy) for any b € [wB*¥t + 1 : (v +
1) B%~1] have all been decoded by block vB*~1.

Decoding: At the end of every B*~! blocks, the node w(k),k = 2,..., M + 2
decodes B*~? messages using B-Blocks-By-B-Blocks backward decoding. (Note
every B*~! blocks carry B¥~2 messages.) Specifically, at the end of block b =
vB*¥Y v e [1 : BMT1/B*1] the node 7(k),k = 2,..., M + 2, decodes messages
(M(y—1yBE-241, - - -, Mype—2). In fact, (M,pr—2_pr-si1,...,M,pr-2) are dummy mes-
sages according to (5.33), and only (m,_1)gr-241, - .., Mypr-2_pgk-3) need decoding.
For this, backwardly and sequentially for ¢ = vB*2 — BF3 yBF-2 — BF3 _

1,...,(v—=1)B*?+1, node 7(k) finds the unique m, such that there exists some

lgBJer*2

M (g_1) 5+ ph—2 1 Satisfying that for any block j = (g— 1)B+B*2+4+1,(g—1)B+
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BF242 ..., gB+ B2,

(Xo,j(msiy M-y, - - s mp—pay),
{Xﬂ(s)J(mf(j_Bs—l)’mf(j,Bs), . ,mf(j_BM)), S = 2, ey k‘ — 1, /{, ]{? + 1, ey M + 1},

{(Xz‘,j(lz‘,j—1),Yi,j(lz‘,juz‘,j—ﬁ) i eN\ M}aYrr(k),j) € Ac(Xo, Xat, X, Y/\/’\nyw(k:))7

(5.34)
where (my(j), My(j—B)s - - - My(j—BE-3), Mp(j—Br-2); Mp(j—Bk-1), - - -, Mf(;—pM)) AT€ COT-
responding to

(mg+Bk—3, MgyBk-3_15+++3 Mgy Bk—3_pk—4,Mg, Mgy Bk—3_Bk—2, . .. ,mg_i_kaB_BMfl).

(5.35)

Among the messages in (5.35), only my, corresponding to m;_pr-2), is the un-

known message at node 7(k) that needs to be decoded. In fact,
(mg_;’_Bk—B_Bk—Q, R ,mg+Bk—3_BM—1), COI“I“eSpOIldiIlg to (mf(j_Bk—l), R ,mf(j_BM)),

have been decoded by block b — B*~!, while

(mg+Bk—3, MgyBk—3_15--- ,mg_i_kaa_kaz;),
corresponding to (my(j), Myj—B) - - -, Mf(j—Bk-3)),
either are dummy messages according to (5.33) (for g = vB*2—B*3 ... vBF2—

2B%3 4+ 1) or have been decoded due to the backward property of decoding (for
g=vBF2-2Bk3 ypk-2 _2Bk3 1 .. (v—1)B*¥2+1). Therefore, in (5.34),

{Xw(s)’j,s:k,/{—l—l,...,M—i—l}
are known at node m(k), while
{Xﬂ(s),j, S = 1, cee ,/{ - 1}

are cooperatively transmitting the message m,. Having noted this fact, from [32,

Thm 1] and its proof (see also Theorem 4.2.1), we have that m, can be decoded if

A

R< min I(Xup 1, Xs:Y Y| X X
Sglvl{lM( (1-1)s X85 Yormns, Yao [ Xanans, Xgars1))

— I(Ys; Vs X001y, Xarvts Yy, Yo amns)- (5.36)
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By considering only a subset 7, € N \ M for the decoding at node (k) while
treating the inputs of other C-F relay nodes as purely noise, and using the technique

of time sharing, (5.36) can be improved to

R < inJ (X ine1, Xs: Yros, Yoo | X708 Xtk ara)s
TkglﬁiiM‘g%%( (k1) X8 Y708, Yoy [ X700\ 85 X1y, Q)

— I(Ys; Vs | Xngiar1)s X72s Vet Y78, @), (5.37)

which proves Theorem 5.2.2.

5.5 Rates for the AWGN Two-Relay Channel

With C(z) := $log,(1 + z), various rates are evaluated for the AWGN two-relay

channel as follows.
Multi-level D-F': The best achievable D-F rates are the multi-level D-F rates
[27]-[30]
R, = max{R,,, Ra,}
where
Ral = min{au, a2, Cl13}
R,, = min{aay, as, ass}
with
an = I(Xo; V1] X1, Xa)
= 0(9(2)1]3)
a1z = I(Xo,Xl;YQ\XQ)
= C<<9(2)2 + 9%2>P)
arz = 1(Xo, X1, X2; Y3)
= C((Q(Q)?, + 9%3 + 953)]3)
Qg1 = I(XO;YQ\XLXQ)

= C(Q(%QP)
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A2 = [(X07 Xo; Y1|X1)

= C((9§1 + ggl)P)

ag3 = I(XO, X1, Xo; YB)

= C((Q(Q)S + 9%3 + 953>P)-

Noisy network coding: The best achievable C-F rates are the noisy network

coding rates [32]-[34]
Ry = min{by, by, b, by}
with
b = I1(Xo; Y1, Yz, Ya| Xy, Xo)

2 2
9o P 9o P 2
=C P

(1+&% Ty s )

by = I(Xo, X1 Ya, Y3 X2) — I(Y3; 1| Xo, X1, X2, Y2, Y3)
(962 + 912) P (902013 — 912903)2P2> _C (i)
)

=C'|( (955 + gis) P
((903"’913) + 1—|—6‘§ _'_ 1+a.§
by = I(Xo, Xo; V3, Ya| X1) — I(Ya; Ya| Xo, X1, X, V1, Y3)

2 L 2\P _ 2p2 1
(901 921) +(901g23 921903) )—C(A—2>

1+ o1 1+ 6%

=C ((933 +9§3)P+
by = I(Xo, X1, Xo; Y3) — I(Y1, Ya; Y1, Ya| X0, X1, X, YV3)
1+&§+&§)

— C(@ + 0% + %) P) — C (
010,

where the optimal 67 and 63 are determined numerically.

Our unified schemes: The rates under our unified framework are
R. = max{R,, Ry, R.,, Rc,}
where

R., = min{max{c;1, min{cs, 13} }, max{c4, min{cys, 16} }

R., = min{max{cy;, min{cag, ca3}}, max{coq, min{cas, o6} } }
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with

C11 = I(X0§Y1|X1)

_ C( 9811; )
L+g5P

Cla = I(Xo;3>27Y1|X1)

2
9021
=C|(g?P
@m +1+@>

c13 = 1(Xo, Xo: V1| X1) — I(Ya; Ya| Xo, X1, X5, V1)

~Cl(gh + 0P € ()

o3
c1a = I(Xo, X1;Y3)

_C(@é+g@P>
— (s I
14 g33P

15 = I(Xo, X1; Y5, Y3 X5)

(98 + 932) P n (902913 — 912903)* P*
1+ 063 1+ 62

ZC(%ﬁw@P+
16 = I(Xo, X1, Xo; Y3) — I(Ya; Ya| Xo, X1, X5, Ya)

1
(g + g% + ) P) — C (—)

03

co1 = I(Xo; V2| X3)

_ C’( 9321; )
1+ g5, P

Cor = I1(Xo; Y1, Ya| X2)

2 P
9n
=C(q¢5P
@” +1+ﬁ>

Co3 = I(Xo, X1; V2| Xy) — I(Y3; V1| X0, X1, X, V3)

- iy +atP) ¢ ()

01
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Coq = [(X0>X2;Y3)
—_C ((933 + 9%3)]:))

B 1+ g1, P
Cos = [(XO,X2;?1>Y?3’X1)

(961 + 951 P n (901923 — g21903)* P?
1+ 67 1+ 47

=C ((933 +g53) P +
Co6 = [(X0>X1,X2;Y3) - I(Yl;ffl\Xo,Xl,XQ,Ys)

1
= C((933 + 915 + 933)P) = C (—2) -

o1
Unified scheme in [30]: The rates in [30, Thm 4] (with U; = 0,7 = 1,2) are

R, = maX{Ra, Rdn Rd27 Rds}

with
Ry, = dy st dig < djy,dis < dijg, diy < djy
Rd2 = min{d21, d22} s.t. d23 S d/23
Rd3 = min{dgl, d32} s.t. d33 S dg3

where

dyy = I(Xo; V1, Ya, V3| X1, Xo)
— b,
dip = I(Yl;ffl‘Xl,Xijz,Y?)) + [(Yl;X2|X1)

62 52 95oP | 2 g P+ 14053
oi(1+ 1462 + 953 P) o1 1

dyy = I1(X1; Y3 Xa)

_ C( 9%3]23 )
1+ gl

dys = I(Ya; Ya| X1, Xo, Y1, Vs) + 1(Ya; X1 | X5)

Y o T T
~ 2 ~
03 62(1+ B + g3, P) goo’ + 1+ 63
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dyg = 1(Xy; 3| X1)

—C ( 9%3]; )
1+ gy P

diy = I(Y1, Ya; Y1, Ya| X1, X0, YV3) 4+ 1(Yi; Xo| X1) 4 1(Ya; X1]X5)
_c (1 + 63+ 063 N g (1+63)P+g3(1+0 )P)

6163 5163 (1 + 935 P)

921 912
+C
(901P+1+01) (902P+1+‘72)

dll4 = [(X17X2;st)
o (o)

1+ g5 P
dyy = [(XOSY1|X1)

=C1

doy = I(XO,X1;Y2,Y3|X2)
=C15

doz = [(5/2;{/2‘)(2,5/3)

_C ( (902913 — g12903)* P* (952 + g72) P )
65 05((g90s +91) P+ 1) 03((98; + g73) P + 1)

dyy = 1(X5; Y3)

—C ( ggsp )
14 (g8 + gi3) P

d3; = [(Xos YZ|X2)

= C21

ds2 = I(Xo, X2; Y1, Y3|X1)
= Co5

d33 = [(5/1;{/1‘)(1,}/3)

_C ( (901903 — ga1923)* P? (951 + 93P )
ot 01((96s + 93)P+1)  67((90s + 93) P +1)

3z = 1(X1;Y3)
—C ( gf3P )
14 (985 + g33) P
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Unified scheme in [42]: The rates in [42] are

where

with

Re = maX{ReU R(n Reza Re3}

R., = min{e;q, €12, €13}
R., = min{ey;, max{es, min{ess, €24} }}

R., = min{es;, max{esz, min{ess, ess}}}

€11 = a11
€12 = Q21
€13 = 413
o min{cio, c13} if C <gl§> =C (112%913]131’)
11 otherwise
€22 = C14
€23 = C15
€24 = Ci16

. . 1 g%zp
min{cyy, co3} if C <E> <C <1+90§2P)

€31 =
Coy otherwise
€32 = Co4
€33 = C25
€34 = C26-

Cut-set bound: Finally, the cut-set bound is given by

Ry =min{ f1, f2, fs, f4}
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where

fl = I(XO;}/I;YVQ7§/E§|X17X2)

= C((g(Q)l + 9(2)2 + 9§3>P)
f2 = [(X07X17}/’27}/3|X2)

= C((g02913 — 912903)2P2 + (932 + 9%2 + 933 + 9%3)P)
f3 = ](X07 X2a }/la }/E’)le)

= C((go3g21 — 923901)° P* + (g5, + 951 + 9o + 933) P)
f4 = I(X07X1,X2; Y3)

= C((g33 + 915 + 933) P).
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

In C-F relay schemes, joint compression-message decoding introduces more freedom
in selecting the compressions at the relays. Motivated by it, we have investigated,
in the setup of general multiple-relay channels, the problem of finding the optimal
compressions in maximizing the achievable rate of the original message. We have
studied several different C-F relay schemes, and the unanimous conclusion is that
the optimal compressions should always support successive compression-message
decoding. In situations where compressions not supporting successive decoding
have to be used, we have found that only those that can be jointly decoded are

helpful to the decoding of the original message.

We have also developed a backward block-by-block decoding C-F relay scheme.
Compared to the repetitive encoding/all blocks united decoding scheme recently
proposed in [32], which improved the achievable rate in the multiple-relay case, we
have realized that the key to the improvement comes from delaying the decoding
until all the blocks have been finished. In retrospect, the multiple-relay case is dif-
ferent from the single-relay case in that it may take multiple blocks for the relays to
help each other before their compressions can finally reach the destination. Hence,
the block-by-block forward decoding scheme, which is sufficient for the single-relay

case, may not work satisfactorily for multiple relays in general.
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Last but not least, we have proposed a unified relay framework with both the
D-F and C-F relay nodes for multiple-relay channels. This framework employs
nested blocks combined with backward decoding to allow for the full incorporation
of the best known D-F and C-F relay strategies. The achievable rates obtained
under such a framework turn out to combine both the best known D-F and C-F
achievable rates and include them as special cases. It is also demonstrated through
a Gaussian network example that our achievable rates are generally better than the

rates obtained with existing unified schemes and with D-F or C-F alone.

6.2 Future Work

While the recent research on relay channels, including this thesis, centers on de-
veloping the achievability coding schemes, little progress has been made for the
converse over the past few decades. Motivated by this, the first line of our future
research is to study the converse problem for relay channels, especially to study
the issue of the optimality of the C-F relay scheme. To this end, we have actually
conducted some preliminary investigations [47]-[50]. To continue our research in
this direction, particularly, we will study an open problem on the capacity of the

relay channel, posed by Cover [51] more than two decades ago.

Consider the relay channel as depicted in Figure 6.1, where the source’s input
X is received by the relay Z and the destination Y through a channel p(y, z|z),
and the relay can communicate to the destination via an error-free digital link with

rate Ry. We wish to communicate a message index W € {1,2,...,27%} reliably

(& )—>—{pl. l)

Figure 6.1: A relay channel model with a digital link.
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over this relay channel. A (272 T') code for this channel consists of
1) an encoding function X7 : {1,... 2T#} — xT,
2) a relay function r : Z7 — {1,... 278}
3) a decoding function g: YT x {1,..., 278} — {1 .. 2TH}

The probability of error is defined by
P = Pr(g(r(27),Y") # W),

where W is uniformly distributed over {1,...,27%}. The capacity of C(Ry) is
the supremum of all achievable rates R, i.e., the rates R for which there exists a

sequence of (272 T') codes such that P tends to zero as T — oc.
We note the following facts:
1) C(0) = maxy) [(X;Y).
2) C(o0) = max,) [(X;Y, 7).
3) C(Ry) is a nondecreasing function of Ry.

Instead of demanding a full characterization of C'(Ry), Cover posed the question
as “what is the critical value of Ry such that C'(Ry) first equals C'(c0)”. Equiva-
lently, we are interested in finding

Rj :==inf{Ry : C(Ry) = C(o0) = m(aiil(X;Y, Z)},
p(x
namely, the smallest rate needed for the relay-destination communication so that

the maximum information rate C'(co) = max,,) [(X;Y, Z) can be achieved.

It is clear that, by the simple C-F scheme with Slepian-Wolf binning used, the
rate

Reonj = min H(Z|Y)

p(z):1(X;Y,Z)=C(c0)
is enough such that C(Reonj) = C(00) = max,,) [(X;Y, Z), but is the C-F scheme
optimal in this problem? To answer this question, we have carefully studied the

binary symmetric case, i.e., the case where the source-relay and source-destination
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links are both binary symmetric channels. Although a formal proof is still out of
reach at this moment, we strongly believe that in the binary symmetric case, the
simple C-F scheme is indeed optimal so that Rj = Rconj. As our future work, we
will continue this research, attempting to first obtain a conclusive result in the

binary symmetric case and then extend it to the general case.

The second line of the future work is to further the research in this thesis. One
direction is to extend our work on the unified relay framework to multi-source net-
works. Here, a challenge is how to coordinate the D-F nodes to relay the messages
for different sources. In this regard, a multi-source, multi-relay D-F coding scheme
has been developed in [43], which also employed backward decoding. It is of interest
to study the problem of incorporating the D-F scheme in [43] to our unified relay

framework for general multi-source multi-relay multi-destination networks.

Recently, there have been some results on achieving the capacity of the relay
networks to within a constant gap based on quantize-map-and-forward [31] and
noisy network coding [32]. However, a limitation in these results is that the gap
grows with the number of nodes in the network. This may be because both quantize-
map-and-forward and noisy network coding belong to the C-F relay schemes in
nature, and thus the noise in the these schemes cannot be eliminated as in the
D-F relay scheme but will be accumulated. Recall that the unified relay scheme
proposed in this thesis combines the best known D-F and C-F relay schemes and
endows each node the freedom of choosing either D-F or C-F so that higher and
easy-to-evaluate rates can be achieved. Thus, as another direction of the future
research, it is worth exploring whether our unified scheme can achieve a better gap

or even a universal gap independent of the number of nodes in the network.
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