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Mixed Noisy Network Coding and
Cooperative Unicasting in Wireless Networks

Arash Behboodi, Member, IEEE, and Pablo Piantanida, Member, IEEE,

Abstract—The problem of communicating a single message to
a destination in presence of multiple relay nodes, referred to as
cooperative unicast network, is considered. First, we introduce
“Mixed Noisy Network Coding” (MNNC) scheme which general-
izes “Noisy Network Coding” (NNC) where relays are allowed to
decode-and-forward (DF) messages while all of them (without
exception) transmit noisy descriptions of their observations.
These descriptions are exploited at the destination and the DF
relays aim to decode the transmitted messages while creating
full cooperation among the nodes. Moreover, the destination and
the DF relays can independently select the set of descriptions to
be decoded or treated as interference. This concept is further
extended to multi-hopping scenarios, referred to as “Layered
MNNC” (LMNNC), where DF relays are organized into disjoint
groups representing one hop in the network. For cooperative
unicast additive white Gaussian noise (AWGN) networks we
show that —provided DF relays are properly chosen—- MNNC
improves over all previously established constant gaps to the
cut-set bound. Secondly, we consider the composite cooperative
unicast network where the channel parameters are randomly
drawn before communication starts and remain fixed during
the transmission. Each draw is assumed to be unknown at
the source and fully known at the destination but only partly
known at the relays. We introduce through MNNC scheme the
concept of “Selective Coding Strategy” (SCS) that enables relays
to decide dynamically whether, in addition to communicate noisy
descriptions, is possible to decode and forward messages. It is
demonstrated through slow-fading AWGN relay networks that
SCS clearly outperforms conventional coding schemes.

Index Terms—Cooperative unicasting, wireless networking,
decode-and-forward, compute-and-forward, quantize-map-and-
forward, noisy network coding, constant gap, composite channel,
outage capacity.

I. INTRODUCTION

Cooperation in multi-terminal networks is becoming the
essential part of modern communication systems, e.g., wire-
less mobile systems, device-to-device (D2D) communications,
network coding, sensor and ad-hoc networks. The increasing
development of these networks during recent years has revital-
ized the interest in understanding the most basic information-
theoretic setups such as broadcast, interference and relay
networks. A convenient wireless model for such scenarios,
as has been widely adopted in the literature, is slow-fading
one where accurate channel state information (CSI) may be
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available to the receivers but not to transmitters, and only
partial CSI is available to intermediate nodes. In these cases,
classical Shannon capacities are typically zero due to the
non-zero probability of channels experiencing an arbitrarily
deep fade, so performance is instead quantified in terms of
maximum achievable rates subject to a constraint on the
tolerated error probability (see [1]] and references therein).
The term “‘cooperation strategy” stands for the procedure
used to forward information from source to destination in
relay networks. In selecting a cooperative scheme for wireless
scenarios, several factors must be considered in order to
preserve the capability of relay nodes to deal with the physical
and statistical nature of their channel disturbances. The main
cooperation strategies have been first introduced by Cover-
El Gamal [2] for the relay channel. Although these coding
schemes were not shown to achieve capacity of the additive
white Gaussian noise (AWGN) channel, Decode-and-Forward
(DF) scheme has been shown to be well suitable for situations
where the source-to-relay channel is stronger than the others
channels while Compress-and-Forward (CF) scheme is prefer-
able for situations where the relay-to-destination channel is the
strongest link. Essentially, a relay using DF scheme forwards
information based on a hard estimate of the encoder’s message
whereas CF scheme is based on a soft estimate. Lately El
Gamal-Mohseni-Zahedi [3]] developed an alternative version
of CF scheme (not based on Wyner-Ziv coding and sequential
decoding at the destination) which achieves the same rate that
CF scheme [2]. In fact, both CF schemes can perform within
a constant gap to the information-theoretic capacity of the
AWGN relay channel, regardless of channel parameters [4].
More recently, there has been a growing interest in co-
operative networks with multiple relays and several attempts
were made to develop cooperation strategies, e.g., for multiple
access and broadcast relay channels (see [S]-[7] and refer-
ences therein). The capacity of degraded unicast cooperative
networks is derived in [5] by using a sequential DF scheme
while the capacity of a class of modulo-sum relay channels
is found in [§8] by using a CF based scheme. Graphical
multicast networks were studied in [9] where the “max-flow
min-cut theorem” for network information flow was presented
for the point-to-point communication network. Deterministic
networks with no interference were studied in [[10] whereas
the capacity of wireless erasure multicast networks was de-
termined in [11], and the scaling behavior of cooperative
multicasting in wireless networks was studied in [12].

A. Related Work

An approximation approach to general networks via de-
terministic channels was introduced by Avestimehr-Diggavi-



Tse [4]. This approach yields a novel improvement over CF
scheme, referred to as “Quantize-Map-and-Forward” (QMF),
which achieves performance within constant gap of capac-
ity for unicast AWGN networks with arbitrary number of
relays. This important feature guarantees the uniformity in
the channel coefficients and hence the fading statistics. Relay
nodes quantize their received signals at noise level, map them
randomly to Gaussian codewords and forward them to the
others nodes. The fundamental difference between CF and
QMF schemes relies on the delay and CSI aspects. The
standard CF scheme [2]] requires successive decoding at the
destination and forward channel knowledge at the relays while
QMF uses joint decoding of descriptions and messages with
only CSI at the destination. As a matter of fact, this approach
has played a key role in the development of several further
results on cooperative wireless networks.

In [[13]], Nazer-Gastpar propose an ingenious coding scheme,
referred to as compute-and-forward, which aims at allowing
the relays to decode and send noiseless functions —linear
combinations— of the transmitted messages. By combining
all these descriptions, the destination determines the original
messages being sent. Indeed, due to the additive nature of
the channel, each relay receives a linear combination of the
lattice codewords [13|] in addition to some additive noise,
which have the property that any integer linear combination is
still a codeword [[14], [15]. The relays then decode the linear
combination of the codewords and thus a noiseless function
of the messages. Nevertheless, the lattice property requires a
integer linear combination of codewords to guarantee that it
is still a codeword, however the linear combination induced
by wireless channels have arbitrary real (or complex) channel
gains. In order to overcome this difficulty, the authors in
[13] propose to scale the received channel output so that the
received signal is close to an integer linear combination. The
tightness of this approximation relies on the scaling factor
which introduces a tradeoff between closeness of approxima-
tion and noise amplification.

Recent work [16] by Lim et al. generalizes QMF approach
to arbitrary memoryless multicast networks by introducing the
notion of “Noisy Network Coding” (NNC) scheme, which
implies the previous inner bounds in [4], [11]. As a matter of
fact, Yassaee et al. in [[17]-[19] independently introduced for
the first time the idea of NNC and derived the same achievable
rate regions. In [16], relay nodes based on NNC scheme send
the same —long— message over many blocks of equal length
—repetitive encoding— and the descriptions at the relays do not
require binning while their indices are non-uniquely decoded
at the destination. While the same result was obtained by using
short messages in [17]-[19].

The achievable region from NNC scheme is shown to
be tight for specific cases, e.g., deterministic and erasure
networks, and in particular, it achieves within constant gap
of capacity for multicast AWGN relay networks. Further
progress was made in [20] where authors showed that the
gain in NNC comes from backward decoding and delaying
the decoding procedure. The use of different message coding
opens up the possibility of combining DF and NNC scheme.
This approach, referred to as “Short-Message Noisy Network

Coding” (SNNC), was taken in [21], [22] and [23[], [24].
Transmission is performed over (B + L) blocks, where B
denotes the number of blocks in which a new message is being
transmitted and L denotes the number of blocks in which the
previous messages are repeated according to a specific pattern.
Both (B, L) are required to be large enough in [20] while only
B needs to be large enough in [21]], and the destination uses
backward decoding. In this case, relays are divided into two
sets, the relays in the first set use NNC scheme while those
in the second set use DF scheme.

The previously mentioned works have neglected two aspects
of cooperative unicast networks. First, all relay nodes are
capable of collaborating with each other to increase their
chances of decoding the source message, similarly as done
in compute-and-forward [13], and second, the destination
can benefit from noisy descriptions of all nodes which also
includes DF relays. Actually, NNC and SNNC schemes have
since then been exploited in various ways, e.g., multi-level DF
schemes for DF relays are investigated in [25[]—[27]] where an
aware source exploits the existence of a hierarchy of the relays
based on their channel quality.

B. Contribution and Outline

In this paper, we investigate coding strategies for cooper-
ative unicasting in wireless networks. This problem consists
of a source that wishes to communicate a single message to a
destination in presence of multiple relay nodes. The focus is on
wireless configurations where without CSI, the source cannot
any longer agree with the relays to jointly select an adequate
cooperative strategy for each specific draw of the network
parameters. Traditional approaches to deal with this scenario
falls into composite models for networks [28|] which, unlike
compound models [29], channel uncertainty is addressed by
introducing a probability distribution (PD) from which the
current channel index (or vector of channels parameters) is
drawn but remains fixed during the communication. Composite
cooperative AWGN networks have been studied beforehand
via the notion of capacity versus outage (see [12], [30], [31]]
among other references). This setup prevents, in general, the
source use of any hierarchical multi-level scheme [25], [26]
to enhance cooperation among the nodes. Notice that without
CSI at the source such approach would clearly result in
performance degradation.

We shall follow an approach similar to that of compute-
and-forward [[13]] to the study of simultaneous coding strate-
gies [32] that are capable of enabling all nodes to decide
—depending on their instantaneous channel measurements—
whether would be possible to decode-and-forward messages
(e.g. the amount of available noisy descriptions provides
enough information) and which nodes should cooperate with
each other by decoding noisy descriptions of observations (or
noisy functions of the transmitted messages). In the first part,
we introduce “Mixed Noisy Network Coding” (MNNC) for
memoryless unicast networks with perfect CSI at all nodes
while in the second part, we focus on composite cooperative
unicast networks where the channel parameters are assumed to
be unknown at the source and fully known at the destination,



but only partly known at the intermediate nodes. We introduce
through MNNC scheme the concept of “Selective Coding
Strategy” (SCS) that enables all relays to dynamically select,
based on on the available CSI, both the cooperative strategy
and the nodes to benefit from cooperation.

Our main contributions are summarized below:

1) We introduce MNNC scheme where part of the nodes are

allowed to decode-and-forward (DF) messages while all
of them (without exception) transmit noisy descriptions
of their observations (cf. Theorem [I]and Corollary [T} sec-
tion [II-B). Moreover, these descriptions can be exploited
at the destination and the DF relays ends to decode the
intended message —based on offset coding— while creating
full cooperation among the nodes. A general achievable
rate is derived from this cooperative strategy which can
be viewed as a generalization of several existing results
in the literature (cf. section |II-C).
It is worth mentioning that this coding strategy differs
from NNC [16] in at least two important aspects: (i)
the use of short-messages coding [18]], [20], [21]], [23],
[33]] where transmission expands over (B + L) blocks
and the relays retransmit the compression index of block
(B 4+ 2) during the last (L — 2) blocks while backward
decoding is used at the destination, and (ii) the relays use
simultaneous cooperative strategies [31] by decoding and
forwarding messages in addition to communicate noisy
descriptions of their observations.

2) We further extend the concept of MNNC to multi-hopping
scenarios that we refer to as “Layered MNNC” (LMNNC)
where DF relays are organized into disjoint groups rep-
resenting one hop in the network (cf. section [[I-D). Fur-
thermore, LMNNC performs at least as good as MNNC
and improves upon the existent results [27, Theorem 2].

3) For cooperative unicast AWGN networks we show that,
provided DF relays are properly chosen, MNNC improves
over all previously established constant gaps to the cut-
set bound [4], [16] (cf. Proposition section [[II-B).
As a matter of fact, the presence of mixed cooperation
strategies [22], [24] introduces considerable difficulty
when attempting to compare such scheme to the original
NNC scheme [16]. This issue is solved by the proposed
MNNC scheme where all nodes are enable to simultane-
ously decode and forward messages and transmit noisy
descriptions of their observations.

4) We finally study composite cooperative unicast networks
where the channel parameters are randomly drawn from
a probability distribution (cf. section [V). Each random
draw is assumed to be unknown at the source and fully
known at the destination, but only partly known at the
relay nodes. We introduce through MNNC the concept
of SCS that enables relays to decide dynamically (e.g.
based on their channel measurements) whether would be
possible to decode and forward messages in addition to
communication of noisy descriptions to the destination
and other nodes. It is demonstrated through the asymp-
totic average error probability of the slow-fading AWGN
relay channel that SCS clearly outperforms conventional

'/

.Y\\\\\\\ \\\\\\\\
\\‘ \ ~\\\‘ \
\\ Y

&
¢

A

W s O\\\\\‘ Gy Y:...YNn | XX, 3 O\\\\\\ 1%
.&\\\\\\\\\‘ . e o.\
(X ks Yk)

Fig. 1.  Cooperative unicast network with relay nodes (X Y. ) for all
j € N, source input X and destination Y.

cooperative schemes (cf. section [V).

Within the framework of wireless networks, the results of
this paper are therefore useful to analyze the relationship
between simultaneous cooperative strategies and the use of
available CSI at nodes to dynamically select the coding
strategy, transmission rate and the asymptotic error probability.
A connection is established between the asymptotic error
probability and the outage probability. As a matter of fact,
assuming codes of sufficiently long block lengths, outage prob-
ability dominates from above and below the asymptotic error
probability. Although our results are specific to cooperative
unicasting, we believe that the framework is enough general
to be useful more broadly in the analysis of user cooperation
for multi-source/multicast networks.

Notations

The vector notation z stands for the collection of n samples
(z1,...,2,) while upper-case letters X™ are used to denote a
vector of random variables (RVs) (X7, ..., X,). The random
channels parameters are denoted by 0 and any specific draw
is denoted by 0. Let V' = {1,..., N} denote a set of indices,
then for any subset S C A the vector of RVs X stands
for the collection (X;);cs; and similarly Xsc = (X;)ien—s
where “—” is understood as setminus. The indicator function
for the event A is denoted by 1[A]. Differential entropy is
denoted by h(-), and mutual information by I(-;-) while
C(z) £ Llog(1+ ). Then, the entropy of Xg is defined
by H(Xs) = H ((X;)ics) and similarly with mutual infor-
mation. Let X, Y and Z be three RVs on some alphabets
with probability distribution p. If p(z|yz) = p(x|y) for each
x,y, 2, then they form a Markov chain, which is denoted by
X -eY e Z. Finally we denote strong e-typical and conditional
strong e-typical sets by A?(X) and A?(Y|X), respectively
(see [34] for details). Logarithms are taken in base 2 and
denoted by log(-).

II. MIXED NOISY NETWORK CODING

In this section, we introduce the problem of communicating
a single message to a destination in presence of multiple
relay nodes. Through this section, we shall assume that all
channel parameters involved in the network are known to all



terminals. We introduce a novel cooperation scheme referred
to as “Mixed Noisy Network Coding” (MNNC) that yields
a rather general achievable rate expression improving over
several existing results in the literature which can be viewed
as particular cases. Then, we further extend this concept to
multi-hopping scenarios, referred to as “Layered MNNC”
(LMNNC), where DF relays are organized into disjoint groups
representing one hop in the network.

A. Definition of the Cooperative Unicast Network

The cooperative unicast network as depicted in Fig. [I] is
defined by a conditional probability distribution (PD) charac-
terizing the destination output Y and the observations at each
of the relay nodes Yy 2 (Y1,Ys,...,Yy) given the source
input X and all relay inputs X = (X1, Xo,..., Xn), and

IPYYMXXN:XxXlx-uxXN'—)yxylx---xyN,

where A/ = {1,...,N}. This network is assumed to be
memoryless and without channel feedback, and all alphabets
are assumed to be finite. We let ]P’ynym XX denote the PD
of the n-memoryless extension.

Definition 1 (code and achievability): A code-

C(n, My, €,) for the cooperative unicast network consists of
the following mappings:

¢ An encoder mapping:
oM, ={1,...,M,} — X",

e A decoder mapping: ¢ : V" — M, ,
o A sequence of relay functions:
({0 =l

for k € NV, and average error probability given by

s 1

M,

M‘Il
€n > Prp(Y") # w].
=1
A positive rate R is said to be achievable for the cooperative
unicast network if there exists a code-C(n, M, €,,) defined as
above such that
1
liminf —log M,, > R

n—oo N

and
limsup ¢, =0.
n—oo
The supremum of all achievable rates is the capacity of the
unicast multi-relay network.

B. Mixed Noisy Network Coding

The key ingredients behind MNNC scheme rely on the

following ideas.

1) Simultaneous use of different cooperative strategies
among the relay nodes: Relay nodes are divided into two
disjoint groups of relays denoted by (V,V°) satisfying
VUV = N. As shown in Fig. 2] relays in the group V*
with nodes indices (j, k) are simultaneously employing
partly DF and CF scheme as cooperation strategy while

® DF relays
® CF relays

Fig. 2. Mixed Noisy Network Coding (MNNC).

relays in V, denoted by index ¢, simply employ CF
scheme.

2) Full cooperation among all nodes in the network: Each
relay in the network is transmitting the compressed
version of its observation and thus all DF relays take
advantage of the compression indices of the other relays
in the network, which clearly improves the decoding of
source messages. In this setting, transmission takes place
via block-Markov coding in B + L blocks each of length
n, where DF relays for each block b < B + 2 forward
the source message of the (b — 2)-th block. We remark
that this is slightly different from the conventional DF
scheme [2], where the relay forwards the message of the
previous block. Indeed, the compression index of the b-
th block is transmitted only in block b + 1 and thus DF
relays have to wait until the end of block b+ 1 to decode
the compression index as well as the message of block
b. Hence, they can forward the message of block b only
after block b+ 1.

3) Selection of descriptions to be decoded at both destination
and relays: The destination selects the help of only the
best subset 7 of nodes among all possible relays N.
Similarly, the k-th DF relay in the set V¢ is allowed to
exploit only the help of a selected subset of relays, which
are denoted by 7.

The next theorem provides the corresponding achievable rate
for this scheme.

Theorem 1 (Mixed Noisy Network Coding (MNNC)): All
rates R satisfying the following inequality are achievable for
the cooperative unicast network:

R7(S),

R < max max min

< max min
PeP VCN <Ter(/\/) VeCSCT

. . (k)
1
5 2, B ARE) O

where
R7(S) 2 I(XXs; Vs Y| X5:Q)
—I(Ys; Ys| X X7Ys:YQ),
REP(S) 2 I(X; Y7, YilV X X7, Q)
+1(Xs; Vi VX X5:Q) — I(Vs; Ys| VX X7 Vs V2Q)



with S¢ 2 T — S in (@) and S¢ = T;, — S in (). Moreover,
TCN, T CN —{k} and V¢ = N —V, and T(N) and
Y3 (N) are defined as follows:

YN)E{TCN:Qr(S)>0YSCT},
TN E{T SN —{k}: QF(S)20VSC T},

where Q7(S) and Q%@)(S) are used to denote:

Q7(S)2I(Xs; Vs Y |[VX X5:Q)
—I(Ys; Ys|VX X7Y5:YQ)
QP (S)21(Xs; ViV X1 X5:Q)
—I(Ys; YS‘VXXkXTYScYkQ) .

The set of all admissible input PDs P is defined by

A
P = {PQVXXNYNYNY = PQVXIPYYN|XXN—

H PX.fIVQP)%\Vinij H PXJ'\QPY”XJ-YJ-Q} :
jeve jev

Proof: The proof of this theorem is relegated to Ap-
pendix [A] [
Remark 1: By following similar arguments to those used
in [23], it is not difficult to check that the optimization of
the term Ry (S) in expression (I) can be taken over 7 C N
instead of a subset 7 € T°(N). To this end, it is enough to
show that for every 7 C N, if there is a subset A C T
such that Q7(A) < 0, then there must be another subset
T'" ¢ T C N such that the region with respect to T is
increased. Therefore, for each &’ C 7T’ there is a unique
S C T such that R7(S) < Ry+(S’) which yields the desired
inequality. Interestingly, it appears that this new set is obtained
by removing from the set 7 the relays that are present in A.
Thus, for all A C S C 7T, it holds that

R7(S) = Rrna<(SNA%) +Q7(A) , (2)

for each S C T N .A°. Hence, for every set T C N, if there is
a set A C T such that Q7(A) < 0, then it can be seen from

(@) that
RT(SUA) < Rrna(S) , 3)

which implies the final rate is increased by replacing 7 with
T N A°. For instance, for each 7 C AN and T € T(N)S,
we can find a subset 7/ C 7 C A that is not necessarily in
T¢(N) such that the region with respect to 7 is enlarged and
this proves the claim.

A direct consequence of the above observation is that, for
every 7 and A C T such that Q7 (A) < 0, it is enough
to ignore —not looking at their description indices— the relay
nodes in A. Thus, the next achievable rate simply follows from
this replacement:

R+ (S
~ PeP VCN TCN VeCSCT 7(S),

. (k)
REVE Ti T (V) SCTh B (8) ) ' @

R < max max min (max min

It is worth mentioning here that by setting V = N, the
rate expression in Theorem || reduces to that of SNNC [20],
[23]], which was shown to be equivalent to NNC first derived
in [16]. Thus, Theorem E] can be seen as a generalization that
includes the previous results based on NNC schemes while
it also provides a potentially larger rate (e.g. it achieves the
capacity of degraded “Relay Channels” which is not the case
of NNC region).

We also note that since DF relays require the use of
“forward decoding”, the rate R(T’Z) (S) is clearly expected to
be smaller compared to the situation where all relays are
allowed to use “backward decoding”. The reason for this,
as was also pointed out in [20]], is that the gain of NNC
is due to delaying decoding until the last block. However,
postponing decoding to the last block would not be possible
for those relays cooperating via DF scheme which brings the
rate loss we mentioned. In order to better explore this rate loss,
let us assume the unicast relay network where all relays are
forced to use CF scheme, but the destination decodes based
on “forward decoding” —instead of “backward decoding”—, i.e.,
the same decoding method as DF relays in Theorem [I] As a
consequence of Theorem [T we can obtain the next corollary
that provides an achievable rate based on “forward decoding”.

Corollary 1 (Forward decoding NNC): Assuming that all
nodes are forced to use “forward decoding”, then all rates
R satisfying the following inequality are achievable:

R <max max min RP(S), 3)
PEP TCY(N) SCT

where
RP(S) £ I(X; V7Y |X7Q) + [(Xs; Y| Xs:Q)
—1(Ys; Ys|X7YscYQ)  (6)
with $¢ £ T — S and T (N) defined by
YW)E{T SN I(Xs:Y|XsQ)
—I(Ys; Ys|XX7Ys:YQ)>0VSCT). (D)

The first observation from the above rate is that “forward
decoding” at the destination does not perform in general as
good as NNC. Nevertheless, it potentially improves on the use
of “binning” and other “forward decoding” techniques [20].
Particularly, the condition which determines the optimization
region in [20], i.e.,

I(Xs;Y|XseQ) — I(Ys; Ys|X7YscYQ) >0, (8
creates a smaller optimization region than 7°(N') because
I(Ys; Ys|X7Ys:YQ) > I(Ys: Ys| X X7Ys5:Y Q). (9)

Actually, the use of “joint-forward decoding” without “bin-
ning” performs potentially better respect to “joint-forward
decoding” with “binning”.

Remark 2: The reason for the sub-optimality of the current
forward-decoding scheme is two fold and can be easily under-
stood from the proof. The DF relays decode the compression
indices of others relays and also the source message by using
the typical sets @) The destination, however, does the same
but using the typical set given by (iil). By comparing these



decoding rules, it is not difficulty to see that the destination
decodes jointly the compression index and the source message
using a typical set involving: the description Y7, the com-
pression index of the other relays and the source codeword
X. Whereas these terms are absent from the second decoding
rule of DF relays in (88). Indeed, DF relays decode jointly the
source message and compression index of other relays of block
b based on the consecutive blocks b and b+ 1. In the decoding
block b+1, DF relays cannot dispose of any information about
the fresh compression index and source’ s message of the same
block. Intuitively, these relays cannot benefit fully from the
presence of the descriptions Y7 and X. In contrast with this,
when backward decoding is used decoding is performed in a
single block and full cooperation can be obtained.

This problem may be partially fixed by using layering
coding [19]]. In this case, the set of DF relays is partitioned
into a set of layers {L1,...,Ly}, representing the order in
which the compression indices are decoded. Therefore, the
decoding process is delayed at a given layer for few blocks,
and then by proper choice of layers one can achieve each
corner point of the original region. This is possible because
DF relays at the layer b are able to use }A’/; for all blocks
i < b — 1 while decoding the compression index. The
drawback, however, is that this would require new layering
and thus a new coding to achieve each of the corner points.
Specifically, in communication scenarios where the current
channel is unknown at the source is beneficial to have an
oblivious coding schemes for which the source code does not
require to be aware of the cooperation strategy. As a matter
of fact, the proper choice of layering at the source to achieve
a certain corner point is mostly dependent on the channels
parameters. As we will discuss later, the same problem occurs
in multi-hopping setups where the optimal choice and number
of hops strongly depends on the channels parameters.

Although this layering coding can improve on the results
of Corollary [1] still there are some problems that cannot be
completely solved. In our setting, the single source does not
observe any output and thus, it can only cooperate with DF
relays by helping them in decoding the compression indices.
As a matter of fact, by looking at the proof together with
expression (87), it is easy to check that the message index of
source at block b 4+ 1 must be unknown to the other relays
when decoding the messages of block b. As a consequence
of this, the source codewords cannot be fully exploited in
the decoding rule. On one hand, since the source does not
have any channel observation and hence cannot cooperate by
transmitting its compression index while on the other, the
source is the only node having new messages and therefore,
its fresh information must be superimposed on the last layer
of the relays. Otherwise, the relays would need to know the
message beforehand which is not possible.

We consider now another scenario. Let us assume that each
node in the network, including the destination and all relays,
decides to use the help of all nodes. In other words, we set
T £ N and Ty, & N —{k}, then the following corollary easily
follows from Theorem [T}

Corollary 2 (Fully cooperative MNNC): Assuming that all

® DF relays
® CF relays

Fig. 3. Non-cooperative Mixed Noisy Network Coding (MNNC) scheme.

nodes cooperate each other in the unicast network, then all
rates R satisfying the following inequality are achievable:

R < max max min (

< maxmax min Ry (S),

VeCSCN

(10)

. 0 RW(s
eVt SCATh) NS )

where
Rn(S) 2 (X Xs; Vs Y[ Xs:Q)
—I(Vs; YVs| X XnYseY Q) ,
RY(S) 2 I(X; Yy (Vi VXNQ)
+I(Xs; Y| VXp X5:Q)
—I(Ys; Y|V X Vs Y3Q)

(1)

(12)

with 8¢ £ N — S in expression (T1), S¢ £ N — (SU{k}) in
expression (T12) and V¢ £ N — V satisfying the constraints:

I(Xs; Vs Y|VX X5:Q)

—I(Ys; Ys|VXXnYs5:YQ) > 0,¥S C N, (13)
I(Xs; Yi|V X1 X5:Q)

—I(YVs; Vs|VX XN Y5 YiQ) > 0,

VS CN —{k},VkeVe. (14)

The set of all admissible input distributions P is again defined

by @).

C. Variations of Mixed Noisy Network Coding

For the rest of this section, we shall focus on some variations
of MNNC scheme. The cooperative strategy that yields The-
orem [I] allows all DF relays to cooperate with each other and
with CF relays via the exchanges of their compression indices.
It appears clear that, decoding of the source message at any
node becomes dependent on all other relays which in many
cases will lead to rather complex optimization problems. In
order to further simplify the coding scheme and thus to avoid
such complex dependences, DF relays can be constrained to
decode messages as stand alone terminals, i.e., without the
use of additional description indices, as it is shown in Fig.
Moreover, this simplification can also avoid decoding delay
at all DF relays, which was necessary for decoding based
on the compression indices of other relays. The next theorem
provides the achievable rate of this simplified coding scheme



that is referred to as “non-cooperative MNNC”, which was
independently derived in [27]].

Theorem 2 (Non-cooperative MNNC): Assuming that no
cooperation is allowed among the relay nodes, then all rates
R satisfying the following inequality are achievable:

- min (gnclgl_ Rr(S),

R < max max
PEP VCN ,TeY

Wi [ 0-Q)) a9
1eye
where
Ry(S) 2 (X XpeXs; Vs Y| X5 Q)
—I(Ys; V5| X X70ye Vs Y Q) (16)
with 7 CV C N, and V¢ £ N —V, and S¢ £ T — S.

For notation convenience, we use ming(-) £ 4-00. Moreover,

Y'(V) is defined by

TV) 2 {T CV|I(Xs;Ys:Y|X XseuveQ)
—I(Ys; Y| X X7upeYs:YQ) >0V SC T} .(17)

The set of all admissible input PDs P is defined as follows:

P = {PQXXNYNYNY =
PoPxx 1Py vy xxx HPXJ‘|QPYJ|X]Y]Q} - (18)
JEV

Proof: The proof of this theorem is provided in Ap-
pendix [ |
As we have previously stated in Theorem (1] all DF relay
nodes forward simultaneously the source message and their
description indices. However, we can reduce the complexity
of relaying functions by forcing partial cooperation, i.e., all
DF relays in V¢ to use only the help of CF relays in V. This
simplified scheme yields the following corollary, which is a
special case of Theorem [T}
Corollary 3 (Partially cooperative MNNC): Assuming that
only partial cooperation is allowed among the relays, then all
rates R satisfying the following inequality are achievable:

R < max max min <

in R+(S
< max max max min Ry (S),

Ter(v) SCT

. : (k)
1
REVE ToeMy (V) ST, o (8)> S

where
R7(S) 2 I(X XyeXs; Vs Y| Xs5:Q)
— I(Ys; Ys| X X701 Yse Y Q) (20)
R(T’Z)(S) 2 [(X; Y7, Ye| Xpe X7, Q) 4+ I(Xs; Yie| XpeuseQ)
— I(Vs; Ys|Xyeur, Yse YiQ) 1)

with sets 7, and 7, CV C N, and SC2 T — S, and S¢ 2
Te — S, and V¢ £ N — V. Moreover, 7'(V) and 1 (V) are
defined by

T(V) 2 {T CV|I(Xs;Vs:Y|X XseuyeQ)

— I(Ys; Ys| X X701 YseYQ) >0, VSCT), (22)
1(V) £{T C V| I(Xs; Yi|Xveus-Q)

— I(Vs; Vs| X XyeurVseYi@Q) >0, VSCT}. (23)

The set of all admissible input PDs P is defined by (@).

D. Layered Mixed Noisy Network Coding

In this section, we extend the previous results to multi-
hopping scenarios. As before, the relays are divided into two
disjoint subsets V and V°. Nodes in V¢ are purely dedicated to
use DF scheme. Whereas the main difference relies on the fact
that DF relays are organized into disjoint groups where each of
them represents one hop in the network. Each of these groups
are referred to as “layer”. Theses layeres form an ordered
T—tuple, denoted by (L; : j = [1:T]), where T' represents
the number of hops present in the scheme. We denote the set
of all such ordered partitions of an arbitrary set X’ by I1,(X),
i.e., the set IT,(X’) contains all possible hops and layers for all
relays. As it is the case for MNNC, decoding at DF relays is
delayed by one block in order to benefit from the compression
indices of other CF relays. Moreover, decoding at DF relays is
sequentially performed, such that DF relays at a higher layer,
with higher indices, start to decode sooner than the other lower
layers, i.e. with lower indices. In this case, DF relays at each
layer can enjoy the help of higher relays which have already
decoded the message. We next introduce notation needed for
the rest of this section:

Lea®2|J Ly and Log2 (] L1,

t<d t>d

where L<p = V°. For any sequence of RVs {X;} with ¢ =
{1,...,n}, we define

Vem = (Vi,Vayo o, Vin)

and similarly define z2 £ (1),
We next present an achievable rate for Layered Mixed Noisy
Network Coding (LMNNC).

Theorem 3 (Layered Mixed Noisy Network Coding): All
rates R satisfying the following inequality are achievable:

R <max max min

PeP VCN (ﬁ

max
JJET)) CIT,(Ve)

in Rr(S
(Tren?();) ser 7(5),

min min max min R%]f)(ﬁi,S) , (24)
i€[1:T) k€L; TLeY (V) SCTr 'k

where

R7(S) £ I(X Xyeus; Vs V] X5:Q)

—I(Ys; Ys| X XpeurVseYQ),  (25)
RYP(L,,8) 2 I(XVayXc.,; YilVer Xe., Q)

(X3 Yi|Var Xyeuse Q)

_](}A/Tk Ys|VarXyeur Ye@)  (26)

with §¢ £ T — S in (25) and S¢ £ T;, — S in (26). Moreover,
T,Tw € N,and V¢ = N =V, and T(V) and 73 (V) are
defined as follows:

TWV)£{TCV:Qr(8§)>0vSCT}, (@20
V)2 {TCV: QP S)>0vsCT), (28



where Q7 (S) and Qﬁﬁ)(é’) are used to denote:
Q7(S) £ I(Xs; Vs Y|Var X Xye X5:Q)
—I(YS; Y3|V§TXXVcXTYScYQ) 5
QY(S) 2 I(Xs; Yi|Ver Xve Xs:Q)
—I(Ys; YS|V§TXXVc:X77€YScYkQ) . (30)

(29)

The set of all admissible input distributions P is defined by

T
A
P = {PQV1...VTXXNYNYVY =FPq H PVt\V‘*lQPXtIVtQ
t=1

Pyvyixxne [ ] PXAQPy,»\xjyj} : G

JEV

Proof: The proof of this theorem is provided in Ap-
pendix [C] [ |
We first remark that, by comparing the decoding con-
dition (26) with (1)), the contribution of having different
layers brings the term (V%, Xz, ) in the mutual information,
which corresponds to the help of higher layers from DF
relays, i.e., the t¢-th layers shared at the source. In other
words, the source superimposes the fresh information over the
layers (V4,...,Vr). Moreover, the rate region presented in
Theorem [3] performs at least as good as partially cooperative
MNNC while by exploiting the help of CF relays it improves
upon the existent results in [27, Theorem 2]. Furthermore, this
multi-hopping scheme achieves the capacity of some networks,
e.g., line networks where relays can be ordered in a way that
the observation of lower layer nodes is a physically degraded
version of that of higher nodes.

In networks with random parameters, e.g., wireless net-
works, it is hard to assume a fixed hierarchy between relays
for all channel draws and thus the degradedness assumption
does not usually hold. Even the optimal number of hops
T depends on the specific channels realizations. Hence the
source cannot adaptively change the number of hops 7T and
set a priori coding based on a hierarchy. Nevertheless, this
problem can be partially addressed through the adaptive use of
(Vi,...,Vr) where after the source transmission, DF relays
can choose a set of layers by looking at their channels and
superimpose the information over the corresponding layers,
generating a conditional codebook. But the number of hops
must be selected in advance.

III. CAPACITY OF COOPERATIVE UNICAST AWGN
NETWORKS WITHIN A CONSTANT GAP

In this section, we study the characterization of the capacity
of cooperative unicast additive Gaussian noise (AWGN) net-
works within a constant gap with respect to the cut-set bound.
In particular, we show that MNNC under certain conditions
—provided that DF relays are chosen properly— can achieve a
tighter “constant gap” than the standard NNC.

A. Single-Relay AWGN Channel

We first review the constant gap of DF rate for the single
AWGN relay channel while CF constant gap follows along

the same lines as shown in [16]. Consider the AWGN relay
channel defined by the channel outputs:

Y =g X +gX1+Y,
Y1291X+rV27

(32)
(33)

where the inputs are constrained to satisfy the average power
E[X?] < P, E[X?] < P, and the Gaussian noises 4 and
15 are zero-mean of equal variance N; the channel gains
(91,92,93) are assumed to take arbitrary real values. Lower
bounds on the capacity of this channel are well-known from
literature [2]]. The lower bound given by DF rate can be written
as follows

2
Rpr £ max min {C (glﬁp) ,

B€[0,1] N
2 2 32,2
g3P + g5P + 24/ Bg595 P
3 2 293 7 (34)
N
and the cut-set bound (CB) reads as
28P 28P
Ccp £ max min {C <glﬁ +95 ) ,
BE0,1] N
G2P + g2P + 2,/ Bg2g3P 35)

N )

where 3 denotes the correlation coefficient. Observe that the
second term in (34) appears unchnaged in (33)), and let us
assume that 8* is the value maximizing the CB in (33) that
is also chosen to evaluate the achievable rate in (34). Hence,
only the difference between the first two terms affects the gap
that is bounded as follows:

A(Ccs, Rpr) £ Ccp — Rpr
<c <g%B*P +g§ﬂ*P> _e <g%ﬂ*P>
N N
1 (N—l—ﬁ*g%P—hB*ggP)

=21
908 N + p*g?P

2 2

g5 BP g
=C\ e gp gc(;’).

91 + 8P 91

93

(36)

From our previous analysis we remark that —unlike the conven-
tional NNC- the gap for DF rate cannot be made independent
of the channel gains. For instance, if the channel gain source-
to-relay is enough strong with respect to that of source-to-
destination, the capacity gap can be made arbitrarily small.
Furthermore, we may expect that in general, as will be the
case later, the performances of DF based schemes are heavily
related to channel conditions and therefore cannot be evaluated
independently. Also, it can be seen that when the quality
of source-to-destination channel is better than the quality of
source-to-relay channel, i.e., g3 > g1, then direct transmission
and thus CF scheme perform better than DF scheme.

B. Cooperative Unicast AWGN Networks

Consider a cooperative unicast AWGN network composed
of N relay nodes, a single source and single destination node,



which yields in total to N 42 nodes. The relays are indexed as
before with index belonging to the set N £ {1,..., N} but
for simplicity, we will also associate the source with index
0 and the destination with index N + 1, i.e., Xj £ X and
Y41 2 Y. Thus, there is a bijection from the set of nodes to
the set {0,1,..., N, N + 1}. The transmitters’ set is denoted
by M £ {0,1,..., N} and the receivers’ set is denoted by
D £ {1,...,N,N + 1}. The channel gain from node i to
node j is denoted by {g;;}, and ¥; denotes the noise at node
7, which is assumed to follow a Gaussian distribution of zero-
mean and unit variance. The channel outputs at the different
nodes are given by

YD = G(Da T)X./\/l + {VD ’

Yv = Yy+ Yy,
where Yp = [ViYs..YyY|T, Yy = [V1Ya...Yy]T,
XM = [X() X1 . ..XN]T and ‘VD = ['Vl (V2 . rV]\url]T and

G(D,T) denotes the channel matrix with the corresponding
channel gains, where we use the definition g;; £ 0 for all
i € D; and V), denotes the compression noise vector that
is chosen to follow the same statistic as the channel noise,
e., Gaussian distribution of zero-mean and unit variance.
All through this section, the notation G(S1,S2) is used to
indicate the set of channel gains {g;;|i € Si,j € S}
We simply use G when the respective sub-matrices can be
understood implicitly. All channel inputs are constrained to
satisfy average power E[X?] < P, for all i € M. The
covariance matrix of any subset Xs of channel inputs is
denoted by Sigma(S) = [Pp;;] for all 4,5 € S with
corresponding correlation coefficients p;; between the input
components (X;, X;). Similarly, we have X(S1, Sz) = [P p;j]
for all i € §; and j € Ss. Also I denotes the identity matrix.

We first recall the capacity within a constant gap which has
been derived in [[16] based on NNC scheme.

Proposition 1 (Constant Gap of NNC [16]): A constant
gap between NNC rate and cut-set bound for the AWGN
network with N relays is given by

A*(CCB, RNNC) e 0.63(N + 2) . 37

We proceed to evaluate the achievable rate given in Theorem [I]
from which we shall derive a novel constant gap to the
capacity. Let us assume that 7 = N, which implies that
the destination decodes the compression indices of all relays.
Channel inputs are chosen to be Gaussian random variables
of zero-mean and unit variance satisfying the corresponding
average power constraints. The set V¢ denotes the index set
of all relays using DF scheme and V' those using CF scheme.
Based on these setups, we need to evaluate:

min
c

min R (S),

A .
RyvNne = sup min (
PeP v

min  max min R )(8)) (38)
keVve TeTr(N) SCTh

where
Rur(8)21(X Xs; VseY|Xse)
—I(Ys; Ys| X XnYseY),
RY(8)21(X: V7 YilV X, X7,.Q)
(X3 YilV X Xse) = 1(Vs; Ys|V X X7, Ve Vi) - (40)

(39)

In order to evaluate expression (38) and thus compute the gap
from capacity based on MNNC, we first need to evaluate the
cut-set bound in an more convenient manner.

Lemma 1 (Cut-set bound): The capacity of the unicast co-
operative AWGN network is upper bounded by equation (@T)),
for an arbitrary set of nodes V C N, where the maximum
is taken over all covariance matrices X(-) satisfying the
corresponding inputs constraints. Indeed, the set V¢ 2 N —V
can be seen as the set of relays already having or decoding
the source message.

Proof: Let A and B be two positive semidefinite matrices
such that:
:| t O )

A= |: All
(42)

Aoy
then 2B > A . It is enough to check that the matrix A A&
A A
—As1 Ag
= 2B. On the other hand, the cut-set bound is as follows:

Aqg
Aso

A11 0

]EO and B—{ 0 Ay

is positive semidefinite and hence A(~) +

N . V.
Cep = max it I(XXs;YseY|Xse). (43)

For convenience, we define the sets S°* £ S¢ U {N + 1},
Ver £ ¢ {0} and Scr £ SN V. The following inequalities

hold true:
[(XXs: YooY |Xse)
< W(YseY) — h(Ys Y |X X ) (44)
1 o 2(ver) 2V, Scr) T
— ZloglT
2 Og (S ) + G |: E(ScF,VC*) E(SCF) G
1 o ye) 0 T
< =
<3 log [2I(8*) + 2G { 0 S(Ser) } G (45)
1 ok E(Vc*) 0 T
< 5 log 120(S™) +2G { 0 Tr(Scr)I(Scr) } “
(46)
g%log ‘21(80*)+
SV 0 -
2max(1, ‘SCFDG I: 0 PI(SCF) :| G (47)
L ok 2(Vve) 0 T
< glog[HS™) + G{ 0 PI(SCFJG
S¢
D o (dmae(1, ) (48)

where @3) follows from the identity and follows
by noting that Tr(Scr)I(Scr) = X(Scr). For |Scg| # 0,
and (@8) follow from Tr(Scg) = P|Sce| and basic matrix
operations. For |Scg| = 0, one can bound (6) directly by
% log(4). By rewriting expression (@8], it is not difficult
to check that (@8] implies (@I) which concludes the proof. H



Proposition 2 (Constant Gap of MNNC): Provided source-
to-relays channels allow decoding at all relay nodes in V¢ £
N =V for some set V C N, capacity can be stated within a
constant gap from MNNC rate satisfying

A(Ccp, Runne) £ max 18]
’ VeCSCN | 2

1+ min{|S|, |S¢|}

+ 2

log (4max(1, V| —|S))| . (49)
Furthermore, if all source-to-relay channels are good
enough to select DF then the constant gap verifies:

A(Ccr, Rvnne) < 0.5N + 0.7 < A(Cep, Rnne) s (50)

which leads to a strictly tighter gap than that of NNC
scheme [16].

It should be emphasized that the gains in terms of “constant
gap” provided by MNNC with respect to NNC scheme are
obtained by taking 7 as empty sets. However, the original rate
R%’-:) in Theorem |l| can be maximized over all general (non
necessarily empty) sets 7 which may improve the final rate.
Although we have assumed that the gap incurred by restricting
this maximization is not significant (at least in terms of the
notion of constant gap), the main outcome of our analysis is
that the constant gap can be improved, provided the relays
using DF scheme are adequately chosen.

Proof: Consider the first term of MNNC rate given by
expression (38). This can be lower bounded, for any set S C
N, as follows:

Rar(S) = I(XXs; Vs Y| Xse) — I(Vs; Y| X X7 Vs Y)
> (X Xs;VseY|Xse) — I(Vs; Y| X Xpr)

1S

5 -

By convenience, we select the sets S £ S¢U {N + 1},

Vver £ 3¢ {0} and Scgp = SN V. Since all channel inputs

among the nodes in V¢ are not necessarily independent, we
have that

= I(XXs;VseY|Xge) — (51)

I(XXs;VseY|Xse) > [(XXs; Vs V| Xse)
= h(Vs:V|Xge) — h(Vs Y[ X X )

B 1 . 1 E(Vc*) 0 T
=3 log ’I(S )+ 2G [ 0 PI(Scr) } ¢

where the covariance matrix X'()°*) is the one that maximizes
the cut-set bound in (4I). Hence, the maximum rate Rar(S)
is lower bounded by

9

Finally, from the gap between MNNC rate and the
cut-set bound (@T) is bounded by

IS]

max

VeCSCN | 2

1 + min{|S¢|, |S
L minflS 151

The remanning part of the MNNC rate, which is related
to all relays using DF scheme, can be bounded as follows.
We remark that the channel output Y is absent in the rate
expression while it is present in the cut-set bound. Hence,
any bound on the gap between the achievable rate and the
cut-set bound —no matter how tight it is— will depend on the
channel gains between the output Y and all inputs. For sake
of simplicity, we shall assume that each DF relay is decoding
the source message without looking at the compression indices
of others relays, which yields 7; = 0. Then, the rate R%)
is simply reduced to R]()ICF) = I(X;Y%|VX) and it can be
bounded using the same steps as before. The outputs Y can
be re-written as

Y = go X + G({k’},N)XN + YV

= gor X + ZgikXi + Z 9itXi + Vi,
eV ieve

Ak

log (4max(1,|SNV)|))| .(53)

where the relays in the set )V use CF scheme. In order to
evaluate the conditional entropy h(Y3|V X)), we can use the
standard linear decomposition X; = XZ- + «;V, based on
independent descriptions X; and V that satisfy the power
constraints. It is easy to check that

1
h(YelV Xi)=7 log(2me) g5 (1 — p}1) P

)

+Zgi2kp+ Zgz‘Qk(l—P?k)P‘f'l

iev ieve
and similarly
h(Yi| VX Xy) =
1
Joeeme) | S+ 3 - o
iev ieve

From which the mutual information is obtained as

I(X; Y|VXy) =

Liog [ 14 9or(1 = p3p) P
2 > gzzkp—’_ > gizk(]- - P?k)P+1
i€V IS %

c* B 1 i he th - :
Ry(8) > 5 log|I(8™) + 3G { "0 P } gr| Py cvaluating fhe the cutct bound, we e
|8| CF I(XXN_{k}7YkY|Xk) ==
181 1
=3 (52) 5 log [1({2}) + GEZ(M — {k})GT] , (55)
T [y 0 g
Cep = Iggu){ pmn log |I(S°U{N +1}) + 2G [ 0 PI(SNV) ¢
1 i ¢

N + min{|S |’|S|}1og(4 max(1,[SNV)) | 41)

2



where
G=G{k,N+1},M—-{k}) =

g1k
91(N+1)

ok
Jo(N+1)

INEk

56
IN(N+1) (56)

the gap between the achievable rate in this case and the
cut-set bound can be bounded by (54). As it was expected,
this gap does depend on channel gains. From expressions (53)
and (54), the final gap reads:

A(Ccp, Rvnne) £ max (A, Ag) . (57

Nevertheless, assuming that all relays using DF scheme are
chosen appropriately, the first term A; of the gap in (7)),
which is independent of the channel gains is expected to be
dominant. For instance, the question that arises here is what is
the most appropriate condition to select the set of DF relays.
A simple way to deal with this issue is to pick all relay nodes
whose channel gains {gox} are enough large compared to
those of the other nodes. This selection rule only requires the
optimization of the first term in which yields the desired
gap in (@9). [ |

Therefore, it is of interest to understand how the gap
of MNNC is compared with that of NNC [16]. As it was
previously discussed, there is no definitive answer for general
cases. However, if a considerable amount of relays are well
positioned to perform DF scheme, then the constant gap can
be strictly improved. Notice the interest behind is to
emphasize that MNNC can improve the gap to the capacity.
The improvement of this gap is two fold. Firstly, the gap de-
creases logarithmically as the number of DF relays increases.
Moreover, the expression of constant gap is optimized over
all sets S such that V¢ C S C AN. This leads to a reduced
optimization space which eventually can lead to a better gap.
Secondly, all this is conditioned by whether the DF relays
affect the gap or not. For instance, if all relays are good enough
then the encoder chooses V¢ = A and thus the optimization
set is reduced to a single element A/, and the constant gap
becomes 0.5N + 0.7 which is strictly better than (37). More
precisely, the gap can be bounded by 0.5N + C(k), where the
value of C(k) is independent of N and k is the number of CF
relays provided that NV — k relays perform DF scheme without
degrading the rate. Once again, it should be emphasized that
the constant gap results are dependent on the assumption of
good source-to-relay channel gains.

IV. COOPERATIVE UNICASTING IN WIRELESS NETWORKS

In this section, we consider a direct application of MNNC
to the problem of cooperative unicasting in wireless networks
where a single source wishes to communicate with a des-
tination in presence of multiple relay nodes. A composite

~
\\
/

Fig. 4. Composite Relay Channel.

Gd\ y

unicast network is assumed where the channel parameters are
randomly drawn and this draw is assumed to be unknown at the
source, fully known at the destination and only partly known
at the relay nodes. We exploit MNNC scheme to introduce
a novel transmission scheme that enables the relays to select
—based on their channel measurements— the best cooperative
strategy. Bounds on the asymptotic average error probability
of this class of networks are derived.

A. Composite Relay Channels

Consider the composite relay channel described in Fig. 4]
where the probability distribution characterizing the channel
is indexed with parameters 6. This channel can be defined as
a set of memoryless probability distributions:

W@ = {PYWY{L‘X‘H,X{L;G(Q7QI|£7£1;0) ‘@ S Xn,
oo

geX{l,yley?,gey",eee}

n=1

This family of channels corresponds to the definition of the
compound relay channel for which the channel is chosen in an
arbitrary manner but remains fixed during the communication.
Whereas, the composite relay channel introduces a probability
measure Pg on © to handle the channel selection and thus an
index 6 is present with probability Pg(6) but also remains fix
during the communication. The index 6 represents vectors of
parameters 0 = (04,60,) with (04,6,) € ©, where 6, € O,
denotes all parameters affecting the relay output and 6, € 64
are the remaining parameters involved in the communication.
More precisely, the marginal distributions read as:

Pyrixnxp0= Pypixnxpie,
Pynlan{L;e: PY%‘X”X{L;ed .

The specific draw 6 = (64, 0,.) is assumed to be unknown at
the source and fully known at the destination while the relay
only knows 6,.. The notion of capacity-versus-outage shall be
used to characterize the performance of this channel]

Notice that non-zero rate cannot always be guaranteed for the compound
model which means that the weak capacity of many compound models would
be zero.

[7(2) + GEM = (NGT| | Z P+ 3 gik(1 = ph)P +1

A2 max - 1
o g o8

90 (1 = P31 ) P + Z;gizk-PJr
1€

54
Z‘; 95 (1= p5) P +1 oY
eVe



Definition 2 (code and achievability): A code-C(n, M,
€n,0) for the composite relay channel with (We,Pg) defined
as before consists of:

o An encoder mapping {p : M, — X"},

o A decoder mapping {¢: V" X O — M, },

o A set of relay functions {f; : Vil x 6, — Xl}?:p
for some set of uniformly distributed messages W € M,, =
{1,...,M,}. For each 8, the average error probability is
defined as:

eno = Pr{o(Y",0) #W|6} .

An error probability 0 < e < 1 is said to be r-achievable, or
the rate r is said to be e-achievable, if there exists a code-
C(n, M,,r) with rate satisfying

1
liminf —log M,, > r
n

n—oo

and average error probability

limsup Eg [Pr {QS(Y”,G) #+ W|9H <e.

The infimum of all r-achievable error probabilities €(r) is
defined as

é(r) £inf {0 < e <1 : eis r-achievable} .

Remark 3: It is important to remark that the reliability
function of the composite relay channel may be defined in
different ways. If the expectation of the error probability
is chosen as the reliability function @I) then the definition
remains the same as that of averaged channels in [35], [36].
The notion of e-achievability stays the same as the previous
definition where the supremum of all e-achievable rates is
refereed to as e-capacity of the averaged channel

C. £ sup{r >0 : r is e-achievable} .

Indeed, composite channels provide more general models
since the reliability function unlike averaged channels is not
uniquely determined.

We aim at characterizing the smallest possible average error
probability (Z) as a function of the coding rate r. In wireless
scenarios, the notion of outage probability is extensively used
to characterize the average error probability. To properly define
this notion, let us assume that the decoder is equipped with
an outage identification function [28]]:

I1:0—{0,1}

such that () equal to one indicates that the decoder is able
to recover the message, i.e.,

nl;n;oPr{¢(Y ) £W|6} =0,
otherwise if I(0) is zero, the decoder does not decode the

message and declares an outage event. The outage probability
is then defined by

Pou = Pr{I(0) =0} .

Hence, for any code with outage probability P, we know that
if I(0) is equal to one the error probability tends to zero as

n goes to infinity and thus can be upper bounded by the
outage probability, i.e.,

limsup Eq [Pr{¢(Y™,0) # W|0}] < Pou -
n—oo

On the other hand, for 7(#) = 0 the error probability can be
only bounded away from zero. Let us now assume that the
decoder is provided with the full error genie aided function:

J:0—{0,1},

where J(6) equal to zero indicates that the error probability
tends to one, i.e.,

limsupPr{(b(Y”,G) * W‘@} =1,
n—roo

and the value one is assigned to indicate that the error
probability tends not to one, but neither necessarily to zero.
Thus, we have that the average error probability is bounded
away from the probability that J(6) equals zero, yielding the
lower bound:

lim inf Ee [Pr{¢(Y™,0) #W|8}] > Pr{J(6) =0} .

In a recent work [31]], it has been shown that any rate
bigger than the cut-set bound will produce an error probability
tending to one. This implies that all relay channels for which
the cut-set bound is tight satisfy the strong converse property.
Furthermore, it also implies that the next genie aided function
is a full error identification function:

J(0) 2 1[r > Ccs(0)],
where Ccg(0) is the cut-set bound indexed by 6,
CCB(Q) £ r(nax) min {Ig(X, YY1 |X1), Ig(XXl; Y)} .

p(T,T1
By using the previous inequalities, the average error probabil-
ity €(r) can be bounded as follows

Po{r > Ce(0)} < &(r) < Pou(r)

and P,y (r) is the outage probability of a given coding strategy
(e.g. DF and CF schemes). The use of DF scheme yields an
outage probability given by

PR(r) £ min Pe[r > min{lp, (X;Y1|X1),
p(z,21)

out

Io(XX1;Y)}] (58)

where Ig denotes the mutual information for a given 0. Notice
that since the source is unaware of 6 = (6,.,0,), and p(z,x1)
must be known at both source and relay end, then p(z1) cannot
be independently optimized on 6, to minimize the outage
probability.

Consider now the case of CF, for which the source does
not need to know p(z1), so the relay can choose p(z1) to
minimize the outage probability conditioned on each value 6.,..
This requires two steps of optimization, the outage probability
of CF scheme [16]] reads as:

CF(,\ & . .
Fou () Prgflﬂl,rql) Bo. P(fllq)PI(r?lill?r17y1,q)
Pojo, [r > min{le(X; V1Y |X1Q), [o(X X1;Y|Q)—

(Vi Vi XX, Y Q)}e,]| . (59)
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(a) Selective Coding Strategy (SCS).

Fig. 5. Selective Coding Strategy (SCS) and Two-relay network.

Moreover, from and (59) the selection of the best strategy
minimizing the outage probability provides the tightest bound
on the error probability,

Pou(r) £ min { Pot (r), PSk (1)}

out out

(60)

The central question that arises here is whether the achiev-
able error probability (60) can be improved by some kind
of smart coding strategy in which the relay selects instan-
taneously the best strategy between DF or CF, according to
its channel measurement 6,.. To this purpose, the source code
should be capable of being used simultaneously with DF and
CF schemes, as shown in Fig. @ Nevertheless, the source is
not aware of the channel measurement at the relay and hence
it is not able to know which strategy is going to be selected
at the relay. This is an example of simultaneous relay channel
with two possible situation, DF relay and CF relay. As it is
discussed previously in [37]], this problem can be studied using
an equivalent model. The source must consider the two-relay
network where one relay node employs DF scheme while the
other one uses CF scheme, as shown in Fig. [5(b)] Now the
source code should be designed to account for both relays.
Also in the equivalent model, the relays cannot collaborate
since only one of them is present at once. This model sheds
light on the proper code design for composite setting due
to the simultaneous presence of relays with heterogeneous
cooperative strategy.

The next corollary is a special case of Theorem [2] for a two-
relay network where the DF relay decodes directly the source
message without the help of the other relay.

Corollary 4 (Two-relay network): A lower bound on the
capacity of the two-relay network is given by all rates sat-
isfying

R < maxmin {I(X;YleQ) , max {I(XXl; Y|@Q),
min [I(XXl;?2Y|X2Q)7I(XX1X2; Y|Q)
—I(Yy; VoY X X1 X5Q)] }} 61)
and the set of all admissible input PDs P is defined as
P é{PQXQXlXYYlYQYQ = PQPleQPXXllQ

XPyy,vs X X1 Xo P{@p@yz@} . (62)
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(b) Two-relay network.

The maximum in (6I) determines whether the second relay
that uses CF scheme is increasing the rate or would be better
to treat its transmission as interference. It is not difficult to
check that the second relay increases the rate provided the
following condition is satisfied:

I( X Y[XX1Q) > I(Yo; Vo[V X X1 X2Q) . (63)
The last two terms in (61]) represent the condition of successful
decoding at the destination while the first term is the condition
of successful decoding of X at the first relay. By comparing
the last two terms with the standard expression of CF rate,
it is easy to see that these present similar behavior with the
minor difference that the relay codeword has been replaced
with (X, X7). It is also worth mentioning that by treating the
CF relay as noisy, e.g., whenever its link is too noisy, or by
using NNC which improves the constraint (63), Corollary @]
improves over the results in [5].

Based on Corollary 4| we can state an achievable result for
the composite relay channel that is a direct consequence of
Corollary 4] and some additional subtleties which are addressed
in Appendix First, we emphasize on the fact that the
coding strategy used in Corollary {4 is also well adapted to
the composite relay channel. Basically, the relay may dispose
of two set of codebooks, namely X; and X5, and it sends
either X319, = X; (corresponding to DF scheme) when
condition 6, € Dpp holds or X1p, = X2 (corresponding to
CF scheme) elsewhere. Therefore, since the error probability
is made arbitrary small simultaneously for both relays, the
source does not need to know the specific relay function
implemented. With this coding, the relay can select the coding
strategy according to its instantaneous channel measurement
0,-. Secondly, we remark that for the CF relay there may be
the additional condition for decoding. The destination is
assumed to know 6 and consequently is aware if condition
(63)) does hold or not. In the case where it fails, destination
will treat the relay input as interference —without perform its
decoding— and then the condition for unsuccessful decoding
simple becomes 1{r > Io(X;Y)}. We refer to this coding
scheme as to “selective coding strategy” (SCS). In the next
section, we show that it can further improve the asymptotic
error probability.



Proposition 3 (SCS with partial CSI at relay): The
average error probability of the composite relay channel
with partial CSI 6, at the relay can be upper bounded by

€(r) < min _ inf
p(z,x1,9) PorCOr

Pojo, [r > Icr(8) , 8, ¢ Por[,] } .
(64)

Ee,‘{Pme,‘ [r > Ipg(0), 0, € Do|6;]

+ min
p(z2]q)p(92|72,y1,9)

where (X1, X5) denote the relay inputs corresponding to each
strategy selected as follows

X . X, if 8, € Dpg
W= Xy  if6, ¢ Dpp

and the quantities Ipg, Icr are defined by

Ipp(0) £ min {Ie, (X; Y1 X1Q), Io(XX1;:Y[Q)} ,
Icr(0) £ max { min [Io(X; Y2Y|X2Q), Io(X X2;Y)
—Io, (Y13 Yo| Y X X2Q)], To (X:Y)} .

Consider an index draw 6, such that 1{r > Iy (X;Y1|X1)}
=1, i.e., the relay is not able to decode the message. Then,
DF scheme would lead to an outage event while CF scheme
does not necessarily yield to such event and so the best guess
of the relay would be to use CF scheme. The question that
arises here is what the proper guess would be if the relay
can decode the message. As a matter of fact, if the relay
decodes and uses DF scheme, an outage event may still
occur if 1{r > Ig(XX;;Y)} = 1. However, since X5 is
independent of X while X is in general dependent on X1, for
Gaussian inputs, we have that Io(X X1;Y) > To(XXo;Y).
This implies that if an outage event occurs with DF scheme
while the relay has the message then the event will happen
anyway with CF scheme. Note that the preceding inequality is
not true in general, e.g., consider the case of binary RVs where
correlation does not necessarily increase mutual information.

Remark 4 (Optimizing the decision region): The optimal
decision region when the inputs (64) are jointly Gaussian is
given by the set

Die £ {0, € 0, | Io, (X; 11| X1Q) > 7} . (65)

Although the knowledge of 6, at the relay is enough to select
the adequate coding strategy, full CSI (,., 0) further improves
the description that the relay sends to the destination and yields
the following extension of Proposition [3]

Proposition 4 (SCS with full CSI at relay): The  average
error probability of the composite relay channel with full CSI
6 = (6,,6;) at the relay can be upper bounded by

ér) < i inf {P > Ipp(0), 0, € D
) _p(gl;?,(n DDll:rlger{ 0 [T or(6) DF]
+Po [7‘ > ICF(S) , 0, ¢ DDF]} s

where (X1, X5) denote the relay inputs corresponding to each
strategy selected as follows

(66)

if 0,. € Dpg

_ )X
X1p, = { X if 6, ¢ Dpp (67)

(X5, Y;) (X, Yy)
® DF rel ays \\«.\\\‘\\\Q\:\:\\\\\\ \\j::f?%%\.\

® CF relays

Fig. 6. Composite Cooperative Unicast Network.

and the quantities Ipg, Icp are defined by

Ipp(6) £ min {Ie, (X; Y1 X1Q), Io(XX1;Y[Q)} ,(68)
Icp(0) min {7 (X; Y2V |X2Q) ,

[I>

max
p(z2|q)p(J2|22,y1,9)

Io(XX2;Y|Q)—Io, (Yi;: Ya[Y X X2Q) } . (69)

The proof follows along the same lines than that of Propo-
sition [3] It is worth mentioning that since full CSI is here
available at the relay, the relay input can be optimized over
6 = (6,,04) and then Icp can never be less than the capacity
of the source-to-destination channel. Similarly, the optimal
decision region assuming Gaussian inputs reads as (63).

B. Composite Cooperative Unicast Networks

Consider the composite cooperative unicast network as
described in Fig. [6] where the probability distribution charac-
terizing the network is indexed with parameters § € ©. This
network can be defined as a set of memoryless probability
distributions in (70). This family of networks corresponds to
the definition of the compound cooperative unicast network
for which the channels are chosen in an arbitrary manner but
remain fix during the communication. Similar to the case of the
composite relay channel, we introduce a probability measure
Py over O, then each index 6 is present with probability
Pg. The vectors of parameters is 0 = (04,0,) € © with 0,
denoting all parameters that affect the relays’ outputs, and 6,
are the remaining parameters involved in the communication,
as shown in Fig. [f] More precisely, the marginal PDs read as:

Pyr vpixnxp..xpe = Pypoypixnxp. Xp0,

Pynixnxp. xp0 = Pynixnxp. X704 -

The specific draw of § = (0,4, 0,.) is assumed to be unknown at
the source and fully known at the destination while the relays
only know 6,.. Again the notion of capacity-versus-outage shall
be used to characterize the performance of this network.

Definition 3 (code and achievability): A code-C(n, My, )
for the composite cooperative unicast network with (Weg, Po)
consists of:

o An encoder mapping {¢ : M,, — X"},

e A decoder mapping {¢: V" X O — M, },

e A set of relay functions {fi(k) : y}jl X O, — Xk}
for ke N.

n

1=



An error probability 0 < e < 1 is said to be r-achievable, or
the rate r is said to be e-achievable, if there exists a code-
C(n, My, r) with rate satisfying

1
liminf —log M,, > r

n—oo M

and average error probability

limsup Eq [Pr{(Yg',0) # W|[0}] <e.

The infimum of all r-achievable error probabilities €(r) is
defined as

é(r) 2inf {0 < e <1 : € is r-achievable} .

It should be worth mentioning here that the definition e-
achievability based on (3) becomes equivalent to that of
averaged channels [35], [36], where

C. 2 sup{0 <r : ris e-achievable} .

Assume that the destination is equipped with outage and full
error identification functions I and J, given by expressions
and ([V-A), respectively. The average error of a given
code can be bounded by following the same arguments as
before and thus,

Pr{J(0) =0} < liTrLILsolcl)p Eo [Pr{¢(Y™,0) # W|0}]
< Pr{I(6) =0}.

Because the preceding lower bound is valid for arbitrary codes,
it provides a converse bound on &(r).

Remark 5: The outage and full error identification functions
I and J can be equally used to bound the e-capacity of
averaged networks with parameter 6. Consider a code with
maximal achievable rate r and outage probability given by
Pr{I(8) = 0}. Since the outage probability provides an upper
bound on the expected error of the code, the rate r is e-
achievable for all 0 < € < 1 exceeding the outage probability.
Hence, all codes with outage probability less than e are e-
achievable, i.e.,

C. > sup {r >0 : Jacode-C(n, M,,r)
1
with Pr{I(8) = 0} < e and liminf — log M,, > r} (71
n—oo n

Let us assume any code with rate r and full error identification
function J such that Pr{J(0) = 0} > ¢, then we know that
the code is not e-achievable. This condition does not imply
any specific connection between the rate r and the e-capacity
because there may exist another code with rate r which is e-
achievable. To remove this possibility, we can consider only
those rates with Pr{J(8) = 0} > e such that that there
is no code with this rate which is e-achievable. The set of
these rates is non-empty in general because there is certain

rate limit over which every code with that rate will have the
error probability asymptotically tending to one. For instance,
every rate beyond the capacity of discrete memoryless satisfies
such condition and hence it is not e-achievable for all € < 1.
Formally, if the rate r is such that for all code-C(n, M, )
with lim inf % log M,, > r the error probability satisfies

n—o0
Pr{J(8) = 0} > ¢, then r provides an upper bound on the
e-capacity of the composite cooperative unicast network, i.e.,

C. < inf {r >0 : V¥ code-C(n, M,,r)
1
if liminf - log M, > r then Pr{J(0) =0} > e} .(72)
n—oo n

For all codes with rate at least r, an identification function is
given by [38]
J(0) = 1[r > Ccp(0)] ,

where Ccp(6) denotes the cut-set bound of the cooperative
unicast network with index . The e-capacity of the averaged
composite cooperative unicast network is bounded by

C.<inf{r>0: Pr{r>Ccp(0)} > €} . (73)

In the rest of this section, we upper bound the average error
probability based on the outage probability of the “Selective
Coding Strategy” (SCS). Indeed, we first derive an upper
bound using Theorem [1] Let us select a set of nodes ¥V C N
and a probability distribution Pgy x that is independent of the
specific draw 6, which is not available at the source. Besides
relays can adapt {Px,|qv} to the parameters involved in 0,
for which the identification function reads as:

1(9) é 1[7" S IMNNC(V7 6)] s
where Iynne(V, 0) is defined by

max min  Ry(S,0),

I, V,0) £ mi
wwe(V, 8) = min <TGT(N) VeCSCT

. . (k)
155, 48 R15.00) 09
with V¢ £ T —V and
R7(S,0) 2 Io(X Xs; Vs Y[ X5:Q)
—1o(Ys; Ys| X X7Y5:YQ)
R$)(8,0,) £ Io, (X; V7 Yi|V X X7,Q)
—|—Igr(X3;Yk|VXkXSCQ)
—IeT(YS;Y3|VX}€X7chScYkQ) .

The sets (N and 7% (N) are given by
YN)2{TCN:VSCT,Qr(S,0) >0},
TiWN)E{TCN—{k}: VSCT,

QP(s,0,) >0},

A . n n n
W@:{PY"YI”..‘YK}LX"XT...X}\L];G(gvgp' . agN‘iaila s 7£N50) ‘& eX » L1 € Xl yeo s TN € XNa

yeyn’yleyirg,,.,yNeyx,ee@} (70)

n=1



where Q7(S,0) and Q(Tk) (8,0
Q7(S,0) £ Io(Xs; Vs Y|VX Xs5:Q)
7IB(YS;YS|VXXTYSCYQ) 5

Q¥(8,0,) £ I, (Xs; iV X3 X5:Q)

1o, (Ys; Ys|VX X3, X7Y5:Y2Q) -

») are defined as:

The following upper bound on the expected error probability
of the composite cooperative unicast network with partial CSI
0, at the relays holds:

)< (gli)nq) Vncljf\f Eo. { ?;ieng Pojo, [IMNNC(V’ 9)|97'}(}7;)

where the set of all admissible PDs Q is given by

)= ] pilo)p@ilzyi0) [] plailva)p(;vesy;q) -
JEV jeve

We can also further exploit the SCS presented in the
previous subsection. Again the general idea is that, based on
the channel parameters 6,., each relay is allowed to use either
CF or DF scheme. In this setting, the relays must have two
set of codebooks: one set is intended to the case in which
the relay uses CF scheme and the other set is for the case of
DF scheme. Without loss of generality, we assume that 6,. is
known to all relay terminals. Each relay has a decision region,
say Dg;). So that relay k can decide for 6, € D]()];) to use DF
scheme and otherwise it would use CF scheme. Let V C N
and define Dy, as follows:

k k)€
VA<n D]()F)>ﬂ<ﬂDI(DF)> .
keve keV

By consequence, if 6, € Dy, then 6, ¢ Dg;) for all k €V,
and 0, € D]()’;) for all £k € V°. Relay k, for k € V, uses CF
scheme while relay &/, for ¥’ € V¢, employes DF scheme.
The ensemble of decision regions of the relays given by the
regions Dy, which are mutually disjoint, form a partition of
the space of parameters ©,. Notice that for some V, the set
Dy may be empty. Indeed, a decision region {Dy, : V C N'}
is a set of individual decision region Dy, satisfying:

U ov=e
VN
for V # V' with Dy NDyr = 0.

The indexed partitions over ©, which are at most 2V
subsetsﬂ are refereed to as the decision region. In other words,
the very same partitioning 7(©,) over ©, can be indexed
differently with subsets of N and so it can lead to different
sets of decision regions. We denote by IT (6,., N) the set of
all possible indexed partitions on ©,.. Hence, if 6, € Dy, we
have a cooperative unicast network where the relays in V use
CF scheme while the others relays use DF scheme, as shown

in Fig. [7| Each relay has two codebooks based on :1:863 and

Ek)) The first codebook with codewords x(k) (DF scheme) is

transmitted when 6, € DI()F), so relay k decodes the source

message and transmits it to the destination with the index

%It is due to the fact that each partition subset is indexed by V.

(1) (2
(XkZ X )(grepl’;iF)
1 2
(X](ﬁl)axgﬁ))(ergph ) e‘\
® DF relays
® CF relays

(1) (2)
xW x(2)
(X, - Xx, )(arepl’?p)

Fig. 7. Selective coding strategy (SCS) over cooperative unicast networks.

according to MNNC scheme. The source not knowing whether
the relay k is decoding or not uses superposmon coding
over xE k)" Otherwise, if 0, ¢ Dg;) then :r(k) (CF scheme)

is transmitted. Notice that unlike DF, x( ) is independent of
the source codewords and so its probablllty distribution can
be chosen adaptively based on 6,.. The optimization over Dy,
would potentially improve the outage probability compared to
the case in which every relay uses a fix coding strategy for
all ;.. A careful evaluation of Theorem [I|yields the following
proposition.

Proposition 5 (SCS with partial CSI): The average error
probability of the composite unicast network with partial CSI
6, at the relays can be upper bounded by

>

VCN

é(r) < min inf
p(z,q) {Dy:VCN}E(O,,N)

Eer{ min, Fojo, [r > Iwwe(V, 6),6, € Do, ]}, (76)
€9
where the set of all admissible PDs Q is given by

= [ p(ilo)p(iilzjyia) T] plailva)p(i;lvz,y;q)
JEV VIS %

and IT (©,,N) is the set of all indexed partitions over O,
into at most 2V disjoint sets and Iynnc(V, 0) is defined by
expression ((74).
Proof: This proposition is shown in Appendix [E| [ ]
It is worth noting that reaches at least the same
performance as (75). In (73), the set V is chosen beforehand
independent of 0,.. Now if one choose Dy = O, for this V
and Dy, = () for all V' # V in (76), then is obtained as
special case. The advantage of is in choosing the set of
CF relays, V, adaptively based on channel state information
of relays. Finally, if full CSI is available at all relays then this
will simply give the following proposition.

Proposition 6 (SCS with full CSI): The average error prob-
ability of the composite cooperative network with full CSI 6,



at the relays can be upper bounded by

€(r) < min inf
p(z,v,q) {Dy:VCN}€II(O,,N)

Z Pg [7‘ > IMNNC(Vy 9), 6,. S Dv] y
VCN

where 1T (©,, N) is the set of all indexed partitions over ©,.
into at most 2V disjoint sets and Iynnc(V, 0) is defined by

(77)

Iunne(V,0) £ max min< max min

R7(S,0),
p(-)€Q TEY(N) T-VCSCT 7(5.9)

min _max min R%’f)(S,GT) ,
kEVE TLeT (W) SCTe '*

where the set of all admissible PDs Q is given by
p() = [ pila)p@sleiy;a) 1T plaeilva)pd;loz;y;q) -
jEV jeve
Finally, we present a similar result to that of Theorem
where there is no cooperation among the relay nodes.
Proposition 7 (SCS with partial CSI): The average error
probability of the composite non-cooperative unicast network
with partial CSI 6,. at the relays can be upper bounded by
inf

€(r) < min
{Dy VCNEN(6,,N)

p(z.25 )
Z EQT{ min P9|9T [’/’ > IMNNC(V7 6), 6,« S Dv|e7~j| } s (78)
VoA p(")

where the set of all admissible PDs Q is given by all PDs
decomposing as:

p() = [ p?l0)p@;12 yj0)
jev

(79)
and II (©,, N) is the set of all indexed partitions over ©,. into
at most 2V disjoint sets and Iyne(V, 0) is defined by

Ivnne(V, 0) £ max min { gncigRT(S, 0),

min Io, (X; Vi1 X Q) }

80
ieve (80)

with
R7(S,0) 21 (XX XY Vs VXS Q)
— Io(Yso,: Vs|XXP X Vs YQ)

where (X ,il),X ,52)) denote the corresponding relay inputs
selected as follows

Xpo, = {

with DE. =

X" it e Dl
x? i e, ¢ D

U ov.

VCN , k¢V
For 6, € Dy, the following Markov chain holds:

1 2 1 2
(X, X3 e (X, X3, X)) o (YY)

Proof: The proof is presented in Appendix [F| ]
It can be checked that the use of superposition coding does not
change the rate R7(S, 0), but unlike the case of the composite
relay channel, the condition of correct decoding at DF relays
is changed from Io, (X; ;| XY Q) to Io(X; Vi X/ Q).

V. GAUSSIAN FADING RELAY CHANNEL

We now consider an application example of SCS to the
fading Gaussian relay channel defined by the following desti-
nation and relay output, respectively,

Y=g X+gXi+%,
Y1292X+q/27

where 7} and 75 are independent complex Gaussian
noises with zero-mean and unit variance; the channel gains
(91,92, 93) are independent complex Gaussian with zero-mean
and unit variance; and the inputs must not exceed the average
powers P and P, respectively. It is assumed that the source
is not aware of the channel measurements 0 2 (g1, g2, g3),
the relay only knows 8, = ¢, and the destination is fully
aware of all fading coefficients 0, and thus 84 = (g1, g3).
This model is special case of the composite relay channel
described in Section We aim to evaluate the asymptotic
error probability based on the bounds derived in Propositions 3]
and 4] and compare them to the upper bounds corresponding to
DF and CF schemes , and the cut-set based lower bound.
In this case, the expression for the DF rate reads as:

Ipe(0) £ min {c (Blg2|?P)

c (|91|2P+93|QP1+2 ﬂPPﬂRe{glgg})} (81)

where 0 < 3 < 1 and C(z) = logy(1 + z). The CF rate is
given by

Icr(0) £ max {I(’:F(G),C (ngP) } , (82)
lg3|?P1 + 1
\92\2})

I} GAmin{C< ’p4+ = ),
CF() |91 Nyt 1

1
C(lg|*P+lgsl*P1) —C (A> } . (83)
N,

where the description Y; is generated by adding independent
complex Gaussian noise with zero-mean and variance Ns.
Finally, the asymptotically error probability based on DF and
CF schemes can be easily derived by using expressions (58)
and (39), respectively. If full CSI is available at the relay, then
Ny can be optimally chosen as:

P (lgi]* +g2/?) + 1
lg32 Py

Whereas, if only g is available at the relay, a constant ]Vz must
be selected to minimize the outage probability. We have shown
that based on |gz|, SCS allows the relay to select the proper
coding strategy. In this case, if the source-to-relay channel is
not good enough for decoding the message, the relay uses CF
scheme while otherwise DF scheme would be the best choice.
It turns out that the optimum decision region Dpg is given by
the set Dy = {g2 : 7 < C (Blg2*P) }.

Fig. [§] presents numerical plots of the asymptotic error
probability with P, = P = 1. For the case of partially CSI
at the relay, we observe that SCS clearly outperforms the

Aropt A
Ny© =

(84)
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naive DF and CF schemes. Moreover, notice that full CSI
(91,92,93) at the relay improves the error probability only
through the choice of the best possible compression noise No.
Besides this guarantee that CF scheme can never perform less
good than direct transmission. Finally, it can be seen that the
upper bound (achievable error probability) resulting from SCS
is close to the cut-set lower bound, and so to the best average
error probability.

Fig. O] presents bounds on e-capacity of the corresponding
averaged channel for ¢ = 0.01 based on the signal-to-noise
ratio (SNR). We set P, = 1 while P is varying with SNR.
Indeed, the e-capacity represents the maximum achievable rate
subject to satisfy an expected error probability less or equal
than e. The bounds illustrated in and have been used
here. Observe that again the e-capacity is clearly enlarged by
using our SCS and is not far from the upper bound.

VI. SUMMARY AND CONCLUDING REMARKS

In this paper, we investigated the problem of communicat-
ing a single message to a single destination in presence of
multiple relay nodes. We considered a general framework of
composite cooperative networks where the channel parameters
are randomly drawn from a probability distribution and each
draw is assumed to be unknown at the source and fully known
at the destination, but only partly known at the relay nodes.
Within this framework, we introduced “Mixed Noisy Network
Coding” (MNNC) where nodes are allowed to decode and
forward messages while all nodes transmit noisy descriptions
of their observations. We further extended MNNC to multi-
hopping networks that we referred to as “Layered MNNC”
(LMNNC) where DF relays are organized into disjoint groups,
each of them representing one hop in the network.

Perhaps the main feature of MNNC scheme relies on the
meaningful concept of “Selective Coding Strategy” (SCS) [21]]
that enables relays to decide dynamically, e.g., based on the
channel measurements, whether in addition to communicate
descriptions that are potentially exploited at the destination
and the DF relays, would be possible to decode and forward
messages. This guarantees full cooperation among all nodes,
and in particular, without the requirement of any hierarchy

05 r r
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Bounds on the e-capacity vs. SNR.

between them. It is demonstrated for additive white Gaussian
noise (AWGN) networks that MNNC improves over all previ-
ously established constant gaps to the cut-set bound, and for
the slow-fading AWGN relay channel that SCS clearly out-
performs the asymptotic average error probability of previous
coding schemes.

An important direction of future work is to investigate
more sophisticated wireless models within our composite
framework, e.g., the effects of user mobility, network geometry
and shadowing can be incorporated into the model [39]. It
remains to investigate network scaling exponents [12] in the
limit of large network size (number of nodes) where MNNC
may substantially improve the scaling of the capacity with the
number of nodes. In this setting, the multi-hopping scenario is
in general challenging and needs further study since it is not
clear how DF relays should choose their layering according
to partial channel observation. Another important direction
is to investigate how MNNC could be exploited in half-
duplex networks. With half-duplex constraints, the nodes are
permitted —within each slot of time— to either transmits or
receives information. Therefore, it would be of interest to
study cooperation protocols based on MNNC with slots of
variable time durations, where nodes can dynamically select
not only whether decode and forward messages in addition to
send noisy descriptions of their observations, but also the time
allowed to receive and transmit data [40[], [41]. We believe
this problem may be quite rich because it yields several other
scenarios of practical importance.

APPENDIX A
PROOF OF THEOREMI]

First, we divide the relay nodes into two disjoint groups,
namely, V and V¢ = N — V), as shown in Fig. [I0] The
relays in V will use Compress-and-Forward (CF) scheme while
the others relays will use Decode-and-Forward (DF) scheme,
which are simply refereed to DF and CF relays. The DF
relays transmit the compressed version of their observations,
superimposed over the source message of the previous block.
In this sense, the compressed version of the observation of
each relay is transmitted to the other nodes. The k-th DF



Fig. 10. Groups of relay nodes.

relay with k£ € V¢ decodes the source message of block 7 by
exploiting the descriptions sent by the others relays. Because
the relays transmit the descriptions (or compression index)
related to the block ¢ in block i + 1, the k-th relay has to wait
until the end of block ¢+1 to decode it and therefore DF relays
has to wait until the block 7+ 2 to forward the source message
of the i-th block. Moreover, the k-th relay exploits only the
compression index of relays in 7, C AN — {k}. Similarly, the
destination decodes only the compression index of relays in
T C N. It is shown that, by selecting a subset of relays,
we contribute to increase the total rate provided that certain
conditions are satisfied.
For simplicity, we adopt the following notation:

TPF £ T.nve,
TEET. NV,

TPEETnye,
TEETNY.

Moreover, for any arbitrary message w;, the notation wg is
used to denote the set of indices {w; : i € S}. We now
provide the code generation, encoding and decoding proce-
dures. Table [I] presents details of the transmission schedule
for a case with one DF relay and one CF relay. z; and z,
represent the code of DF and CF relays with ¢; and - as
the compressed version of their observation. v is used for
coherent transmission between the relays and the source. x
and y are source codeword and destination received message.
As discussed before, the DF relay delays the decoding of
source message at b = 1 to the end of block b = 2 so that
it can jointly decode the compression index /; and w; using
y,(1) and y (2). The destination on the other hand decodes
backwardly. It first finds /;(py2) and ly(p2) and then jointly
decodes (wp, l1(B+1), l2(p+1))- It continues this process until
it finds all the messages.

Code Generation:

(i) Randomly and independently generate 2" sequences v
drawn i.i.d. from

v) =[] Pvvy) .
j=1

Index them as v(wo) with index wy € [1,2"F].
(ii) For each k € V¢ and each v(wyp), randomly and inde-
pendently generate 277 sequences x;, drawn i.i.d. from

) = [ Pxurv (@ lv; (wo)) -

j=1

P)Ték\v@k‘ﬂ(w@

Index them as z(wo, lo), where loy € [1,2"1%’6} for
Ry, 2 I(Yi:Yi| Xk, V) + € with k& € Ve. This is the
codebook for DF relays.

For each k£ € V, randomly and independently generate
2n8k sequences z;, drawn i.i.d. from

xk) = H PXk(xkj) .

Index them as z;,(lox), where loj, € [1,2"5%] for Ry &
I1(Yy; )A/k|Xk) + € with £ € V. This is the codebook for
CF relays.

For each v(wy), randomly and conditionally indepen-
dently generate 2% sequences z drawn i.i.d. from

(iii)

(iv)

n

)= H Px v (w5]vj(wo)) -

j=1

x|v ([2(wo)

Index them as z(wo,w), where w € [1,2"%]. This is
the source codebook.

(v) For each k& € V¢ and each w(wo),xz;(wo,lox), ran-
domly and conditionally independently generate 27%%
sequences gk each with probability

PYk\XkV(yk|xk(wO7 lok), v(wp))

H v 1o (G g (wo, Lo, v (wo)) -

Index them as g, (wo, lok, lx), where I}, € [1,2"5] with
k € Ve. This is the compressed version of DF relays
output.

For each k € V and each z;(lox), randomly and
conditionally independently generate 2" sequences gjk
each with probability B

(vi)

H

Index them as §, (lok,lx), Where I € [1,275%] with
k € V. This is the compressed version of CF relays
output.

Provide the corresponding codebooks to the relays, the
encoder and the decoder ends.

PY | Xk (yk|xk (lox)) Vi | X (Jrjlzr (lok)) -

(vii)

Encoding:

(i) In every block ¢ = [1 : B], the source sends w; using
z(w(;_a),w;), where we have defined wy = w_y = 1.
Moreover, for blocks ¢ = [B+ 1 : B + L], the source
sends the dummy message w; = 1 known to all users.

(ii) For every block i = [1 : B 4+ L], and each k € V¢, the
relay k knows w;_g) by assumption and wo = w_1 = 1,
s0 it picks up v(w(;_2)). For each i = [1 : B + 2], the
relay k after receiving yk(i), searches for at least one
index [y; with lo = 1 such that

(v(w(i—2))s 2x (Wi—2y, lii—1))s Y,.(0), 9, (wii—2),
liim1), ki) € ALV XY Ya]. (85)
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TABLE I
TRANSMISSION SCHEDULE FOR “MIXED NOISY NETWORK CODING” (MNNC).

b=1 b=2 b=3 b=B+2 b=B+3 b=B+ L
v(1) v(1) v(w) . | v(ws) v(1) . o(D)

z,(1,1) z,(1,011) z;(w1,l12) o | Zmws,ligy) z,(Llysr2) | - [ (LB r2)
(1, wy) z(1, wa) z (w1, w3) z(wp, 1) z(1,1) . 2,1

z5(1) 25 (l21) Z5(l22) Z5(la(B41)) Z5(la(B42)) Z5(la(B42))
Ql(l,l,ln) Ql(l,lll,llg) Ql(wlyll27l13) Ql(vall(B+l)vl1(B+2)) * * *

9,1, 121) 9,21, 122) 9,22, 123) 9,U2+1), l2(B1+2) * R

y, (1) y,(2) y,(3) y,(B+2) y,(B+3) |y B+L)
y,(1) Y,(2) Y,(3) y,(B +2) Y,(B+3) QQ(B +1L)
y(1) y(2) y(3) y(B+2) y(B +3) y(B+1L)

(iii)

(iv)

The probability of finding such [;; goes to one as n goes
to infinity due to our adequate choice of the rate Ry, for
compression.

For i = [1 : B+ 2] and k € V¢, relay k knows
from the previous block /j(;_1) and w(;_2) and it sends
2y, (w(;—2y, l(i—1)). Moreover, k-th relay repeats l;;(p42)
fori=[B+3: B+ L], ie. for L — 2 blocks.

For each i = [1 : B 4 2], each k € V, the relay k after
receiving y, (¢), searches for at least one index lx; with

By looking at two consecutive blocks (b,b+1), the k-th
relay searches for the unique indices (s, [7;) such that:

gk(d}b, lAka) S A?[VXXanYnYk] and
Ee(lmip) € AV X7, XiYi] . (88)
Given the sets S C Tz, and S¢ 2 T, — S and assuming

that the correct messages were (wp, l7,5), we define the
following events:

{0 = 1 such that .
Eo : {gk(wbyl’?’kb) ¢ A?[VXX]CXEYEY;C] or

(@ (=) 93, (0): 9y (igi=)- o) € A?[XkYkYk(]8~6) Enlim) & AV X XaYil }, (89)
The probability of finding such Ix; goes to one as n goes Es: {gk(wb’ [Tk b) € AN VX X, X7, ?n Y] and
to infinity due to our adequate choice of the rate Ry, for

Ex(lp) € AP [V X7, X, Yy] for some
lAkb #lklﬂ keS and lAkb :lkb7 k GSC} ,(90)

compression.

(v) Fori=[1:B+2] and k € V, relay k knows from the
previous block Ii;—1) and it sends &k(lk(i_l)). More-
over, k-th relay repeats I, 2) fori = [B+3: B+ L],
i.e., for L — 2 blocks.

E,.s: {5k(wb,z}kb) € AMVXX, X7, V7 Y] and

Ex(lrp) € APV X7 X Y3 for some by, # wy
lAkb #lgp, k€S and lAkb =, k € Sc} .91

Decoding: Hence, the error probability can be bounded as follows:

(i) After the transmission of the block i+1 = [1 : B+1] and .
for each k € V¢, the relay k decodes the message w; and Pr ((wb’ I7ib) # (wo, lﬁb)) < Pr(Eo)
the compression index [7,;, i.e., the compression indices + Z [Pr(Es) + Pr(Ey.s)] .
for the block ¢ of all relays in 7, with the assumption Scr '
that all messages and compression indices up to block
i — 1 have been correctly decoded. We emphasize that
there are two kind of relays in 7, those who employ
DF scheme and those who are using CF scheme. Relay
k knows the message (w(;—2), w(;—1)), and so y(w(i_g))

where Pr(Eg) goes to zero as n — oo, provided by the
code generation and the encoding process. As the next
step, we bound the probability:

and v(w(;_1)). Let us define the sequences: Pr(Es) < Z Pr [&c(wbv I10) €
lpp#lky  KES
Ex (tn, I10) £ AMVX X, X7, V7. Y,] and

Eillrp) € A? [VXnXkYk]}
< H (277.1:2] _ 1) 271(A1+A2)

( z(w(p—2), Wp), V(wp-2)), T (W2, lep—1))s ¥, (),

)
(25 (wp-2), Lis—1)), B, (Wp—2), lip—1 ’llb))ZETDF7

)

j€S
(zi(liw-1)), 3, (Lip—1), Zb))zeTCF>
A where
5k(l7’kb) = ( (w W(p— 1)) xk(w(b 1)7lkb) yk(b+1)
A2 HVXGMXe Xt Y7) — Y. H(Y;1X;)
(&(w(b—l)ylib))ieﬁm’ (Qi(lib))ieTkCF) - (87) JESOTT



H(Y;|X;V) —

> H(X;)

JjeSNTER

— > H(X,|V) - HVXpYiXse) +er .
jesnTPr

- > H(VXX,Yi X7 Yse)

jesNTPr

Ay 2 HV XY X7,) —

To guarantee that the probability Pr(Es) is arbitrarily
small, the following inequality needs to hold:

SN IVEYIX)+ Y IVEYXV) 4
JESNTSF jeSnTDF
< > HYX)+ > H(X))
jesSNTE" jesSNTEE
+ > HYIXV)+ Y HX[V)
jeSNTPE jeSNTPE

+H(VXXkYkX7—kYSC) + H(VXkYkXSc)
—HVXY X X7.Y7) - HVXY XT,)
from which we can have that
a< Y HY;V;X)+ >  HY;Y;X;V)
JESNTEE jESNTPF
+1(Xs; VXp X5 Vi) — H(Ys|VX X, X7 Vs Vi) . (92)
Indeed, (02) can be further simplified by using the fact
that Y; is independent of all the other random variables,
given (X;,Y;) for j € T and (V, X;,Y;) for j € T,PF:
S HWIY;X)+ Y HY;YV;X;V)
jesnTr JjESNTYF
+1(Xs; VXp X5 Yy) — H(Ys|VX X X7 Vse Yi)
=Y HY;|Y;X;V) + I(Xs; VX X5 Yy)
JES
—H(Ys|VX X, X7, YseYy)
=Y H(Y;|YsXsV)+ I(Xs; VX XseYi)
jes
~H(Ys|VX X} X1, VseYs)

S|
= Z H(Yo(j) ‘Y5X5V) + I(Xs; VXkXScYk)
j=1

—H(Ys|VX X X7 Vs Ys)
S|

_ZH

+I(X5; VX3 XseYi) — HYs|VX X X7, Yse Y3)
= H(Ys|YsXsV) + I(Xs: VXp Xse Yr)
—H(Ys|VX X X7. Vs Yy)

o(] 1)YSXSV)

where o : [1 : |S]] — S is an arbitrary ordering over
S. This manipulation provides us the next condition that
must be satisfied:

€1 <I(Xs; Yi|VXirXse)
—I(Vs; YVs|VX X X7, Vs Yy) (93)
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However, given the fact that 7;, € 7% (), inequality (93)
holds for every subset S C 7. Finally, the probability
Pr(E, s) can be bounded by following the very same
steps as before and thus Pr(E,, s) goes to zero as n —
oo provided that

R+ > IV;YX)+ >

I(Y5; Y31 X5V) + e

JjeSNTEE jeSNTPF
< Y HWIX)+ Y HX
JESNTSF jeSNTEF
+ > HWIX;V)+ > H(X,V)
jeSNTPF jeSNTPF
+ H(X|V) + H(VXy Yo X7, Vse) + H(V XY Xse)
HVXY X, X7. Y1) — HVX.Yi X7.) . (94)

From which we obtain the last condition:

R+e < I(X;YseYi|VXp X7.) 4+ I(Xs; Vi |V X Xse)
—I(Ys; Ys|VX X, X7 Yse Vi)

= I(X; Y7, YalVXeX7,) + 1(Xs: Viel V X3 Xse)

—I(Ys; Ys|V X X7 Vs Vi) (95)

Decoding at the destination is done backwardly. After

the last block, the decoder jointly searches for the unique

indices (Ij(p+2)) ., Such that forall b = [B+3 : B+L]
the following condition holds:

((gk(i (B+2)))k€TcF7 (xk(l lk(B+2)))k€TDF7 (1 1)
v(1),y(b)) € AZVXX7Y] .

The probability of error goes to zero as n goes to infinity
provided that

> I(Yis Vil Xi) +
keSNTCF

> IV Vil XiV) + e
keSNTPF
< (L-2)I(Xs;VXXs.Y) ,

for all subsets S C 7.

After finding the correct index lj(p2), for each k € T,
and using the fact that wp;;) = 1, the destination
decodes jointly the message and all compression indices
(wp, l7(p41)), for each block b = [1 : B], where we
define I £ (Ig)er Decoding is performed back-
wardly with the assumption that (w2, l7(p12)) have
been correctly decoded. Let us define the following
sequence:

E(Wp, lr(pe1)) 2 (x(wbyw(b+2)> (), y(b + 2),
(24 (ki) yk(lk(b—i-l),lk(b+2)))ke7—cm (24 (B, lipa1))s
yk(wb’lk(b-i-l)vlk(b+2)))ke7—m=) .

The destination finds the unique pair of indices
(Wp, l7(p+1)) such that

E by, I (p41)) € ALV X X7Y7Y].



For every S C 7 and S¢ £ T — S, we consider the error
events associated with this step which are given by

Eo : {g(wbvlT(b—H)) ¢ A?[VXXTYTY]} ,
Es: {5(wb,[7—(b+1)) S A?[VXXTYTY] for some
Zkb;ﬁlkb, ke S and ZkaZkb, kESC} s

Ew,S : {g(wb7i7'(b+1)) S .A?[VXXTYTY] for some

Wy # Wy by # o, k € S, Zkb:lkb7kesc}a

where Es denotes the event that there exist joint typical
sequences for relays in S with correct message index but
with wrong compression indices while E,, s denotes the
event that there exist joint typical sequences for relays in
S with both wrong, message and compression indices.
Hence, the error probability of this step is bounded by

Pr [(by, Irs) # (wn, b7s)| < Pr(Eo)
+ Y [Pr(Es) + Pr(Ey,s)] -
SCT

The first probability, on the right-hand side goes to zero
as n — o0o. On the other hand, Pr(Es) goes to zero as
n — oo provided that

> WYX+ > TEYIIXGV) 4 e

JESNTCF JESNTPF

< > Y HEXV)
JESNTCF JESNTPF

+H(VXXg:YseY)— HVXXFYFY),

which also reads as:

es< > HYIV;X)+ >

JESNTCF JESNTDE
+H(XXsYs:Y|V) — HXXs:Y7Y|X5V) . (96)

H(Y;|Y;X,V)

Indeed, inequality (96) can be further simplified by using
the same method as before:

Y. HYIVX)+ Y
JESNTCE JESNTPF
+H(XXs: Vs Y|V) — HX X5 Y7Y|X5V)
= H(Ys|YsXsV)+ H(XXs:Ys:Y|V)
—H(XXs:.Y7Y|XsV) . (97)

H(Y;|Y;X;V)

This manipulation yields the following expression:

€3 < H(Vs|YsXsV) 4+ H(X X5 Y5 Y|V)
—H(XXs:Y7Y|XsV)
= H(Ys|YsXsV) — H(Vs| X Xs:Ys: Y X5V)
+H(XXs: Vs Y|V) — H(X X5 Ys:Y|XsV)
=I(Xs; X X5 Vs Y|V)
—I(Ys; Ys|VXX7YsY)
= I(Xs; Vs Y| X XgeV)
—I(Ys;Ys|VXX7YsY) . (98)
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Given the fact that 7 € (), inequality holds for
each S C 7. Finally, Pr(E,, s) tends to zero as n goes
to infinity provided that:

XD+

R+ > 1Y

I(Y5; Y3 X5V) + e

FESNTCF JESNTPF
< > + > HY;X,|V) + H(VX)
JESNTCE JETPF

+ H(XrerngeYyernseY) — HVXXFYFY) . (99)

It is worth mentioning here that the right-hand side of
(©9) is independent of SN TPF and thus, if we take the
set S such that SNTPF = TPF, then (Q9) implies similar
inequalities for all other S with SNTPF ¢ TPF, In fact,
we continue the proof based on this choice that leads to

R+ > IViYX)+ > I

JESNTCF JETPF
< > + > HY;X;|V)+ H(VX)
JESNTCF JETPF
+ H(XyerngeYyerngeY) — H(VXX7YFY), (100)
and thus
Rte< Y HY;YX))
JESNTCE
+ Y HYIYXV) + HX|V)
JETPF
+ H(XyerpseYrernseY)
H(XXSCQTCFYTY XSUTDFV)
(Vsuror|[Ysuror XsurorV)
(X|V) + H(X7ernse YrernseY)
(X Xsene V7Y | Xsu7mV)

Y;; J‘X V)+e

+

(Ysuror|Ysugor XsugorV)

(Y U’T’DF ‘X‘SuTDFVXXSCQTCFYTCF(‘]SCY)
(

(

Xrernge YrerngeY)

+
m::m::mmm

XrernseYronseY | X XsuroV)
VX Xsuror; YTC*mScY|X7’C*mSC)
Ysugor; Vsuror| Xsugor VX XgengorYyornseY)
XX sugor; Yrosnse Y | Xgornse)
— I(Veuror; Ysuror | X Xy Vycng.Y) (101)
— (X Xg; VeeY|Xse) — I(Vs; Ys| X X7 Vs Y) (102)

'\4’\4

~

(
— I
(
(

where step comes from the fact S has been selected
satisfying 7PF C S.

By choosing finite L but large enough, inequalities (93)),
(©8), (102) and (95) prove Theorem [T} where the final
rate is achieved by letting (B, n) tend to infinity. At the
end, a time sharing random variable () can be added over
all expressions, concluding the proof.

APPENDIX B
PROOF OF THEOREM

Let p be an arbitrary probability distribution satisfying the

conditions in expression (I3), and let two sets V and T



maximizing the right-hand side of (I3). Let M,, be a set of
messages of size 2"' with an index W to be transmitted.
Transmission is done in B + L blocks, each of them of length
n, and decoding at the destination is done backwardly. At the
last L — 1 blocks, the last compression index is first decoded
and then all compression indices and transmitted messages
are jointly decoded. By the vector notation x5 we denote the
collection (;),cs-

Code generation:

(i) Randomly and independently generate 2"% sequences
Ty drawn i.i.d. from

Py, (zye) = H Pxe (wvej) -
j=1

Index them as zy.(wp) with index wy € [1,2”R}.
This step will provide |V¢| different codebooks
(2, (wo), wo € [1,2"7]) for each k € V*, every hav-
ing "R codewords. However, the codewords in each
codebook corresponding to an index are jointly generated
based on Py and in general are not independent.

(ii) For each zy,.(wp), randomly and conditionally indepen-
dently generate 2% sequences z drawn i.i.d. from

PR ixye @lzye (wo)) = [ Pxixpe (l2ve; (wo)) -
j=1

Index them as z(wp,w) with w € [1,2"%].
(iii) For each k € 7T, randomly and independently generate
2nfk sequences x;, drawn i.i.d. from

P)n('k(@c) = HPXk (I’fj) :
j=1

Index them as z;(lor) with lor € [LQ”R’C} for Ry, £
I(Yy; ?}JX}C) + €.

(iv) For each k& € T and each z;(lox), randomly and
conditionally independently generate 2"+ sequences gk
each with probability

P2 @l ton)) = [T Py, (s lon))
j=1

Index them as gk(l%,lk) with [, € [1,2"Rk].
(v) Provide the corresponding codebooks to the relays, the
encoder and the decoder ends.

Encoding:

(i) In every block ¢ = [1 : B, the source sends w; based on
z(w(;—1), w;). Moreover, for blocks i = [B+1: B+1],
the source sends the dummy message w; = 1 known to
all nodes.

(ii) For every block ¢ = [1 : B+ L], and each k € V¢, relay
k knows w(;_1y by assumption and wp = 1, so it sends

Ly (w(i—l))-
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(iii) For each i« = [1 : B+ 1], each k € T, relay k after
receiving y, (1), searches for at least one index lj; with
lro = 1 such that

(&k(lk(i—n),yk(i)yﬁk(lk(i—l),lki)) € AM[X)Y3Y5] -

The probability of finding such [x; goes to one as n goes
to infinity provided by our choice of the rate Ry
Fori=[l1: B+ 1] and k € T, relay k knows the index
lr(i—1) from the previous block and it sends gk(lk(i_l)).
Moreover, relay k repeats ljp41) for all i = [B + 2 :
B+ L.

(iv)

Decoding:

(i) After transmission of the block ¢ = [1 : B] is accom-
plished and for each k € V¢, relay k decodes the message
of block ¢ with the assumption that all messages up
to block ¢ — 1 have been correctly decoded. Since the
relay k knows the message w(;_1) and so x; (w(i_l)),
it also knows because of the code generation all others
codewords z;,/ (w(¢—1)) for k' € V°. Relay k searches
for the unique index w; € M, such that:

(@(w(ifl)awi)alvc (w(i71)>>yk(i)) € A?[XXVCYJ :

By following similar arguments to those in [2], the
probability of error goes to zero as n goes to infinity
provided that:

R < I(X; Y| Xve) . (103)

(i1) Decoding at destination is done backwardly. First, the
destination decodes all last compression indices sent by
the relays in 7 then it waits until the last block to jointly

search for unique indices (ik(3+1))k67 such that for all

b= [B+2: B+ L] the following condition holds:
(@ellkm41) e 21 1),z (1), 3(0))
€ AMXX7rXyY] .

Let us define the following events that can cause an error
in the previous decoding step:

Eo : { ((ik(lk(BH)))keTa@(la1)7%;0(1)’9((7))
¢ A?[XXTXVCY]} ;

Es: {(@k(ik(BH)))k.eS» @k(lk(BH)))keSm
z(1, 1),gvc(1),g(b)) € A?[X X7yy-Y] for some
l(Bs1) # 1) and Vb = [B+2: B+ L]} .

The last event is the event that there exist joint typical
sequences that have correct indices for the relays in
S§¢ = T — S and wrong indices for the relays in S.
The probability of error is bounded as follows

Pr (ZB+1 # ZB+1) S PI‘(E()) + Z PI‘(ES) .
SCT



The first probability on the right-hand side goes to zero
as n — oo, and the second probability can be bounded
as follows:

Pr(Es) <

> om0

lp+1)#le(B41)  KES b=[B+2:B+L]

{ (%(Zk(B’H)))kes’ (@4 (k(511))) kese’

2(1, 1),gvc(1),g(b)} c AZ[XXTXVEY]]

< H <2an _ 1) |:2*7’L(1(X5;XXSCUVCY)*51):| L=t .
keS

This probability goes to zero as n goes to infinity
provided that for all S C T

D I(Yii Yl Xk) + €2 < (L — DI(Xs; X XsepeY)
keS

(iii) After finding correct index l,(py1) for all k& € 7 and

since w(p41) = 1, the destination decodes jointly the
message and all the compression indices (wp,l7) for
each b = [1 : B] where Iy, = (lpp),es- Decod-

ing is performed backwardly with the assumption that
(Wp41,l7(p+1)) have been correctly decoded. Define the
following event:

(i, Trs) 2 { (2, wiorn)) v (1), y(b+ 1),
(Ek(ikb)ygk(ikb,lk(b+1)))k€7-)} :
The destination finds the unique pair (i, l7) such that
E(y, 1) € AMX X7y Y7Y] .

Consider the following error events associated with this
step S CT,85=T=3S8):

Eo : {S(wb,lTb) ¢ A?[XXTUVCYTY]} :
Es : {S(wml}b) € A" X X7y Y7Y] for some
I % Lo, k € S and Iy = Ly, k GSC} :
E,s: {5(@,,1},,) € AP [X Xy Y7Y] for some

w#wb,ikb#lkb, kESandeb:lkb,kESC}.

The event £s represents the event that there exist jointly
typical sequences with correct message index but wrong
compression indices for the relays in S. On the other
hand E, s is the event that there is jointly typical
codes with wrong message index and wrong compression
indices for the relays in S. The error probability of this
step is bounded by

Pr ((ﬁ)b, I7) # (wy, lTb)) < Pr(Eo)

+ Z [Pr(Es) + Pr(Ey,s)] -
SCT

24

The first term on the right-hand side and Pr(Es) go to
zero as n — oo provided that

D IV YilXk) + €3 < Y H(Yi|Xx)
keS keS
+H(XXchchScY) - H(XXchsCYTY|XS) 5

which can be written as:

es < Y HWi|[ViXp) + H(X XpeuseYseY)
keS
_H(XXVCUSCYTY|XS) .

The preceding inequality can be simplified by using the
fact that Y}, is independent of the other random variables
given (Xp,Ys). The standard manipulation introduced
before gives us the following:
€3 < I(XXypeuseYseY; Xs) — I(Vs; Y| X XpeurYseY)
= I(YSCY, XS'—XXVCUSC)
7I(Y5;Y5|XXVuU7'YScY) . (104)
Given the fact that 7 € Y'(V), the last inequality holds

for each & C 7. As the next step, we bound the
probability Pr(E,, s) as follows:

Pr(Ey,s) < Z Pr [(&(ﬂ?b, W(pt1)),

lp Ay , DFwy

Zye (Wy), y(b+ 1), (&k(ikb)vgk(ikba L(b41))) pes:
(2 (Uk)s 9, (Lo lk(b—i—l)))kegc)

€ AZ[X XTUVCY/TY]}
<@ -1 ][ (2an - 1) 9nds (105)
kes
where
As 2 H(X XyeuseYY7|Xs) — H(X Xye)
— H(YYseXse) — Y H(Yi|Xy) +es) . (106)
keS
From the following inequality, the last probability also
tends to zero as n — oo,
R+ I(Yii Vil Xi) + €5 < H(X XpeuseY V7| Xs)
kes
+H(X Xye) + H(Y Yse Xse) + Y H(Vi|Xy) . (107)
keS
Inequality (107) is then simplified and reads as

R+e5 < —H(XXyeuseYY7|Xs) + H(X Xype)
+H(YYse Xse) + Y H(Yi|ViX)
keS
= —H(X XyeusYY7|Xs) + H(X Xye)
+H(YYseXse) + H(Vs|Ys Xs)
=I(XXp-Xs;YVse| Xse)
_H(Y/S|XXVCUTYZYSC) + H(Ys|YsXs)
= I(XXpeXs; Y Vse| Xse)
—I(Ys; Ys| X XpeurY Vse) .(108)




By choosing finite L but large enough, inequalities
and prove Theorem 2} where the rate is achieved by
letting (B, n) tend to infinity. At the end, a time sharing
random variable () can be added.

APPENDIX C
PROOF OF THEOREM [3]

For the rest of this section we shall assume that relays are
ordered as (L1, ..., Lr). The transmission is done in B+T +
L — 1 blocks where at the end of block B the source finished
of transmitting messages. At the end of this block, the relays
at the layer £; had only repeated messages until the block
B — T — 2 + t, and therefore it continues transmission until
the end of block B+ 1 + 2 —t. Therefore, we need B+T1 +1
blocks for all relays to transmit all messages. From B +7T + 2
up to block B+T1+ L—1, namely for L — 2 blocks, CF relays
repeat their compression index of their last block B + T + 2.
In the Table I, we illustrate this procedure by considering a
two hop network with a single CF relay. As it can be seen,
the codewords denoted by z, of the second layer among DF
relays are superimposed on those denoted by z; of the first
layer among DF relays. Notice that the number of DF relays
can exceed the number of hops. The relays in the second layer
starts to decode at the end of block B + 1 and those in the
first layer at the end of block B + 2.

At the of block B + 3, the first relay sends w; while the
second relay transmits both messages (wi,ws). When the
number of hops is larger than two, Table [III| shows the order of
message transmission across the different hops. Briefly, the DF
relays with higher layers start to decode sooner and transmit
more messages in each transmission round.

Code generation:

(i) Randomly and independently generate 2"# sequences v,
drawn i.i.d. from

Py (vy) =[] Pwi(vy)) - (109)
j=1

Index them as v(w1) with index wy € [1,27%].

(ii) For all hops t = |2 T], randomly and in-
dependently generate 2" sequences v, based on
vi(w),...v_q(wy,...,wi—1) ii.d. from

P‘,’},«,‘Vgt—l (Qt|gl(w1)7 o 'yt—l(wlv cee 7wt—1))
n
= H PVt|V§f,—1 (vtj|vlj(w1)ﬂ v
j=1
co -y (e, wt_l)) .

Index them as v, (wy, ..., w;) with index w; € [1, Q”R}.

(iii) For each k& € L; and each tuple of codewords
(vy(w1),...,v,(w1,..., w)), randomly and indepen-
dently generate x; drawn i.i.d. from

Py ve, (@elvy (wi), v (w, e wy))
n

>wt)) .

= H Px, v, (x;gj|y1j(w1), o (Wi,
j=1
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This is the codebook for DF relays in L;.
For each k£ € V, randomly and independently generate
27t sequences ), drawn i.i.d. from

@v)

Py (xy,) = [ ] Pxcany) -
j=1

Index them as z;,(lox), where loj, € [1, Z"Rk] for Ry 2
I(Yy; Yi| X)) + € with k € V. This is the codebook for

CF relays.
(v) For each tuple (vy(w1),...,vp(wy, ..., wT),%’ randomly
and conditionally independently generate 2™'* sequences
x drawn i.i.d. from
P;‘VST (g@l(wl), o op(wy, .. wT))
= T Priver (@slos,(wr), . cops(wn, . wr)
j=1

Index them as z(wy, ..., wr, w), where w € [1,2"%].
This is the source codebook.

For each k € V and each z;(lox), randomly and
conditionally independently generate 2" sequences yk
each with probability B

(vi)

Py @yl or)) = T Py, x, (sl (low)) -
j=1

Index them as §, (lok,lx), Where I € [1,275%] with
k € V. This is the cookbook for the descriptions sent by
CF relays.

Provide the corresponding codebooks to all relays, the
encoder and the decoder ends.

(vii)

Encoding:

(i) In every block ¢ € [1 : B], the source sends w; using
g(w(i_T_l), . ,w(i_g),wi), where we have defined
w; = 1 for ¢ < 0. Moreover, for blocks ¢ = [B+ 1 :
B+ T + L — 1], the source sends the dummy message
w; = 1 known to all users.

(ii) For i € [1 : B4+ T + 2 —t] and each k € L,, the

k-th relay knows (wi_T_l, ... ,'LU»L'_T_QJ,_t) in block 1,

and it sends z; (w;—7—1,...,wWE—7_24¢)). Notice that

at the of block B+ T + 1, all DF relays are transmitting

2, (wp,1,...,1).

For i =[1: B+ T +1], and each k € V, the k-th relay

—after receiving y k(i)— searches for at least one index l;

with g = 1 such that

(21 (T(i—1): 4, (1), 5, (ki) lhi) ) € AP[XRYiYe] -

The probability of finding such lx; goes to one as n goes
to infinity due to our adequate choice of the rate Ry, for
compression.

Fori =[1: B+ T+1] and k € V, relay k knows
from the previous block I;,;_1y and it sends zy (Ix(i—1))-
Moreover, k-th relay repeats l;,(p17r41) for i = [B+T+
2:B+ T+ L—1],ie., for L — 2 blocks.

(iii)

(iv)



TABLE I
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TRANSMISSION SCHEDULE FOR “LAYERED MIXED NOISY NETWORK CODING” (LMNNC).

b=1 b=2 b=3 b=B+2 b=B+3 b=B+L+1

vy (1) v, (1) vy (1) v (wB-1) v, (wB) vy (1)

z, (1) z;(1) z;(1) 2 (wp—1) 2y (ws) z,(1)

22(171) 22(171) 22(17'“)1) yz(wB—lva) QQ(val) 22(171)

QQ(]-?]) 22(171) QQ(lvwl) EQ(wB—lva) £2(w371) £2(171)

z(1,1,wi) | z(1,1,w2) | z(l,wi,w2) | z(wp_1,wg,1) z(wp, 1,1) z(1,1,1)

z3(1) z3(l31) z3(l32) z3(la(B+1)) z3(la(B+2)) z3(l3(B+3))

[ 9,(Ls1) [ 9,Us1,082) | 9,(s2,083) [ 9,Usm+1):las+2) | 95(UsB+2):ls(+3) | * |

y, (1) y,(2) y,3) y,(B+2) y,(B+3) y,(B+L+1)

EQ(U y2(2) y2(3) 32(34‘2) 22(B+3) 32(B+L+1)

Y, (1) y.(2) Y,(3) y,(B+2) y,(B+3) Yy.(B+L+1)

y(1) y(2) y(3) y(B+2) y(B+3) y(B+1L)

TABLE III .
CODING FOR DF RELAYS AT EACH LAYER. We define the following error events:
Layers | Block b=T +2 Block b Eo: {Ek(wbalnlhb) ¢ A?[V<TXXVﬂXnYnYk]
L1 z, (w1) i (wp—7_1) T
Lo Zo (w1, w2) Zo(Wp—T_1,Wp—1T) or E(lyp,b+1) ¢ A" [VSTXVCXTkYk-]} :
T R CTT) o (T N T ey Es: {Ek(wb,l}kb,b) € AP [Var X Xye X7, Y7, Vi
. : : and Ey(l7p,b+ 1) € AP [Ver Xye X7, V3] for some
Lt rp(wi, ..., wr) T (Wp—T—1,---, Wp_2) ~ A .
[ Source | z(wi,...,wp,wri2) | (wp—r_1,. ., wp—2,wp) | liv #lgp, keSS and Iy =1k, k€S } ,

Decoding:

(i) The DF relays in L are first to start decoding messages.
After the transmission of the block i + 1 = [2 : B + 1]
and for each k € L, the k-th relay decodes the message
w; and the compression index l7;; of block 7 for all
relays in 7, with the assumption that all messages and
compression indices up to block ¢ —1 have been correctly
decoded. We emphasize that in this case there are only
CF relays in 7. The k-th relay knows the tuple of
message (w(i,T,Q),...,w(i,l)), and so it knows all
codewords indexed by them. Let us define:

Ex (W, I3, 0) 2 {(&(w(bqu), e W(p—2), W),
(gi (li(bfl)),gi(li(bfl)a Zib))iGTk ) Qk (b)

(Qt(w(bfol)a S 7w(b7T72+t))a

zp, (We—r—1), - ,IU(bfT72+t)))te[1:T]> } .

& (lAka7 b+ 1) £ { ((yt(w(b,T), e WH—T—141))5
2e,(Wo-T) - WH-T-140)) ey

v, 0+ 1), (i) ep ) -

Therefore, the k-th relay, by looking at two consecu-
tive blocks (b,b + 1), searches for the unique indices
(Wp, l73,5) such that:

5k(1f)b,z7’kb, b) € A?[VSTXXyanY/nYk] and
Eellmp, b+ 1) € AL Ver Xye X7 V2] -

Ew,g : {gk(lﬁb,inb,b) S A?[VSTXXVanYEYk]
and gk(lAka, b+ 1) S A?[VSTXVCXEYK‘}

for some lf]b#wb7ikb§£lkb,k68
and ikb:lkba kGSC} .

The probability of error for these relays can be bounded
as follows:

Pr ((uvb,im) ” (wb,lka)> < Pr(Eo)

+ > [Pr(Es) + Pr(Ey.s)] -
SCT

The probability Pr(Eq) goes to zero as n — oo given
the code generation and the encoding process. We bound
the other probabilities using the same technique as we
already did in Appendix [A] First of all, the probability
Pr(Es) is bounded as:

Pr(Es) < [T (20 —1) 2n@ra
keS

where

Ay & HVar X Xype X7, Y7 Vi) = > H(Y;|X;)

JjES
—H(VerX Xye X7, Ys:Y3)
Ay & H(Var Xpe X7, Vi) = Y H(X))

JjES
_H(VSTXVCXSCY]C) + €1 .

The probability Pr(Es) goes to zero as n goes to infinity
if the exponent of the right hand side is also negative



which yields:

SN IVEYX)) e <Y HY;IX) + > H(X;

JES JjES jES
+ H(Ver X Xye X7, Vs Yy
H(VerXyeXseYr)
— HVer X Xye X7, Y7, Y3
— H(VerXype X7, Yz) .

After simplification of both sides, in order to guarantee
that the probability Pr(Eg) is arbitrarily small, we need
to add the next constraint:

€1 < I(Xs; Yi|Var Xyeuse)
— I(Ys; Ys|Var X Xye X7, Y5 Yy) .

However, given the fact that T, € Y% (N), inequality
(TT0) holds for every subset S C Tg.

As the next step, the probability Pr(E, s) can be
bounded by following the very same steps as before and
thus Pr(E,, s) goes to zero as n — oo provided that

R+ IV Yi|X)) + e < Y H(YIX))
JES jES

+3 H(X;) + H(X|Var Xye)

jeS
+H(Var Xve X7, Vs V) + H(Var Xpe Xse Yr)
—H(Ver X Xye X7. V7. Vi) — H(Var Xpe X7. Vi) .

From this, we obtain the following condition:

R+ e < I(X;Yse Vi |Var Xye X7)

+I(Xs; Yi|Var Xyeuse)

—I(Ys; Ys|Ver X Xye X7, Yse Yy

= I[(X; Y7, Vi |Ver Xpe X7) + I(Xs; Yie| Var Xpeuse)
—I(Vs; Ys|Ver Xpe X7, Yse Vi) (110)

(ii) Decoding at DF relays in £; is done as follows. As we

already mentioned, these relays start to decode the fresh
source message after all relays have decoded the same
messages corresponding to the higher layers, namely
{Li41,-.., L1} Therefore, those relays in higher layers
act as relay for the relays in L£;. Whereas the lower
layers cannot help the relays in £;, having decoded only
the previous source messages. Indeed, they act as side
information in the decoding process.

After the transmission of the block ¢ + 1+ 71T —t €
{2+T—t,...,B4+1+T —t} and for each k € L;, the
k-th relay decodes the message w; and the compression
index l7,;, i.e., the compression indices for block ¢ of
all relays in 7, with the assumption that all messages
and compression indices up to block ¢ — 1 have been
correctly decoded. To this end, this relay uses the blocks
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[b:b+t]. Let us define the sequences:

Ex (W, I, b) 2 {(l(w(b—T—l)w-';
(2;(lip-1)): 9, lio—1)s 1)) s 4, ()
(Qt(w(b—T—l)y ceey
w(b—T—2+t)))te[1:T])} )
Eu(lmpb+1) 2 {((Qt(w(b—T)a e

Lr, (w(b—T)v ceey

W(p—2), W),

w(b_T—Q-i—t))v

zr, (We—r—1)s - -

w(b_T_H-t))»

w(b—T—1+t)))te[1:T]’
yk(b +1), (L([zb))LeTk)} ’

S (b, b+2) 2 {((gt(lU(b—T-i-l), ey

Lr, (w(b—T+1)7 sy

w(b—T+t))a
w(b—T+t)))te[1:T—1]’
(vr(W—141), - - - D),

wb))vgk(b + 2))} )
& (p, b+ j) £ { ((ﬂt(w(bfTJrjflﬁ ceWw

Zr, (w(bfTJrjfl)a ceey

e (We—rg1)s- -,
(b—T—2+j+1))5
w(b*T*QHH)))te[l;T—jﬂ]’
(ET—j+2(w(b—T+j—1)v ey W),
Zro o (Wo—Ttj-1); - ,wb))’yk(b + J))} )
& (b +1+T —1) 2 ((gt(w(b,t), W)
2, (W) Wo-1)) ey
(ytﬂ(w(b,t), ey Wp),

Tpp (W), @)),y, (0 + 1+ T — t)) :

In this case, by looking at ¢ 4+ 1 consecutive blocks
(by...,b +t), the k-th relay finds the unique pair of
indices (y, {7;,5) such that:

Ex(p, I70,b) € AMVer X Xye X7, Y7 V3] and
(i, b+ 1) € A [Ver Xy X7, Yz .
gk (’lf)(,, b+ j) S A? [VgT—j+2X£§T_j+2Yk]
for j=[2:T—t+1]. (111

We define the following error events:

Eo : {€k(wy, by, b) & AL Var X Xye X7, V7, Y3
or Eu(lry,b+1) ¢ A [Ver Xpe X7, V1]
or E(wp, b+ j) & A?[VST—J'+2X£§T—J‘+2Y1€]
for j = [2;T—t+1]} .

Es {Sk(wb, I7.0,b) € A" [Ver X Xye X7, V7, Vi]
and & (I7p, b+ 1) € AP [Ver Xye X7, i
for some gy, # iy, K €S
and Ty = L, keSC}, (112)



(iii)

Ew,g : {gk(’lf)b, lAka, b) S A?[VSTXXVCXEY/EYIC]

and &c(lAka, b+ 1) S A?[VSTXVCXﬂYk]

and & (wp, b+ j) € AP [Var—jraXror ;.0 Yl
forj=[2:T—t+1]

for some Wy, # wp, lgy # by, k€ S

and = Ly, k € SC} . (113)

Hence, the error probability can be bounded as follows:
Pr ((dn, brs) # (wn,I730)) < Pr(Eo)
+ Y [Pr(Es) + Pr(Eys)] -
SCT

It is easy to check that the probability Pr(Eq) goes to
zero as n — 0o. As the next step, the probability Pr(Es)
goes to zero with the exact same condition as (T10),
namely:

€1 < I(Xs; Y]f‘VSTXVCUSC)
- I(Ys; YS‘VSTXXVCXT;CYSCYIC) .
The probability Pr(E,, s) can be bounded by following

the very same steps as before and thus Pr(E, s) goes
to zero as n — oo provided that

R+ > I(V;YX)) + e < > H(Yj|X))

JES jES
+ Y H(X;) + H(X|[Ver Xye)
JES
+ H(Ver Xye X7, Vs Vi) + H(Ver Xye X se Yy)
— H(Ver X Xype X7, Y7. Vi) — H(Ver Xye X7, Y3)
T—t+1

+ Z VT ]+2XCT J+27Yk|V<T ]+1XL<T 7+1)a

Wthh is simplified to its equivalent condition given by
R+ ey < I(X;YseYi|Ver Xpe X7)
H1(Xs; Ye|Var Xye Xse) = I(Vaie Xro s Vil Vi X ,)
—I(Ys; Ys|Var X Xve X7, Yse V)
= I(X; Y7 Ya|Ver Xpe X7 ) 4+ I(Xs; Yie| Var Xpe Xse)
—I(Vor X s YilVar X, )
—I(Ys; Vs |Ver Xye X7, Vsc V3
= I(XVorXe s YalVar X ,)
+I(Xs; Yi|Var Xye Xse)
—I(Y73; Ys|Var Xve X7, Y3)
Decoding at the destination is done backwardly and
it first starts to decode the last compression index,
namely the decoder jointly searches for the indices

(lk(B+T+1) per Such that for all b = [B + T + 2 :
B+T+L - ’Tthe following condition holds:

((gk(lk(B—i-T-&-l))keT, (v,(1,...,1),

1))t€[1:T]7£(17 ) 1)7Q(b))
€ A [Ver Xy X7Y] .

gﬁt(:l,...,

(114)

(iv)
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The probability of error is calculated similarly to previ-
ous theorems and it goes to zero as n goes to infinity
provided by

D IV Yl Xy) e <
X ata
(L —-2)I(Xs; VerX XyeusY) ,

for all subsets S C 7.

After finding the correct index Iy (pi741), for each k €
T, the destination starts decoding from the block B +
T + 1 backward. It decodes jointly the message and all
compression indices (wy, l7(441)), for each block b =
[1: B]. The message wy, is decoded at the block b+T7+1
and it is assumed that (wyy1, ..., Worr i1, lrprr41))
have been correctly decoded. Let us define the next event:

E(p, lrprny) 2 (&(wb e Wy T 15 W T41) )5
(gk(ik(bJrl))vg (o115 le(b+2))) et

(yt(wba s 7wb+t71))££t (wba cee 7wb+t71))

te[1:T)’
y(b+T+ 1)) .

The destination finds the unique pair of indices
(Wp, l7(p+1)) such that

g(’lf)b, ZT(b+1)) S A?[VSTXXVCUTYTY] . (115)

The error events associated with this step are character-
ized as follows (S C 7):
Eo : {g(wbvlT(b-i-l)) ¢ A?[VSTXXVEUTY’TY}} ,
Es : {g(wbaZT(b+1)) € AP [Var X Xyeur V7Y
for some ikb 75 lkb7 keS
and Zkb =, k€ SL} R
Eys: {5(wbai7’(b+1)) € A [Ver X XyeuY7Y]
for some ’Lz)b?éwb, Zkb #lkba keSS
and Zkb = lkba ke SC}

The error probability can be bounded as follows:

Pr [(wb, Irs) # (wp, zT,,)} < Pr(Eo)

+ Z [Pr(Es) + PI‘(Ew,S)] :
SCT

These probabilities are bounded using the same tech-
nique in Appendix |A] and therefore we omit the details
here. The probability Pr(Eg) and Pr(Egs) go to zero as
n — oo provided that:

Z I(Yk, Ylek) +e3 < Z H(kak)
keS kesS
H(VSTXXVCUSCYSCY) — H(VSTXXchTYTY) ,

(116)



which is equivalent to the following inequality after
standard manipulation: This manipulation yields the fol-
lowing expression:

€3 < I(Xs; VsV |[Ver X Xyeuse)

—I(Ys; Ys|Ver X XpeurVseY) . (117)

By the choice T € 1'(V), inequality (IT7) holds for each
S C T. Now, the probability Pr(E,, s) tends to zero as
n goes to infinity provided that:

R+ Z I(}A/k-;YHXk) +e < Z H(Yka)

(ii)

(iii)
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For each z,(lp), randomly and conditionally indepen-
dently generate 2% sequences QQ each with probability

o, Elza(1)50,)
H

Index them as g, (lo, 1), where [ € 1, 2”R0r].
For each z;(wy), randomly and conditionally indepen-
dently generate 2™ sequences x drawn i.i.d. from

P2
Y2[X2;0

Vol X0, (925|225 (l0); 0r) . (122)

PR x, (zlzy (wo)) = [] Pxjx, (]2, (wo)) -

kes keS (123)
H(VerX Xye) + H(Xs5:Vs:Y) j=1
—H(VSTXXVCUT?TY)] . (118) Index them as z(wp, w), where w € [1,2""]. This is the

We apply once again the standard simplification used in
Appendix [A] from which we get:

R+ey < I(XXypeus; Vs Y| Xse)

—I(Ys;Ys| X XpeurYseY) . (119)

Notice that we can see that DF relays Xy appear in the
mutual information part of the rate (IT9), which means
that they contribute to the increase the final rate by their
cooperation. The proof is finalized by choosing finite but
large enough L, and then the inequalities (I10), (I17),
(119), (114), and prove Theorem [3| where the final
rate is achieved by letting (B, n) tend to infinity. At the
end, a time sharing random variable () can be added over
all expressions which concludes the proof.

APPENDIX D
PROOF OF PROPOSITION[3]

(iv)

source codeword independent of the specific draw of 6.
Again note that z;(r1), which is used to generate the
source code, does not depend on 6.

Provide the codebooks to every node available except
for the collection of codebooks {x,(lp)} that cannot be
known to the source.

Encoding:

®

(i)

In every block i € [1 : B, the source sends w; € [1,2""]
based on z (w(;_1), w; ). Moreover, for blocks i € [B+1 :
B + L], the source sends the dummy message w; = 1
known to all nodes.

The parameter 6, is available to the relay. If 6, € Dpg
the relay sends the codeword z; from the first codebook
and uses it for the rest of the communication. In other
words, the relay function for this choice is DF scheme. In
block ¢, the relay uses its decoder output w; 1) (wo = 1)
and sends the codeword z, (d(;_1)). Otherwise, if 6, ¢
Dpr, then the relay picks the codebook of codewords

Consider now the composite relay channel with given pa-
rameters 0 = (04,6,) and target rate r. Transmission takes
place over B + L blocks of length n.

z, corresponding to 6,. The relay function in this case
is CF scheme. After receiving the corresponding output,
namely y, (i), the relay searches for at least one index
l;, where lo =1, such that

(22(li—1))sy, (0, Gy (L), 1)) € A" X, Y1 Y56,]

where A"[X,Y;Y5|0,] is the joint typical set indexed
with 6,.. The probability of finding such I; goes to one
as n goes to infinity. We remark that the typical set used
for such coding is known to the relay because it knows
0,.. For i = [1 : B+1], the relay knows from the previous
block [(;_1y and it sends z5(l(;—1)). Moreover, the relay
repeats lp4q fori = [B+2: B+ L].

Code generation:

(i) The relay disposes of two different codebooks. First,
randomly and independently generate 2"" sequences x;
drawn i.i.d. from

P, (

H PXl 1’1]

Index them as z;(wp) with index wqy € [1,2""]. This
codebook must be given to the source so it cannot depend
on the specific draw 0,.. Then, for each 0, € ©,. randomly
and independently generate 2"f%- sequences z, drawn
i.id. from

(z1) (120)

Decoding:

We assume that destination is equipped with an outage

identification function [ that is given as follows:

1) For every block ¢ = [1 : B + L], the relay decodes w;
exactly similar to Theorem [2| For a fix r and given 6,,
if the next condition is satisfied the probability of error
event will asymptotically tend to zero, i.e.,

r<lIg (X;Y1]X1) .

- Hngwer(xszHT) . (121)

Jj=1

P}?2|e,. (22]0r)

Index them as z,(ly), where Iy € [1, Q"Revl for Ry 2

Ip, (Ya; Ya| X2) + €. (124)



2)

On the contrary, an error occurs when
r > Io, (X;Y1]X1) . (125)

In this case, the relay will transmit a random message w
and the destination that knows 6 will set 1(68) = 0.

The decoder knows the channel index 6 and hence 6,.. If
0, € Dpr and inequality is satisfied, the destination
decodes the message using the DF codebook. Thus,
decoding of this would not be successful if

r>Ig(X, X1;Y) (126)

for which the destination sets 7(f) = 0 and declares an
outage event. Therefore, if 6, € Dpg, an outage event is
declared when r > Ipp(0) with

Ipp(6) £ min {Ie, (X;Y1]X1), Io(X, X1;Y)} . (127)

Consider the step for the case 6, ¢ Dpg where the relay
input is chosen from the second set of codebooks with
distribution X5. As a matter of fact, for all draws 6
yielding this case we have

X, e X e (Y,V1,Xo) . (128)

Moreover, the decoder knows whether the next inequality
is satisfied subject to the Markov chain (I28)

Ip(Xo; YIXX)) > L(Yi; Y2 Y XX X)) . (129)

The decoder applies the exact same decoding procedure
as in Theorem [2] It can be seen that the decoding condi-
tions at destination do not change even if X is not really
transmitted. The only change is in the Markov chains,
it can be seen that the previous inequality corresponds
to for the composite relay channel. The destination
declares an outage event and I(0) = 0 for 0, ¢ Dp if
r > Icp(0), where

Icr(8) 2 max { min {IG(XXl; Y V| Xa), Io (X X1 Xo: Y)
Lo (Vo ViV X X1 X0) | To (X5 ) } . (130)

Using (127) and (130), the outage event denoted by the
indicator function 1z is as follows
1g £ l[er € Dpr and r > IDF(G)]
+ 1[97‘ ¢ Dpg and r > ICF(G)] .

Taking the expected value from both sides lead to the
outage probability. Indeed, the expected value is taken in
two steps. For each 6,., the expected value is calculated
using Pgjg,. The relay, for each 6, chooses the joint
distribution of (X3,Y3) to minimize:

Eojo, [15] =
Pojo,. [r > Ipr(0)6,] 0, € Dpr
mil’l PQ‘QT [’I’ > ICF(6)|6T] 0, ¢ Dok -
p(z2)p(J2|T2,y1)

At the next step, the expectation is taken over 6, and is
minimized over Dpf and p(x,x1), yielding

&r)= min inf E ,{P > Ipg, 0, € Dpgl0,
(1) o e, 0, e\er[ DF DE| ]

min IP9|9T [7“ > ICF7 0, ¢ DDFler]} .

p(x2)p(92|22,910,)
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Finally, a time sharing random variable ) can be added
to the region, however the optimization should be done
outside the expectation.

APPENDIX E
OUTLINE OF THE PROOF OF PROPOSITION[3]

Consider the composite unicast network with parameters
0 = (04,0,). Transmission is done over B + L blocks.
Suppose that every relay knows Dy, i.e., the decision region
of the other relays for each 0,.

Code generation:

1) Randomly and independently generate 2% sequences v
drawn i.i.d. from

o) =[] Poley)

Index them as v(wp) with index wy € [1,2"%]. This

codebook must be given to the source so it cannot depend

on the specific draw 6,..

2) Since all relays know 6,., for each 6,. generate two sets
of codebooks:

a) Each codebook for 6,. in the first set is generated as
follows. For each v(wyp), randomly and conditionally
independently generate 2"%x0r sequences x; drawn
ii.d. from

P;};C\V;GT(QIC‘Q(U}O% 97")

=[] Px.ivio, (xslvj(wo), 6r) .

Jj=1

Index them as z, (wo, lox;) with index loy € [1, 2"é’f"r]
for ngr £ IgT(Yk; Yk‘XkV) + €.

b) For each v(wo), z(wo,lox) and 6., randomly and
conditionally independently generate 2"~ sequences
¥, each with probability

P?nklxkv;er(gk|£k(w03 lok)a Q<w0)7 97“)

n

= H Py xov0, (G| ki (wo, lok ), v (wo), 0r) -
i=1

Index them as g, (wo, lok, li), where I, € [1,2nFwke, ]
for ngT £ IQT(Y]C; Yk‘XkV) +e.

c) As for the second set of codebooks, for each 6, ran-
domly and independently generate 2"/%+¢- sequences
x,;, drawn i.i.d. from

Pg o, (@il0r) = [T Pxyjo, (;16r) -
j=1

Index them as z;(lox), where lo, € [1,2”1%’697*] for
ngr £ IgT(Yk; Yk‘Xk) + €.



d) For each z;,(lox), randomly and conditionally indepen-
dently generate 2"/ sequences gk each from

PYk|Xk (yk|xk(l0k) 0 )
H Vie| X130

Index them as § (lo, lx), where I € [1, 2770, for
ngr £ IQT(Y]C; YkIXk) + €.
Note that the rate Rke,,, depends on the relay strategy, i.e.,
CF or DF scheme, and so the relay is superimposing the
compression index over the DF code. Therefore, the rate
ngr varies according to each scenario.
3) For each w(wyp), randomly and conditionally indepen-
dently generate 2% sequences z drawn i.i.d. from

(Grjler; (lox), 0r) -

) = HPX\V(%\”J‘(WO)) .

Jj=1

Py v (z]u(wo)

Index them as z(wo, w), where w € [1,2"5].

4) Provide the codebooks to every node available except for
the collection of codebooks {z(lox ),z (wo,lox)} that
cannot be known to the source.

Encoding:

(i) In every block ¢ = [1 : B, the source sends w; based on
z(w(;—1), w;). Moreover, for blocks i = [B+1: B+1],
the source sends the dummy message w; = 1 known to
all nodes.

(ii) Since all relays know 6,, if 0, € Dg;) for every block
i = [1: B+ L], the relay k knows w(;_2y by assumption
and wg = 1.

Moreover, it searches in the codebook for 6, in its first
set of codebooks for at least one index [j; with [ = 1
such that

(Q(w(¢—2))7lk(w(i—2)»lk(i—l))7yk(i)a
Qk(w(i—g),lk(i—l)Jm)) € AV VX YiYi|0,] .

The probability of finding such [lx; goes to one as n goes
to infinity by a choice of the rate ngr. Relay £ sends
gk(w(i,g), li(i—1)) in block 7 and it repeats lj,(p42) for
all blocks i = [B+3: B+ L. If 6, ¢ D). the relay k
after receiving yk( 1), searches in the codebook index 6,

in its second set of codebooks for at least an index Ij;
with ;o = 1 such that

(@ (ri-1)), ¥, (), 5, (Tk(i-1)s i) € AP XY Y46, -

The probability of finding such [;; goes to one as n
goes to infinity. The relay k& knows from the previous
block ly;—1) and it sends zy (l;(;—1)). Moreover, relay
k repeats lj,(p41) for all blocks i € [B+2: B + LJ.

Decoding:

If 6, € Dy, then relays k € V use CF scheme while the
others relays use DF scheme. It means that the relays with
k €V use the codebook for 6, in the second set of codebooks
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and the others relays use the codebook for 6, in the first
set of codebooks. Now the outage indicator function can be
considered as follows:

1g2 > 1fr < Iuwne(V,6), 6, € Dy .
VTN

(131)

Therefore, if r is less or equal than Iynnc(V,0) it can be
achieved and the probability of error tends to zero. Hence,
the outage probability is calculated easily from (I31) by
considering the optimization over all probability distributions
and taking the expected value from both sides.

APPENDIX F
OUTLINE OF THE PROOF OF PROPOSITION(]]

Consider the composite unicast network with parameters
0 = (04,0,). Transmission is done over B + L blocks. It is
assumed that every relay knows Dy, i.e., the decisions regions
of all others relays.

Code generation:

(i) The relay k£ knows 6, and for each 6, it generates two
codebooks (;105C ), x,i )) as follows:
a) Randomly and independently generate 2% sequences

@(\1[) drawn i.i.d. from

HP w (

Index them as gj(v)(r) with index 7 € [1,2"%]. Since
this codebook must be also given to the source it
cannot depend on 6,. X

b) Randomly and independently generate 2"fxor se-
quences x,i ) drawn i.i.d. from

=11 Pxe, (21716:) -
j=1

X(l)

n (2)

PX;EQ’\e,«@k 0:)
Index them as g,(f)(rk), where 7, € [1,2”1:31«9,} for
Rio, 2 To, (Yi; Vil XV) + €

¢) For each gf)(rk), randomly and conditionally inde-
pendently generate 2"%¢- sequences ¥, each with
probability

n ~ 2
PYL\X{”;GP (gk@é '(rh), 0;)
T ()
- H P?uxf);er(ykﬂxkj (%), 9r) .
=1

Index them as g, (rx, $x), where 85 € 1, QW'RM),,.].

(i1) For each %(\1/) (r), randomly and conditionally indepen-

dently generate 2% sequences z drawn i.i.d. from

H

Index them as z(r, w), where w € [1, Z”R]. Indeed, this
codebook must be also given to the source so it cannot
depend on 6,..

|X(1) x]|xNj) .

PX‘X(I) :C|$N



Encoding:

®

(i)

In every block ¢ = [1 : B], the source sends w; based
on g(w(i_l), w,) Moreover, for all blocks ¢ = [B 41 :
B + L], the source sends the dummy message w; = 1
known to all nodes.

If 6, € DY), for every block i = [1 : B + L], the relay
k knows w(;_1) by assumption and wop = 1 so it sends

i) (wi-y).-

If 0, ¢ Dg;), the relay k after receiving y, (i), searches
for at least one index [;; with [,y = 1 such that

@5@2) (Uk(i=1)): Y, (0), 9, (Tk(i-1)s ki)
€ AN XkYiYil0,] . (132)

The probability of finding such [;; goes to one as n
goes to infinity. The relay k& knows from the previous
block Ij,(;—1y and it sends gg)(lk(i_l)). Moreover, relay

k repeats l;; g1y for all blocks i = [B +2: B+ L.

Decoding:

1y

2)

After transmission of the block i = [1 : B, if 6, € DY)
the k-th relay decodes the message of block i with the
assumption that all messages up to block ¢ — 1 have been
correctly decoded. The relay k searches for the unique
index w; € M,, such that:

~ 1 .
(2w, i), 2l (win), 3, ()
€ AV X XnYr|0:] (133)
The outage event is occurred when

r>Io, (XX (134)
We emphasize that not all Xj(\}) are sending description

but only codewords X&) does for 0, € Dy,.
Decoding at the destination is done backwardly. It knows
0, Dy and therefore V), i.e., it is aware of the strategy
of each relay (e.g. using DF or CF scheme). Moreover,
it chooses 7 to maximize (80). It first decodes the last
compression indices sent by the relays in 7. It jointly

searches for the unique indices (ik( B+1))k T such that
for all b = [B+2 : B+ L] the following condition holds:

((@elias 1) e 21 1), 2 (1), 3(0))
€ AM[XX7XpY|0] .

After finding the correct index ly(py1) for all k € T

and since w(p41) = 1, the destination decodes jointly
the message and all compression indices (wy, 1), for
each b = [l : BJ], where Iy = (Ikp),c Indeed,

decoding is performed backwardly with the assumption
that (wpy1,l7(s4+1)) have been correctly decoded. The
destination finds the unique pair (s, {75) such that

(&(ﬁmw(b+1))7£w(1ﬂb)aﬂ(b +1), (2 (k)

Qk(zkbalk(bJrl)))keT) € AN X X7uvY7Y0) .
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It can be seen from Theorem 2] that an error occurs if:

= SCT 7 (87 ) I ( )
Whel‘e

R7(S,0) 2 Io(XxXPxP, vs.v|xP)
—Io(Ys; Vs | X XD X (PVs:Y)

Note that 7 is chosen in such a way that the right-
hand side achieves its maximum value. From our previous
discussion on expression @, we know that this set
belongs to 1'(V) and so Q7(A) > 0 for each A C T.

3) Using and (133), the outage indicator function can
be defined as

1p 2 Z 1[0, € Dy and r > Iynnc(V,0)], (136)
VCN

where

Ivnxe(V,0) £

in { min R7(S,0), min fo, (X; Vi X))} .
r7r_1ga§ mm{é%% 7(S, )7{161\1}1 0, (X;Yi] N )
As before, the expected value is taken in two steps. For
each 6,., the expected error is calculated with IP’9|9T. The
relays chose the distribution [, p(x§2))p(yj |x§2)yj) to
minimize the conditional expectation for each 8, and D;,.
This will lead to the following:

Eojo.[16] = <gl)in @

ven ey pl=; (@512 y5)
Pojo, [r > Imnnc(V,0), 6, € Dy|6,] . (137)

At the next step, the expected value is taken over 6, and
is minimized over all decision regions Dy, and p(z, xﬁ\lf))
which leads to the following:

€(r) < min inf
p(a.aD) {Pv VENJEIN(©,,N)

Z Eo, { min
(2) (

VA ey p(=)p(3;12$% y))

Pojo, [r > Iunnc(V, 0), 0, € Dv\eT]} . (138)

At the end, a time sharing random variable @ can be
added to the region, however the optimization should be
done outside the expectation.
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