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Absiract

N this thesis, the two-user Gaussian interference channel with noisy channel-output
I feedback (GIC-NOF) is studied from two perspectives: centralized and decentralized
networks.

From the perspective of centralized networks, the fundamental limits of the two-user GIC-
NOF are characterized by the capacity region. One of the main contributions of this thesis is
an approximation to within a constant number of bits of the capacity region of the two-user
GIC-NOF. This result is obtained through the analysis of a simpler channel model, i.e., a two-
user linear deterministic interference channel with noisy channel-output feedback (LDIC-NOF).
The analysis to obtain the capacity region of the two-user LDIC-NOF provides the main
insights required to analyze the two-user GIC-NOF. From the perspective of decentralized
networks, the fundamental limits of the two-user decentralized GIC-NOF (D-GIC-NOF) are
characterized by the n-Nash equilibrium (7-NE) region. Another contribution of this thesis
is an approximation of the n-NE region of the two-user GIC-NOF, with n > 1. As in the
centralized case, the two-user decentralized LDIC-NOF (D-LDIC-NOF) is studied first and
the lessons learnt are applied in the two-user D-GIC-NOF.

The final contribution of this thesis consists in a closed-form answer to the question: “When
does channel-output feedback enlarge the capacity or n-NE regions of the two-user GIC-NOF
or two-user D-GIC-NOF?”. This answer is of the form: Implementing channel-output feedback
in transmitter-receiver ¢ enlarges the capacity or n-NE regions if the feedback SNR is beyond
SNR;, with ¢ € {1,2}. The approximate value of SNR; is shown to be a function of all the
other parameters of the two-user GIC-NOF or two-user D-GIC-NOF.



Résumeé

ANS cette these, le canal Gaussien a interférence a deux utilisateurs avec voie
D de retour dégradée par un bruit additif (GIC-NOF) est étudié sous deux
perspectives : les réseaux centralisés et décentralisés.

Du point de vue des réseaux centralisés, les limites fondamentales du GIC-NOF sont
caractérisées par la région de capacité. L’une des principales contributions de cette these est
une approximation & un nombre constant de bits pres de la région de capacité du GIC-NOF.
Ce résultat est obtenu grace a I'analyse d’un modele de canal plus simple, le canal linéaire
déterministe a interférence a deux utilisateurs avec voie de retour dégradée par un bruit additif
(LDIC-NOF). L’analyse pour obtenir la région de capacité du LDIC-NOF fournit les idées
principales pour I'analyse du GIC-NOF.

Du point de vue des réseaux décentralisés, les limites fondamentales du GIC-NOF sont
caractérisées par la région d’'n-équilibre de Nash (7-EN). Une autre contribution de cette
these est une approximation de la région n-EN du GIC-NOF, avec n > 1. Comme dans le
cas centralisé, le cas décentralisé LDIC-NOF (D-LDIC-NOF) est étudié en premier et les
observations sont appliquées dans le cas décentralisé GIC-NOF (D-GIC-NOF).

La contribution finale de cette thése répond 4 la question suivante : “A quelles conditions
la voie de retour permet d’agrandir la région de capacité, la région n-EN du GIC-NOF ou du
D-GIC-NOF 7 7. La réponse obtenue est de la forme : L’implémentation de la voie de retour
de la sortie du canal dans I’émetteur-récepteur ¢ agrandit la région de capacité ou la région
n-EN si le rapport signal sur bruit de la voie de retour est supérieure & SNR, avec ¢ € {1,2}.
La valeur approximative de SNR; est une fonction de tous les autres parametres du GIC-NOF

ou du D-GIC-NOF.
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Notation

HROUGHOUT this thesis, sets are denoted with uppercase calligraphic letters,
I e.g. X. Random variables are denoted by uppercase letters, e.g., X. The
realization and the set of events from which the random variable X takes values

are respectively denoted by x and X.

For discrete random variables, the probability mass function (pmf) of X over the set X
is denoted by Px : X — [0,1]. The support of Px is supp (Px) = {z € X : Px (z) > 0}.
Whenever a second discrete random variable Y is considered, Py y and Py | x denote respectively
the joint pmf of (X,Y), i.e., Pxy : XxY — [0, 1], and the conditional pmf of Y given X, i.e.,
Pyix : & xY — [0,1]. Ex[] denotes the expectation with respect to the distribution of the
random variable X. For real-valued random variables, the probability density function (pdf) of
X is denoted by fx : R — [0,00). The support of fx is supp (fx) ={z € R: fx (x) > 0}.
Whenever a second real-valued random variable Y is considered, fxy and fy x denote
respectively the joint pdf of (X,Y), i.e., fxy : R? — [0,00), and the conditional pdf of Y’
given X, i.e., fy|x : R2 — [0, 00).

Let N be a fixed natural number. An N-dimensional vector of random variables is denoted by
X = (X1, Xo,..., Xn)" and a corresponding realization is denoted by x = (21,2, ...,zx)' €
XN, Given X = (X1,X2,...,Xn)" and (a,b) € N2, with a < b < N, the (b —a + 1)-
dimensional vector of random variables formed by the components a to b of X is denoted
by X () = (X, Xat1,-- - X3)T. If the component a of the N-dimensional vector of random
variables X is also a ¢-dimensional vector, it is denoted by X,. Given (c,d) € IN?, with
¢ < d < q, the (d — ¢ + 1)-dimensional vector formed by the components ¢ to d of X, is

T
denoted by ch:d) = (XLSC), XL(LCJrl)7 e ,Xc(ld)) . The notation (-)* denotes the positive part

operator, i.e., ()7 = max(-,0) The logarithm function log is assumed to be in base 2.
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Synthéese des
Contributions

ETTE theése a pour objet d’étude le GIC-NOF asymétrique a deux utilisateurs.

‘ L’analyse est réalisée en tenant compte de deux scénarios : (1) centralisé, dans

lequel la totalité du réseau est controlée par une entité centrale qui configure les

deux paires émetteur-récepteur ; et (2) décentralisé, dans lequel chaque paire émetteur-récepteur

configure de facon autonome ses parametres de transmission-réception. L’analyse dans ces

deux scénarios permet d’approximer la région de capacité ainsi que la région d’n-équilibre de

Nash du GIC-NOF a deux utilisateurs. Ces résultats permettent également d’identifier les

conditions dans lesquelles une voie de retour peut agrandir la région de capacité et la région
d’équilibre.

Voici les principales contributions de cette these :

e Une description compléte de la région de capacité du LDIC-NOF & deux utilisateurs |70}
72]. Cette contribution généralise les résultats pour les cas du LDIC sans voie de retour
[20], avec voie de retour parfaite (LDIC-POF) [88], avec voie de retour dégradée par un
bruit additif (LDIC-NOF) dans des conditions symétriques [53|, et les cas incluant une
voie de retour des récepteurs vers leurs émetteurs appairés [80].

e Une région atteignable et une région d’impossibilité du LDIC-NOF a deux utilisateurs |69,
70]. Ces deux régions encadrent la région de capacité du GIC-NOF a deux utilisateurs
avec un écart maximal de 4.4 bits. La région atteignable est obtenue a l’aide d’un
argument de codage aléatoire combinant le fractionnement de message, un codage de
superposition de bloc Markov et un décodage a rebours, comme suggéré précédemment
en [88] 94, 102]. La région d’impossibilité est obtenue en utilisant des bornes supérieures
existantes dans le cas du CGI a deux utilisateurs avec POF (GIC-POF) [88] ainsi qu'un
ensemble de nouvelles bornes supérieures obtenues a l'aide de modeles assistés par génies.
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Synthése des Contributions

Cette contribution généralise les résultats obtenus a partir des cas sans voie de retour
(CGI) [31], avec POF (GIC-POF) [88], et avec NOF (GIC-NOF) dans des conditions
symétriques [53].

e Une description compléte de la région d’n-équilibre de Nash du LDIC-NOF & deux
utilisateurs |74]. Cette contribution généralise les résultats obtenus a partir des cas du
canal linéaire déterministe & interférence (LDIC) sans voie de retour [15], avec POF
(GIC-POF) [66], et avec NOF (GIC-NOF) dans des conditions symétriques [68].

e Une région d’'n-équilibre de Nash atteignable et une région de deséquilibre avec n > 1
pour le GIC-NOF a deux utilisateurs |73|. La région d’n-équilibre de Nash atteignable
est obtenue en effectuant une modification du schéma de codage utilisé dans la partie
centralisée. Cette modification implique I'introduction d’un caracteére aléatoire commun
dans le schéma de codage comme suggéré par [16] et [66], ce qui permet aux deux paires
d’émetteur-récepteur de limiter I’amélioration de débit de chacune lorsque I'une d’elles
s’écarte de I’équilibre. La région de deséquilibre est obtenue avec 17 > 1 en utilisant les
connaissances obtenues a partir de I’analyse du modeéle linéaire déterministe.

e Identification des scénarios dans lesquels 1'utilisation d’une voie de retour agrandit la
région de capacité et la région d’n-équilibre de Nash [71].

1. Canaux a Interférence Centralisés

Considérons le IC-NOF continu a deux utilisateurs representé par la Figure 1l L’émetteur i,
i € {1,2}, souhaite communiquer au récepteur i un message W;. Ce message est représenté par
une variable aléatoire indépendante et uniformément distribuée prenant des valeurs d’indices
dans W; = {1,2,...,2N Ri}, durant N € IN utilisations du canal, R; € Ry indiquant le
taux de transmission de 'émetteur-récepteur i en bits par utilisation du canal. A cet égard,

I'émetteur i envoie le mot-code X; = (X; 1, X2, ... 7XZ-J\/)T € C; C RV, ¢; étant le dictionnaire
de I'émetteur.
Pour une utilisation du canal donné n € {1,2,..., N}, les émetteurs 1 et 2 envoient les

symboles X1, € Ret X5, € R, respectivement, génerent les sorties de canal 71771 € R, 72,71 €
R, ?Ln € R, et ?Q’n € R conformément a la fonction de densité de probabilité conditionnelle
e +
f?h?%?la?ﬂXLXZ (717 727 Y1, Y 2’.{171,1‘2), pour tout (717 72a Yyi, ?ZavxlaxQ) S R6~
L’émetteur i génere le symbole X, € R en prenant en compte I'indice de message W;
et tous les résultats précédents de la voie de retour ¢, a savoir, (?i,l, ?Lg, e ?i,n_l).
L’émetteur ¢ observe ?m a la fin de la n-iéme utilisation du canal. L’émetteur ¢ est défini

par I’ensemble des fonctions déterministes {fi1, fi2,..., fin}, avec fi1 : Wi — R et pour
ne{2,3,...,N}, fin: Wi x R™ ! — R, de sorte que

Xi1=fia (W;) et (1a)
Xi,n:fi,n (m, ?i,la ?Z”Q, e ?iynfl) pour tout n > 1. (1b)
R T
A la fin de la transmission, le récepteur ¢ utilise toutes les sorties de canal (7@1, ?i72, R 71 N)

pour obtenir une estimation de 'indice de message W;, notée W;.
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1. Canaux a Interférence Centralisés

Y, '
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Wi — Emetteur 1
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FIGURE 1. : Canal & interférence continu a deux utilisateurs avec voie de retour dégradée par
un bruit additif.

Ainsi, la chaine de Markov suivante existe :
(Wu ?i,(l;n—l)) = Xin — ?zn (2)

Soit T' € IN fixé. Supposons que, durant une communication, soient transmis 7" blocs, chaque
bloc consistant en IV utilisations du canal. Le récepteur 4 est défini par la fonction déterministe
P RNT — WZT . A la fin de la communication, le récepteur i utilise le vecteur (?@1, ?Z‘Vg,

T
e ?@NT> pour obtenir

(W'(l)j 1’/17(2)7 o W;T)>:”L/fz‘ (71',17 ?m, cee ?i,NT) ; (3)

7

ol Wi(t) est une estimation de I'indice de message Wi(t) envoyé au cours du bloc t € {1,2,...,T}.
La probabilité d’erreur de décodage dans le IC continu a deux utilisateurs durant le bloc t,
notée Pe(t)(N ), est donnée par

e

PO (N)=max (Pr {W\l(t) v Wfﬂ ,Pr {W}(“ £ WQ“)} ) (4)

La définition d’une paire de débit atteignable (R;, Rg) € IRi figure ci-dessous.

Définition i (Paires de débit atteignables). Une paire de débit (R, R2) € R% est atteignable
s’il existe des ensembles des fonctions d’encodage {fl(l), 1(2), e fl(N)} et { 2(1), f2(2), cee Q(N)},

et des fonctions de décodage 1 et Vo, telles que la probabilité d’erreur Pe(t)(N) peut étre

arbitrairement réduite lorsque le nombre d’utilisations du canal N tend vers l’infini pour tous
les blocs t € {1,2,...,T}.

Dans un systeme centralisé, un contréleur central détermine les configurations de toutes les
paires d’émetteur-récepteur. Le controleur central a une vision globale du réseau et permet de
sélectionner des configurations optimales étant donné une métrique, par exemple, la somme
des débits, Defficacité énergétique, etc. Les limites fondamentales dans un systéme centralisé
sont caractérisées par la région de capacité.

Définition ii (Région de capacité d’'un IC a deux utilisateurs). La région de capacité d’un
IC a deuz utilisateurs est la fermeture de l’ensemble de toutes les paires possibles de débit
atteignables (R1, R2) € RA.
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FIGURE 2. : Canal Gaussien a interférence avec voie de retour dégradée par un bruit additif a
la n-iéme utilisation du canal.

1.1. Canal Gaussien a Interférence

Le canal Gaussien a interférence (GIC) représente un cas particulier du IC-NOF décrit ci-dessus
dans la perspective des réseaux centralisés. Considérons le GIC-NOF a deux utilisateurs décrit
par la Figure [2| Le coefficient de canal de I'émetteur j au récepteur ¢ est noté h;; ; le coefficient
de canal a partir de I’émetteur ¢ au récepteur 7 est noté h ; ; et le coefficient de canal de la
sortie de canal 7 I’émetteur ¢ est noté h ;. Tous les coefficients de canal sont supposés étre des
nombres réels non négatifs. A la n-iéme utilisation du canal,

%
?i,n: h i Xin +hij X, + 71‘,11, (5)
et
%
? Zin pour n€ {1,2,...,d} (©)
in—9§ — <— 9
o hii?iyn,d—i— Zin pourne {d+1,d+2,....N}

ou 7m et ?m sont des variables aléatoires Gaussiennes standard et ou d > 0 est le délai
de la voie de retour, fini, mesuré en utilisations du canal. Sans perte de généralité, le délai
de la voie de retour est supposé fixé et égal a une utilisation du canal, c’est a dire, d = 1.
Le vecteur d’entrée X ;, dont les composantes sont réelles, est soumis a une contrainte de
puissance moyenne :

1NIEX2 <1 7
an::l[i,n]—v ()

I’espérance étant calculée d’ﬁ)rés la distribution conjointe des messages Wy, Wo, et les termes
de bruits, a savoir Z1, Z2, Z1, et Z9. La dépendance de X; ,, avec W1, Wa, et les réalisations
de bruit observées précédemment sont dues a 'effet de la voie de retour comme l'indiquent

et @
Le GIC-NOF a deux utilisateurs représenté par la Figure [2 peut étre décrit par six pa-
rametres : SNR;, SNR;, et INR;;, avec i € {1,2} et j € {1,2}\{i}, définis comme suit :
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— -
SNR,=h 2, (8a)
INR;;j=h;;, et (8b)
r —y (= —

NR;=h ZZZ ( h 122 +2hhi; + h?j + 1) . (8c)

Lorsque INR;; < 1, la paire d’émetteur-récepteur 7 est altérée principalement par le bruit au
lieu de l'interférence. Dans ce cas, le traitement de 'interférence comme un bruit est optimal
et la voie de retour n’apporte pas d’amélioration significative du débit. C’est la raison pour
laquelle I'analyse développée dans cette theése traite exclusivement le cas dans lequel INR;; > 1
pour tout i € {1,2} et j € {1,2}\ {i}.

1.2. Canal Linéaire Déterministe a Interférence

On considére le canal linéaire déterministe a interférence avec rétroalimentation dégradée par
un bruit additif (LDIC-NOF') représenté sur la Figure 3| Pour tout i € {1,2} et j € {1,2}\ {i},
le nombre de tubes pour les bits entre I’émetteur i et son récepteur associé (récepteur i) est
noté par i ; le nombre de voies pour les bits entre I'’émetteur i et 'autre récepteur (récepteur
J) est noté par nj; ; enfin le nombre de tubes pour les bits entre le récepteur i et son émetteur
correspondant est noté par $7 4. Ces six parametres sont des entiers positifs et décrivent le
LDIC-NOF représenté sur la Figure

A DPémetteur i, durant la n-iéme utilisation du canal, ou n € {1,2,..., N}, le symbole en
entrée, noté X, est un vecteur binaire de longueur g, c’est-a-dire X;,, = (Xﬁl), Xﬁ), e

T
X(Q)) € X, avec &; = {0,1}7, ¢ = max (ﬁn, ﬁ)zg, ni2, n21), et N € N est la longueur de

i,n
bloc. Au récepteur i, durant la n-iéme utilisation du canal, ou n € {1, 2,..., max (N1, Na)},

le symbole a la sortie du canal 7, noté 71-’71, est également un vecteur binaire de longueur g,

c’est-a-dire ?i,n = (?(1) 7(2)

i,no ino e

u
. 7([2) . Soit S une matrice ¢ x g & décalage.

17
Les entrées-sorties de ce canal durant la n-iéme utilisation du canal sont liées par les relations
suivantes :

7z’,n:Sq_ﬁii)(i,n + Sq_nij ijw (9)

pour tout i € {1,2} et j € {1,2}\ {i}.
Le signal dégradé par un bruit additif dans la voie de retour est disponible a I’émetteur 7 a
la fin de la n-iéme utilisation du canal est :

TAT
((0, ,0), <17Z,n) :S(max(ﬁii7nij)_%ii)+ 7i7n_d’ (10)

ou d € IN est un délai limité. On notera que les additions et les multiplications sont
en binaire. La dimension du vecteur (0,...,0) dans (10 est ¢ — min (%ii,max(ﬁii,nij))

et le vecteur ?m représente les min (W“, max(ﬁ)n-, nw)> bits moins significatifs de
S(max(ﬁii,nij)fﬁiifr?

Sans perte de généralité, le délai de la voie de retour est supposé correspondre & une seule
utilisation du canal.

i,n—d-
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FIGURE 3. : Canal linéaire déterministe & interférence & deux utilisateurs avec voie de retour
dégradée par un bruit additif & la n-ieme utilisation du canal.

2. Canaux a Interférence Décentralisés

Dans un systeme décentralisé, il n’existe pas de controleur central, et chaque paire d’émetteur-
récepteur est responsable de la sélection de sa propre configuration d’émission-réception pour
maximiser son débit de transmission de données. La configuration de transmission-réception,
notée s;, avec i € {1,2}, peut étre caractérisé par la longueur de bloc N;, le nombre de bits par

fﬁz) fﬂNi)

: P i 5

bloc M;, 'alphabet d’entrée X, le dictionnaire, les fonctions d’encodage fi(l)7
les fonctions de decodage wi(N), etc. Le but de ’émetteur ¢ est de choisir en toute autonomie sa
configuration de transmission-réception, pour maximiser son taux de transmission atteignable
R;. 1l convient de noter que le taux de transmission atteignable par ’émetteur-récepteur ¢
dépend des configurations s; et sy en raison de 'interférence mutuelle. Ceci est révélateur
de l'interaction compétitive entre les deux liens de communication du canal & interférence
décentralisé.

Les modeles de systémes pour le IC-NOF continu décentralisé a deux utilisateurs, le D-GIC-
NOF a deux utilisateurs et le D-LDIC-NOF a deux utilisateurs sont en général les mémes que
pour le cas centralisé. Les principales différences sont les suivantes :

e Chaque émetteur-récepteur définit le nombre d’utilisations du canal par bloc, a savoir
les utilisations du canal N7 et Ns.

e La transmission d’un bloc est constituée de N utilisations du canal, ot N = max (N1, Na).
Alors, X;, = 0 pour tout n > N;.

e L’encodeur ¢ génere le symbole z;, en tenant compte non seulement de l'indice de
message W; € W; = {1,2,...,2Nifti} et de toutes les sorties précédentes de la voie de
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retour %, a savoir, (?1}17 @i,g, e ?m_1>, mais aussi de I'indice de message aléatoire
Q; € IN. L’indice €; est un indice supplémentaire généré de fagon aléatoire supposé étre
connu a ’émetteur i et au récepteur i, mais inconnu a I’émetteur j et au récepteur j
(caractere aléatoire commun).

e A la fin de la transmission, le décodeur 7 utilise toutes les sorties de canal, & savoir, (72-,1,
72-,2, e 72 N) et indice de message aléatoire €); pour estimer I'indice de message W;,
indiquée par T//T\/Z

e La chalne de Markov suivante existe :

(Wi, Q;, ?i,(l;n—l)) — X@n — 71’,71- (11)

e Le calcul de la probabilité d’erreur est effectué pour chacune des paires émetteur-

récepteur. Soit Wl(t) indiqué comme cz(? cgg cft])% sous forme binaire. Soit aussi Wi(t)

t) At t . e
indiqué comme ¢ AE % AE; e 55 ])V[ sous forme binaire. La probabilité d’erreur moyenne de
b K2
bit au niveau du décodeur i compte tenu des configurations s1 et so, notée p;(s1, s2), est

alors donnée par

Pi 51782 Zﬂ /‘(t (t) . (12)
'Lz 1 N4

Les limites fondamentales dans un systéme IC-NOF décentralisé a deux utilisateurs sont
définies par la région d’n-équilibre de Nash N,.

Définition iii (Région d’n-Equilibre de Nash d’un IC & Deux Utilisateurs). La région d’n-
équilibre de Nash Ny d’un IC d deuz utilisateurs est la fermeture de l'ensemble de toutes les
paires possibles de débit atteignables (Ry, R2) € Ri qui sont stables dans le sens d’un n-équilibre
de Nash. Plus précisément, étant donné un schéma de codage atteignant I’équilibre de Nash, il
n’existe pas de schéma de codage alternatif pour une ou l'autre des paires émetteur-récepteur
augmentant leurs débits individuels de plus de n bits par utilisation du canal.

2.1. Formulation du Jeu

L’intéraction compétitive des deux paires émetteur-récepteur dans le canal a interférence
décentralisé peut étre modélisée par un jeu sous forme normale suivant :

g = (K, {'Ak}kelC ) {uk}kelc) : (13)

L’ensemble IC = {1,2} est 'ensemble des joueurs, c’est-a-dire, 'ensemble des paires émetteur-
récepteur. Les ensembles A7 et As sont les ensembles d’actions des joueurs 1 et 2, respectivement.
Une action du joueur i € IC, notée par s; € A;, correspond & sa configuration de transmission-
réception comme indiqué précédemment. La fonction d’utilité du joueur i est u; : Ay x A2 — Ry,
et est définie comme le taux de transmission de I’émetteur i,

Ri = ]\]\/,[’ if pi(sl 32) <€
i(s1,82) = i e , 14
ui(s1, 52) { 0 otherwise (14)
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ol € > 0 est un nombre arbitrairement petit. Ce jeu sous forme normale fut proposé en premier
lieu par [103] et [15].

Une classe de configurations de transmission-réception s* = (s, s3) € A1 x Ay, particulie-
rement importantes dans ’analyse de ce jeu est désignée comme 1’ensemble d’n-équilibre de
Nash. Cette classe de configurations satisfait la définition suivante :

Définition iv (n-équilibre de Nash). Dans le jeu G = (/C, {Ak}eercr {ur}pex ), un profil
d’actions (s3, s5) est un n-équilibre de Nash si pour tout i € K et pour tout s; € A;, il existe
un n > 0 tels que

ui(8i,87) < ui(sy, sj) + . (15)

Soit (s}, s5) un profil d’actions d’un 7-équilibre de Nash. Il s’en suit qu’aucun des émetteurs
ne peut augmenter son taux de transmission de plus de n bits par utilisation du canal en
changeant sa configuration de transmission-réception tout en conservant la probabilité d’erreur
binaire moyenne arbitrairement proche de zéro. Il convient de noter que si 7 est suffisamment
élevé, il suit de la Définition que toute paire de configurations peut étre un n-équilibre
de Nash. D’autre part, pour 1 = 0, la définition classique de 1’équilibre de Nash est obtenue
[59]. Dans ce cas, si une paire de configurations est un équilibre de Nash (n = 0), alors
chaque configuration individuelle est optimale étant donnée a la configuration de 'autre paire
émetteur-récepteur. Par conséquent, 'objet est de décrire I’ensemble de toutes les paires de
taux de transmission (Rj, Ra) n-équilibre de Nash du jeu définit par avec la plus petite
valeur possible de 1 pour lequel il existe au moins une configuration d’équilibre.

L’ensemble des paires de taux de transmission atteignables dans un n-équilibre de Nash est
connu comme la région d’n-équilibre de Nash.

Définition v (La Région d’n-Equilibre de Nash). Soit n > 0 fizé. Une paire de tauz de
transmission atteignables (Ry, Re) appartient a la région dn-équilibre de Nash du jeu G = (IC,

{ Ak} hexs {uk}kelc) s’il existe une paire (s7,s3) € A1 x Ag qui est telle que

ui(sy,s5) = R1 et wua(s],s;) = Ra. (16)

3. Connexions entre Canaux Linéaires Déterministes a Interférence
et Canaux Gaussiens a Interférence

e e
La région de capacité du GIC-NOF a deux utilisateurs avec les parametres SNR1, SNRy,
INR12, INRs;, SNR; et §NR2 peut-étre décrite approximativement par la région de ca-
pacité d’'un LDIC-NOF avec des parameétres 774 = Elog(SNﬁi)J ;i = E log(INRij)J ;

i = E log(m’w)J, avec i € {1,2} et j € {1,2}\ {i}.

4. Principaux Résultats du Canal Linéaire Déterministe a
Interférence Centralisé

Cette section présente les principaux résultats sur le LDIC-NOF centralisé a deux utilisateurs
décrit en Section [[.2
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4. Principaux Résultats du Canal Linéaire Déterministe a Interférence Centralisé

4.1. Region de Capacité

Notons C(ﬁn, ﬁ)gg, 12, No1, Wn, ng) la région de capacité du LDIC-NOF a deux utilisateurs
avec les parametres 711, 722, n12, No1, %11, et ﬁgg, caractérisée par le Théoréme

Théoréme i. Region de capacité

La région de capacité C(ﬁu, ﬁ)gg, ni2,No1, %11, %22) du LDIC-NOF & deux utilisateurs
est ensemble des paires de débit (R, R2) € R2 qui pour tout i € {1,2}, avec

je {23\ {i}

R;<min (max (774, nji) , max (74, 147)) (17a)
Rigmin (ma (ﬁ“, nﬂ) max (ﬁ”, W]‘j - (ﬁjj - nji)+)> y (17b)
Ry + Ry<min (max (W a2, n12) + (711 — ma2) ", max (W11,m21) + (W2 — na1) "),

Ry + Ro<max ((711 —n12)",no1, W11 — (max (711, m12) — 1) "

+ max ((722 = n21)+ ,N12, W2 — (max (722, ng1) — %22)+), (17¢)
2R; + Rjgmax (ﬁ“, n]’i)-}-(ﬁii—nij)—i_
— + s — &
tmaxx ((755=ng0) " mig, 35— (max (7 55,m5) — 735)7) (17d)

4.2. Cas ou la Voie de Retour Agrandit la Région de Capacité

Soit a;; € Q, avec i € {1,2} et j € {1,2}\ {i} défini comme

oy =

(18)

S: <.

Pour chaque paire d’émetteur-récepteur i, il existe cinq régimes d’interférence (IR) possibles,
comme suggéré en [31] : le IR tres faible (VWIR), a savoir, a; < 3, le IR faible (WIR), a
savoir, % < o < %, le IR modéré (MIR), a savoir, % < a; < 1, le IR fort (SIR), a savoir,
1 < a; <2etle IR tres fort (VSIR), a savoir, a; > 2. Les scénarios dans lesquels le signal
souhaité est plus fort que l'interférence (o; < 1), notamment les VWIR, WIR, et MIR, sont
cités comme les régimes a faible interférence (LIR). A D'inverse, les scénarios dans lesquels le
signal souhaité est plus faible ou égal a U'interférence (cy; > 1), a savoir le SIR et le VSIR, sont
considérés comme des régimes a hautes interférence (HIR).

Les résultats de cette section sont présentés au moyen d’un ensemble d’événements (variables
booléennes) déterminés par les parametres 711, 722, n12, €t noj. Etant donné un quadruplet
déterminé (711, 722, ni2, N21), les événements sont définis ci-dessous :

FEy: ar <1Ahax <1, (19)
1

EQ’Z‘: ai<§A1§Qj§2, (20)
1

Es; a; < - ANaj > 2, (21)
2

1 2
E4,i 5 <a; < g Naj 2 1, (22)
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E5,i ; <o <1A o = 1, (23)
E(;,i % <a; 1A a; > 1, (24)
Eq;: a; 2 1ANa; <1, (25)
Eg;: i > nji, (26)
Ey : 11+ T2 > g + nat, (27)
B i+ 5> nij + 2nji, (28)
Ell,i : ﬁ“ + ﬁjj < Myjj. (29)

Dans le cas de Fg; : ﬁ)“ > nj;, la notation E&i indique ﬁu < nj;; la notation E&i
indique W“ < nyj; (complément logique); et la notation E&i indique ﬁ)“ = nj;. Dans le
cas F1 : a1 < 1A ag < 1, la notation El indique @1 > 1 A as > 1; et la notation F;
indique a; = 1 Aas > 1. Dans le cas Ey : 711 + 722 > ni9 + no1, la notation Eg indique
11+ oz < nig + nay.

En combinant les événements —, cing scénarios principaux sont identifiés :

S14: (El A\ E&i)\/(EQ’i VAN E&i)\/(Eg’l'/\Eg,i/\Eg)\/(E472'/\E871'/\E9)\/(E57i/\E8’i/\E9) , (30)

)

Syit (B34 N Bsj AEg) V (Eoi A EsjNEg) V (E1L A Esy), (31)
S3: (Ey A Bs) V (Bai ANBsy) V (B3 AN Esj AEs;) V (Esi A Esj AEs;)

V(Es; N Esj AEs;) vV (E1AEsj) vV (Ery), (32)
Sy :E1 NEg1 AN Ega A Eip1 A Eqa, (33)
Ss 1 E1 AN E111 A Eq . (34)

Pour tout ¢ € {1,2}, les événements St ;, S24, S34, S4 et S5 montrent les propriétés énumérées
par les corollaires suivants.

Corollaire i. Pour tout (711, ﬁgg,nlg,ngl) € IN*, étant donné un 4 € {1,2} déterminé, seul
un des événements Sy ;, So; et S3; est vrai.

Corollaire ii. Pour tout (711, ﬁgg,nlg,ngl) e IN*, lorsque 'un des événements Sy ou Ss
est vrai, l'autre est nécessairement faux.

Notez que le Corollaire [iil n’exclut pas le cas dans lequel les deux Sy et S5 sont simultanément
faux.

Corollaire iii. Pour tout (ﬁ)n,ﬁ)gg,nu,ngl) € IN%, si Sy est vrai, alors S1,1 et Si2 sont
tous deux vrais; et si S5 est vrai, alors Sy 1 et S22 sont tous deux vrais.

Métrique de I’Amélioration de Débit

Etant donné un quadruplet (711, 99,12, n21), Soit C(%H, %22) la région de capacité d’un
LDIC-NOF avec les parametres %11 et %22. L’amélioration maximum des débits individuels
Ry et Ry, notée respectivement par Al(Wn, ng) et Ag(%n, %22), due & Deffet de la voie de
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4. Principaux Résultats du Canal Linéaire Déterministe a Interférence Centralisé

retour est :
Al(ﬁn,%gg):k%?? ;{sup{Rl Ry, Bo) € (W11, o) f—sup { B : (R], R2) € C(0,0) }}
et (35)
(%11’%2)_«%??3* {Sup {Ry: (Ry, Ro) € C(fn1, 00) }—sup { R} : (Ry, RY) € C(0,0) }}
(36)

avec

Ri=sup {r1 : (r1,75) € C(0,0)} et (37)
Ri=sup {ry : (r1,2) € C(0,0)}. (38)

Notons que pour tout i € {1,2}, Ai(%n, %22) > 0 si et seulement s’il est possible d’atteindre
une paire de débits (Ry, R2) € R2 avec une voie de retour telle que R; est supérieur au
débit maximum atteignable par I’émetteur-récepteur ¢ sans voie de retour lorsque le débit de
la paire émetteur-récepteur j est fixé a R;. Etant donné les paramétres déterminés 11 et
%22, I'assertion “le débit R; est amélioré a l’aide de la voie de retour” sert a indiquer que
Ai(%n, %22) > 0.

L’amélioration maximum du débit somme E(%ll, %22) concernant le cas sans voie de retour
est :

E(%H, %QQ)ZSup {Rl + R2 : (Rl,Rg) c C(%H, %22)} — sup {RJ{ + R; : (RJ{, R;) S C(O, 0)}
(39)

Notons que E(ﬁn, ﬁgg) > 0 si et seulement s’il existe une paire de débits avec voie de retour
dont la somme est supérieure au débit somme maximum atteignable sans voie de retour. Etant
donné les parametres déterminés ﬁn et %22, l'assertion “le débit somme est amélioré a 'aide
de la voie de retour” sert a impliquer que E(%H, %22) > 0.

Lorsque la voie de retour est exclusivement utilisée par la paire d’émetteur-récepteur 1,
a savoir, S0 > 0 et %jj = 0, 'amélioration maximum du débit individuel de I’émetteur-
récepteur k, avec k € {1,2}, et 'amélioration maximum du débit somme sont indiquées par
Ak(%u) et E(%ii), respectivement. Par conséquent, cette notation Ak(%”) remplace soit
Ak(%ll, 0) ou Ag(0, ﬁgg), lorsque ¢ = 1 ou i = 2, respectivement. Il en va de méme pour la
notation E(%“) qui remplace E(%H, 0) ou (0, 77 92), lorsque i = 1 ou i = 2, respectivement.

Agrandissement de la Région de Capacité

Compte tenu des parameétres fixés (711, 722, ni2, na1), t € {1,2}, et j € {1,2}\ {i}, la région
de capacité d’'un LDIC-NOF a deux utilisateurs, lorsque la voie de retour est disponible
uniquement au niveau de la paire émetteur-récepteur 7, a savoir, i > 0 et %jj = 0, est noté
C (%7 4) au lieu de C (%711,0) ou C (0, 7 22), quand 7 = 1 ou i = 2, respectivement. A la suite
de cette notation, le Théoreéme [iil identifie les valeurs exactes de % pour lesquelles I'inclusion
stricte de C (0,0) c € (%74;) vaut pour tout i € {1,2}.
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Théoreme ii. Agrandissement de la Région de Capacité

Soit (711, a2, 12, n21) € IN* un quadruplet fixe. Soit aussi i € {1,2}, j € {1,2} \ {i}
et 2% € IN des nombres entiers fixes, avec

eox { max (nji, (ﬁ)u — nij)Jr) si S1; est vrai (40)

ﬁjj + (_>n- — nij)+ si So; est vrai |
Supposons que Ss3; est vrai. Alors, pour tout v €N, C(O, O) = C(%ZJ Supposons
aussi que S1; est vrai ou So; est vrai. Alors, pour tout %“ < %;“Z, C(O, 0) = C(%”>
et pour tout ﬁ“ > C(O, 0) C C(ﬁn)

%)

Le Théoreme [iif indique qu’étant donné I’événement S3; en , I'implémentation de la
voie de retour a la paire émetteur-récepteur i, avec tout i > 0 et %jj = 0, n’agrandit pas
la région de capacité. Etant donné les événements S1, en et So; en , la région de
capacité peut étre agrandie lorsque i > %;"Z Il importe de souligner que dans les cas dans
lesquels la voie de retour agrandit la région de capacité du LDIC-NOF & deux utilisateurs,
étant donné les événements Si 1, Sa,1, S12 ou Sz 2, pour tout i € {1,2} et j € {1,2} \ {i}, ce
qui suit est toujours vrai :

%Z > (ﬁ” — ’I’Lij)+. (41)

En effet, I'inégalité dévoile une condition nécessaire mais non suffisante pour agrandir la
région de capacité a ’aide de la voie de retour. Cette condition indique que pour au moins
un i € {1,2}, avec j € {1,2} \ {i}, 'émetteur ¢ puisse décoder un sous-ensemble de bits
d’information envoyés par I’émetteur j a chaque utilisation du canal.

Il est également intéressant d’observer que, le seuil %;“Z au-dela duquel la voie de retour
est utile est différent étant donné I’événement S ; en et I’événement Sy ; en . En
général, lorsque Sy ; est vrai, 'agrandissement de la région de capacité est due au fait que la
voie de retour permet d’utiliser l'interférence comme information secondaire [86]. Si Sa; en
(31) est vrai, 'agrandissement de la région de capacité survient est comme une conséquence
du fait que certains bits ne pouvant étre transmis directement de ’émetteur j au récepteur j,
peuvent parvenir au récepteur j par un chemin alternatif : émetteur j - récepteur i - émetteur
1 - récepteur j.

Amélioration du Débit Individuel R; a I’Aide de la Voie de Retour dans le Lien

Etant donné les paramétres fixés (ﬁll,ﬁgg,nlg, na1), et i € {1,2}, 'implémentation de
la voie de retour a la paire émetteur-récepteur ¢ augmente le débit individuel R;, a savoir,
Al(W“) > ( pour certaines valeurs de %“ Le Théoreme |iii] identifie les valeurs exactes de %“
pour lesquelles Al(ﬁ”) > 0.
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Théoreme iii. Amélioration de R; a I’Aide de la Voie de Retour dans le Lien

7

Soit (711, a2, n12,n21) € IN* un quadruplet fixe. Soit aussi i € {1,2}, j € {1,2}\ {i}
et %L € IN des nombres entiers fixes, avec

%L = max (njia (i — nij)+) . (42)

Supposons que Sg; est vrai ou S3; est vrai. Alors, pour tout = N, Az(%“) = 0.
Supposons que Sy ; est vrai. Alors, si 14 < Sl cela signifie que Al(ﬁ”) =0; et sinon

i > 1, cela signifie que Az(%u) > 0.

%)

Le Théoreme [iii| souligne qu’étant donné les événements Sy ; en (31)) et Ss; en (32)), le débit
individuel R; ne peut étre amélioré a ’aide de la voie de retour a la paire émetteur-récepteur ¢,
a savoir, AZ(%“) = 0. Etant donné ’événement S;; en , le débit individuel R; peut étre

amélioré, a savoir, A; (%“) >0, si 774 > max (nﬁ-, (ﬁ” — nij)+>.

Amélioration du Débit Individuel 1?; a I'Aide de la Voie de Retour dans le Lien i

Etant donné les paramétres fixés (711, Wa, n12, na1), i € {1,2}, et j € {1,2} \ {i}, Pimplé-
mentation de la voie de retour a la paire émetteur-récepteur ¢ augmente le débit individuel
R;, a savoir, AJ(%”) > (0 pour certaines valeurs de $7,i. Le Théoreme [iv] identifie les valeurs
exactes de %” pour lesquelles A](%”) > 0.

Théoréme iv. Amélioration de R; a I’Aide de la Voie de Retour dans le Lien

1

Soit (7411, 722, n12,n21) € IN* un quadruplet fixe. Soit aussi i € {1,2}, j € {1,2}\{i} et
%Z € Nen , des nombres entiers fixes. Supposons que S3; est vrai. Alors, pour tout
%M € N, Aj(ny;) = 0. Supposons que Sy ; est vrai ou Sa; est vrai. Alors, si %“ < %;‘Z,
cela signifie que A](W”) =0; et sinon 1 > 1%, cela signifie que A](%u) > 0.

)

Le Théoréme [iv|indique qu’étant donné ’événement Ss ; en , I'implémentation de la voie
de retour a la paire émetteur-récepteur 7 n’apporte aucune amélioration au débit I2;. Etant
donné les événements S ; en et So; en , le débit individuel R; peut étre amélioré, a
savoir, A](ﬁ“) > 0 pour tout n; > S

Amélioration du Débit Somme

Etant donné les parameétres fixés (711, 2, M2, na1), et @ € {1,2}, 'implémentation de la voie
de retour a la paire émetteur-récepteur i augmente le débit somme, a savoir, E(W“) > 0 pour
certaines valeurs de %7 ;. Le Théoreme [] identifie les valeurs exactes de %7 pour lesquelles
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Théoréme v. Amélioration de la Somme des Capacités

Soit (711, a2, 12, n21) € IN* un quadruplet fixe. Soit aussi i € {1,2}, j € {1,2} \ {i}
et %Z € IN des nombres entiers fixes, avec

et _ { max (nji, (ﬁ“ = nij)+) si Sy est vrai (43)
LI B - + . .
g5 + (s — nij) si S5 est vrai

Supposons que Sy et S5 soient faux. Alors, E(%”) = 0 pour tout 74 € IN. Supposons
que Sy est vrai ou S5 est vrai. Alors, si 74 < %Z, cela signifie que E(W”) =0; et
sinon 15 > Wi, cela signifie que E(%”) > 0.

1)

Le Théoreme [v| introduit une condition nécessaire mais non suffisante pour I’amélioration
du débit somme par 'implémentation de la voie de retour a la paire émetteur-récepteur 7.

Remarque 1 : Une condition nécessaire mais non suffisante pour observer E(%n) >0
est de satisfaire a 'une des conditions suivantes : (a) les deux paires émetteur-transmetteur
sont en LIR (Evénement E1); ou (b) les deuz paires émetteur-transmetteur sont en HIR
(Evénement E, ).

Enfin, il résulte du Corollaire que si Sy ou Sy est vrai, avec i € {1,2} et %u > W;g, outre
E(%“) > 0, cela signifie aussi que Al(%n') >0 et AQ(Wiz‘) > 0.

4.3. Degrés de Liberté Généralisés

Cette section se concentre sur l'analyse du nombre de degrés de liberté généralisés (GDoF) du
LDIC-NOF a deux utilisateurs pour étudier le cas dans lequel la voie de retour est implémentée
simultanément dans les deux paires émetteur-récepteur. L’analyse n’est de plus réalisée que
pour le cas symétrique, & savoir, = 711 = 722, m = niy = Noi, €t T = %11 = %22, avec
(ﬁ), m, W) € IN3. Les résultats du théoréme [l permettent une analyse plus générale du nombre
de GDoF, a savoir, le cas non symétrique. Le cas symétrique donne toutefois certains des
apercus les plus importants concernant ’agrandissement de la région de capacité lorsque la
voie de retour est utilisée dans les deux paires d’émetteurs-récepteurs.

Etant donné les paramétres 77, m et %, avec a = Zet = %, le nombre de GDoF,
notée D(a, ), représente le rapport entre la capacité symétrique, a savoir, Csym(ﬁ, m, %) =
sup{R: (R,R) € C (7,7, m,m, ﬁ)}, et la capacité individuelle sans interférence, & savoir,
7, lorsque (7, m, %) — (00, 00,00). Le nombre de GDoF est plus précisément :

Coym (7, m, )

D(a, B) = li . 44
(a ﬁ) (ﬁ,m,%)l—in(oo,oo,oo) ﬁ ( )

Le Théoreme [vi| détermine le nombre de GDoF pour le LDIC-NOF symétrique a deux
utilisateurs.

Théoréme vi. Le Nombre de GDoF

Le nombre de GDoF pour le LDIC-NOF symétrique a deux utilisateurs avec parametres
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1.6

s Sans voie de retour ‘
s VOi€ de retour parfaite

L44 [O—O— 8=06

0—O0—o0 =

0.6 1

0.4 T T T T T T T T T T T T T T

FIGURE 4. : Degrés de liberté généralisés comme fonction des parameétres a et 3, avec 0 < a < 3

et 5 € {%, %, g}, du LDIC-NOF symétrique a deux utilisateurs. Le point sans voie

de retour est obtenu a partir de et le point avec voie de retour parfaite est
obtenu a partir de .

« et B est donné par
D(a, 8)=min (max(l a), max (1 B—(1-a) ) (max(l, a)+ (1 - a)+) ,

1
2
max ((1 —a)",a,1 — (max(1, a) ) (45)

Le résultat du Théoreme [vil peut également étre obtenu a partir du Théoréeme 1 en . Les
propriétés suivantes sont une conséquence directe du Théoreme

Corollaire iv. Le nombre de GDoF pour le LDIC-NOF symétrique d deux utilisateurs avec
parametres o et B répond auxr propriétés suivantes :

Va € { 2} et f < max <%,[3) D(a, ) <1, (46a)
Va € {o,%} et f> 1, D, f)=1-7, (46D)
Vo € (;,2} et f €[0,00), D(«a,0)= D(a, ) = D(a,max(1,a)), (46¢)
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Va € (2,00) et =1, 1< D(a,B) < min (%5) : (46d)
Va € (2,00) et f <1, D(o,fB)=1. (46e)

Les propriétés et mettent en évidence le fait que 'existence de voies de retour
dans le LDIC-NOF symétrique a deux utilisateurs dans le VWIR et WIR n’ont aucun impact
sur le nombre de GDoF si f < %, et le nombre de GDoF est égal au cas avec une voie de
retour parfaite si 8 > 1. La propriété souligne que dans le LDIC-NOF symétrique a deux
utilisateurs en MIR et SIR, le nombre de GDoF est identique dans les deux cas extrémes : sans
voie de retour (8 = 0) et avec voie de retour parfaite (ﬁ = max(1, a)). Il résulte enfin qu’a
partir de (46d]) et , pour observer une amélioration du nombre de GDoF du LDIC-NOF
symétrique a deux utilisateurs en VSIR, la condition suivante doit étre satisfaite : g > 1.
Autrement dit, la capacité dans les voies de retour doit étre supérieur a la capacité dans les
liens directs.

La Figure {4 montre le nombre de GDoF pour le LDIC-NOF symétrique & deux utilisateurs

346

pour le cas dans lequel 0 < a <3et € {5,z £}

5. Principaux Résultats du Canal Gaussien a Interférence
Centralisé

Cette section présente les principaux résultats sur le GIC-NOF centralisé décrit en Section
Ceux-ci incluent une région atteignable (Théoréeme et une région d’impossibilité
(Théoréme, notée C et C respectivement, pour le GIC-NOF & deux utilisateurs et parametres
fixés Sﬁl, Eﬁg, INR1 9, INRg91, %1, et SNRo. En général, la région de capacité d’un canal
multi-utilisateurs donné est approximé avec un écart constant conformément a la Définition

Définition vi (Approximation a £ unités pres).
Un ensemble fermé et convexe 7 C R']" est obtenu par approximation a & unités pres par les

ensembles T et 7 si T C T C T et pour tout t = (t1,t,...,tm) €T, ((t1 — §)+, (to — §)+,
O ) €T
Notons C la région de capacité du GIC-NOF a deux utilisateurs. La région atteignable C et

la région d’impossibilité C correspondent approximativement a la région de capacité C a 4.4
bits prés. (Théoréme [ix]).

5.1. Une Région Atteignable

La description de la région atteignable C est présentée a I’aide des constantes a; ; ; des fonctions
as;: [0,1] = Ry, a1 [0,1]2 = Ry, avec L € {3,...,6}; et a7, : [0,1]3 — R4, qui sont définis
comme suit, pour tout i € {1,2}, avec j € {1,2} \ {i} :

1 log | 2+ SNR; ) 1 (47a)
WiTy 8\ *TINR,, ) 2
1 1
a2i(p)=7 log (bu(p) + 1) — 5 (47b)
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1 § R'(bzi +2) —i—bu(l)—i—l

as,i(p; p)=5 log = : (47¢)

R( ) bai(p )+2>+b1,i(1)+1

1 1

asi(p, )= 5 ( bgZ —|—2> ~ 5 (47d)
1 1

as i p: 5 log < INR]Z )bQ z( )) 5? (47‘3)
1

agi(p, 1) §log (INRJZ )bgd + 2) (471)
1 1

ari(p, i, p2) =75 lo (INRJZ Nz)bQJ( )+ 1) + (1 — Mj)bz,i(/)) + 2) — 5 (47g)

ot les fonctions by, : [0,1] — R4, avec (I,i) € {1,2}? sont définies comme suit :

bLi(p):SNﬁi + 2py/ SNﬁiINRij + INRij et (48&)

b2,z’(,0):<1 - P) INR;; — 1, (48b)

avec j € {1,2}\ {i}.
Notons que les fonctions dans (47)) et . dépendent de SN ﬁl, SN ﬁg, INR 2, INRo, § NR;,

et § NRjy. Toutefois, comme ces parametres sont fixés dans cette analyse, cette dépendance
n’est pas mise en évidence dans la définition de ces fonctions. Enfin, en utilisant cette notation,
le Théoréme [vii] est présenté comme suit :

Théoréeme vii. Région Atteignable

La région de capacité C contient la région C donnée par la fermeture de I’ensemble de
toutes les paires possibles de débit atteignables (R;, Rg) € Ri satisfaisant :
Ry <min (az,l(p), ag1(p, 1) + az2(p, p1), a1,1 + az2(p, p1) + as2(p, p >,
(49a)
Ry<min (az,z(p), az1(p, p2) + as2(p, p2), az1(p, p2) + as1(p, p2) + ar 2>7
(49b)
Ry + Ry<min (a2,1(p) +ai2,a1,1 + az2(p),
az,1(p, p2) + a1,1 + az2(p, p1) + ar2(p, p1, p12),
az1(p, p2) + as1(p, p2) + a3 2(p, p1) + as2(p, p1),
az1(p, p2) + az,1(p, pa, p2) + as2(p, p1) + a1,2)7 (49¢)
2Ry + Ry<min (az 1(p) + a11 + az2(p, 1) + az2(p, pa, 42),
az1(p, p2) + a1 + a7,1(p, pa, p2) + 2a32(p, p1) + as2(p, p1),
a21(p) +a11 + az2(p, 1) + as2(p, m))’ (49d)
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Ri + 2Ry<min (03,1(,0, p2) + as1(p, p2) + az2(p) + a1,2,
as1(p, p2) + ar1(p, p1, p2) + az2(p) + a12,

2a31(p, p2) + as1(p, p2) + az2(p, p1) + ar2 + az2(p, pa, uz)),
(49e)

avec (p, p1, p2) € {O, (1 — max (ﬁj ﬁ))? x [0,1] x [0, 1].

5.2. Une Région d’Impossibilité

La description de la région d’impossibilité C est déterminée par deux événements indiqués

par Sy, 1 et Sy, 2, ou (I1,12) € {1,...,5}. Les événements sont définis comme suit pour tout
ie{1,2}:
Si:: SNR; < min (INRyj, INR;;) | (50a)
Sp:: INRj; < SNR; < INR;;, (50b)
S5+ INRy; < SNR; < INR;;, (50¢)
Sy max (INRyj, INRj;) < SNR; < INR,;INR (50d)
Ss.: SNR; > INRy;INR;. (50¢)

Notons que pour tout i € {1,2}, les événements Sy ;, S24, S34, Sa4, €t S5; sont mutuellement
exclusifs. Cette observation indique que pour tout quadruplet (SNR;, SNRg, INR;2,INRy;),
il existe toujours une unique paire d’événements (Sy, 1,5, 2), avec (I1,12) € {1,...,5}2, qui
identifie un scénario unique. Notons également que les paires d’événements (S21,522) et
(S3.1,.53,2) ne sont pas réalisables. Compte tenu de ceci, vingt-trois scénarios différents peuvent
étre identifiés a 'aide des événements en . Une fois le scénario exact identifié, la région
d’impossibilité est décrite a 'aide des fonctions r;; : [0,1] — R4, avec [ € {1,...,3};
k1 :]0,1] = Ry, avec [ € {4,5}; ke : [0,1] = Ry, avec [ € {1,...,4}; et k747 :[0,1] = Ry,
avec [ € {1,2}. Ces fonctions sont définies comme suit, pour tout i € {1,2}, avec j € {1,2}\{i} :

1i(p)= Yos (bri(p) +1), (51a)

2.(0) =1 log (14 b 1(0)) + 5 o (”%) (51b)
L (bt st +1 ) SR,

rai(p)=3log 1) + Slog (builp) +1).  (5Lc)
(bl,j(1)+1> (64,z-(p)+ 1)

kalo)= 1og<1 b fg;j@ + 2 105(b1 (o) +1). (514)
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k5(p)==log <1+m> +% log <b1,1(p)+1), (51e)

1
2
ke1(p) st (S12V S22V S52) A(S1,1V S21V S51)
(p) si(
(p) si(
(p) si(

si 51’2 vV S272 V 55,2) A (53,1 V 5471)

"60)=) ksa(p) i (SaaV Saa) A (Sta V Sp1 V S51) ’ (510
kea(p) si(S32V Sa2) A (S3,1V Ss1)
ra(p)= K7,41(p) S? (S1, V S2,; V S54) 7 (51g)
k74i2(p) si(S3:V Sa;)
ou
Ke,1(p) = %log (b1,1(P)+b5,1(P)1NR21) —%log (1 +1NR12) + %log <1 + beQ( §2> (52a)
—i—% log (bl,g(p) + b5,1(p)INR21) - %log (1+INR21) —i—% log (H— bzll’l( )ﬁ}1> + log(2me),
ke2(p) = % log <b6’2(p) + %&(Sﬁg + b3,2)> — %log (1 —i—INng) (52b)
%Iog (1 N bzlll( fil) + %]og (blyl(p)+b571(p)INR21) - %log (1 + INR21)
%1 og (1 + bs%f) <INR12 + b?f(énﬁii) ) - %log <1 + %@\%) + log(2me),
ke3(p)= 3 log (bﬁ,l(p) + %& (Sﬁl + b371>> — 1log (1 + INng) (52¢)
SNR, 2
+%1 g (1 - bez( )ﬁh) - %log (b1.2(p)+b5,1(p)INRo: ) —%log (1+1NRa1 )
—i—% log <1 + %Spl) (INRgl + m> ) - %log (1 + %) + log(2me),
Ke,4(p) = %log (bﬁ,l(P) + %@ (SNR1 + b3 1)) - élog (1 + INR12> (52d)
—i—% log (1 + %Spj (INng + m>> — %log (1 + %)
—% log (1 + %@) + %log <b6,2(p) + %:?\ZM(SWQ + b372)>
_% log (1 + INRy; ) + %log (1 + b;%g <1NR21 n m> ) + log(2re),
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et
1 1 1 bs.;(p)SNR,;
Kri1(p) = 5 log (blﬂ-(p) + 1) —5 log (1 + INRij) + 3 log (1 + M) (53a)
1 1 1
+5 108 (b1,5(p) + bs.s(P)INRy; ) +3 log (L+buip) +bs.5(p)) — 5 Lo (1+5,5(p)
+2log(2me),
1 1 1
K742(p) = 3 log (bu(P) + 1) -3 log (1 + INRij) 5 log (1 + b&j(P)) (53b)

1 1 INR; bs '§NR»
+—=log (1 +bsi(p) +bs5;(p)) + = log [ 1+ (1 — p? S INRy; + 4L
5108 ( 1,i(p) 54(0)) 5108 ( ( P )ﬁ( J b1 (1) +1
——log |1+ —= + —log|bs ;(p)+— SNR; + b3 ) | + 2log(2me),
2 ( SNE, 2 ’ SNE, (SNE, + )

ot, les fonctions by, avec (I,i) € {1,2}* sont définies en ; les parametres bz ; sont des
constantes ; et les fonctions by ; : [0, 1] — Ry, avec (1,7) € {4,5,6} x {1,2} sont définies comme
suit, avec j € {1,2} \ {i} :

bg,i:SNRi — 24/ SNﬁiINRﬁ + INR]'Z‘, (54&)
bai(p)= (1 - PQ) SNR;, (54b)
bw(ﬂ):(l - PZ)INRz‘j, (54c¢)
b6ﬂ-(p):SNﬁi+INRij—|—2p\/INRz-j <\/ SNR; — \/INRJ-Z») (54d)

INR;;/INR;;
+R487_>ﬁ (W/INRﬁ—2 SN )
NR;

Notons que les fonctions en , , , et dépendent de SNﬁl, SNﬁg, INRqo,

INRo1, §NR1, et §NR2. Toutefois, comme ces parametres sont fixés dans cette analyse, cette
dépendance n’est pas mise en évidence dans la définition de ces fonctions. Enfin, a ’aide de
cette notation, le Théoréme est présenté comme suit.

Théoréme viii. Région d’Impossibilité

La région de capacité C est contenue dans la région C donnée par la fermeture de
I'ensemble de paires de (Ry, Ry) € R% qui pour tout i € {1,2}, avec j € {1,2} \ {i}
définies :
R;<min (k1,(p), k2,i(p)) , (55a)
Ri<rks,i(p), (55Db)
Ry + Ro<min (K4(p)> ’15(10)) ) (55C)
Ry + Ra<kg(p), (55d)
2R; + R;<k7,4(p), (55e)
avec p € [0,1].
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5.3. Ecart entre la Région Atteignable et la Région d’Impossibilité

Le Théoreme décrit I’écart entre la région atteignable C et la région d’impossibilité C

(Définition [vi).

Théoréme ix. Ecart

La région de capacité du GIC-NOF a deux utilisateurs est approximée a 4.4 bits pres
par la région atteignable C et la région d’impossibilité C.

5.4. Cas ou la Voie de Retour Agrandit la Région de Capacité

Cette section examine 'application des résultats obtenus a la Section dans le GIC-NOF a
deux utilisateurs. En Section [3 ont été présentées les connexions entre le LDIC-NOF & deux
utilisateurs et le GIC-NOF & deux utilisateurs. A Paide de ces connexions, un CGI avec des
parametres fixés (Sﬁl, Sﬁg, INR 2, INR21) est approximé par un LDIC avec des parametres
711 = {% log(ml)J, 722 = {% log(Sﬁ%Q)J, nig = {% log(INng)J et N9 = {% 10g(INR21)J.
A partir de cette observation, les résultats des Théoréme [iil - Théoréme [v| peuvent servir a
déterminer les seuils de SNR de la voie de retour au-dela duquel un des débits individuels ou
le débit somme est amélioré dans le GIC-NOF original. La procédure consiste a utiliser les
égalités = E log ( NRZ-)J, avec i € {1,2}. Par conséquent, les seuils correspondants dans
le CGI a deux utilisateurs peuvent étre calculés approximativement par :

SNRr =227, (56a)
SNRI =227l et (56b)
SNRT=9227 4

NR =227, (56c)

Lorsque le LDIC-NOF correspondant est tel que sa région de capacité peut étre agrandie, a
savoir, si i > %:‘Z (Théoreéme [ii) pour un i € {1,2}, on s’attend a ce que, soit la faisabilité,
soit les régions d’impossibilité du GIC-NOF original s’agrandissent lorsque mz > m{:‘ De
méme, si le LDIC-NOF correspondant est tel que A;(%273) > 0 ou Ai(%jj) > 0, on s’attend
a observer une amélioration du débit individuel R; soit en utilisant la voie de retour a la
paire émetteur-récepteur i, avec SNR; > NR;-r soit en utilisant la voie de retour a la paire
émetteur-récepteur j, avec %j > %}‘ Lorsque le LDIC-NOF correspondant est tel que
E(%m) > 0 en utilisant la voie de retour a la paire émetteur-récepteur i, avec %” > %Z
(Théoreme , on s’attend a observer une amélioration au niveau du débit somme en utilisant la
voie de retour a la paire émetteur-récepteur i, avec m%z > %j Enfin, lorsqu’on n’observe
aucune amélioration dans une métrique donnée dans le LDIC-NOF a deux utilisateurs, a
savoir, Al(%ll) = 0, Al(%zg) == 0, AQ(%ll) == 0, AQ(%QQ) = O, Z(%n) == 0, ou E(%QQ) = 0,
on n’observe qu’une amélioration négligeable (le cas échéant) dans la métrique correspondante
du GIC-NOF a deux utilisateurs.
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6. Principaux Résultats du Canal Linéaire Déterministe a
Interférence Décentralisé

Cette section présente les principaux résultats sur le D-LDIC-NOF & deux utilisateurs. Ce
modele est décrit dans la Section [I.2] et peut étre analysé par un jeu comme suggéré dans
la Section . Notons C(Wll, 722, N1, No1, %11, %22) la région de capacité du LDIC-NOF
a deux utilisateurs avec les parametres 711, ﬁ)gg, ni2, No1, ﬁn, et %22, décrits dans le
Théoréme fil

6.1. Région d’n-Equilibre de Nash

Cette section présente la région d’n-équilibre de Nash N, (Définition [v]) du D-LDIC-NOF &
deux utilisateurs.

La région d’n-équilibre de Nash AV;, du D-LDIC-NOF, & deux utilisateurs, étant donné les para-
metres fixés (7117 92, N1, N1, Wlhﬁm) € NS, est notée, Ny, (7711, a2, 12, a1, 11, 7 22).
La région d’n-équilibre de Nash N, est caractérisée par deux régions : la région de capacité,

. - = IRy L ) - =
notee par C( ni1, M 22, N12, N21, 11, 22 et une region convexe, notée par B’] ni1, N 22,

N12, N2, %11, %22). Dans les sections suivantes, le sextuplet (711, 722, N12, N1, %11, %22)
sera explicité seulement s’il est nécessaire.

La région de capacité C du LDIC-NOF est décrite par le Théoreme [il. Pour tout n > 0, la
région convexe B, est définie de la manicre suivante :

Bn:{(Rl,Rg) € IR%L : L; <R; <Uj, pour tout i € K = {1,2}}, (57)

N

ou,

Li:((ﬁii —ny)" - 77>+ et (58a)
Ui:max (ﬁ“, nij) (58b)
+

+
_(min((ﬁjj_nji)—k’nij)_<min((ﬁjj—nij)+,nji)_(max(ﬁjj7nji)—%jj)+) ) +n,

avec i € {1,2} et j € {1,2} \ {i}. Le Théoreme [x| utilise la région B,, dans et la région de
capacité C pour décrire la région d'n-équilibre de Nash A,,.

Théoréme x. Région d’n-Equilibre de Nash

Soit > 0 fixé. La région d’n-équilibre de Nash N, du canal linéaire déterministe
a interférence avec rétro-alimentation dégradée par un bruit additif décrit par les
parametres 711, ﬁgg, n12, N21, %11 et %22, est

Ny =CNB,. (59)

6.2. Agrandissement de la Région d’7-Equilibre de Nash avec Voie de Retour

La métrique, les conditions et les valeurs pour les parametres de la voie de retour au-dela
desquelles la région d’n-équilibre de Nash A,, du LDIC-NOF & deux utilisateurs peut étre
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agrandie sont les mémes que dans le cas centralisé, en tenant compte du fait que ceux-ci se
réferent a la région d’n-équilibre de Nash N, au lieu de la région de capacité.

6.3. Efficacité d’n-Equilibre de Nash

Cette section caractérise l'efficacité de I’ensemble des équilibres dans le D-LDIC-NOF a deux
utilisateurs a 'aide de deux indicateurs : le prix de ’anarchie (PoA) et le prix de la stabilité
(PoS).

Définitions

Les résultats de cette section sont présentés au moyen d’une liste d’événements (variables
booléennes) déterminés par les parameétres 11, a2, 19, et nay. Soient i € {1,2} et j €
{1,2}\ {i}, et définissons les évenements suivants :

A Ta —nig = ngi, (60a)
A Wi = nji, (60b)
Bi: AiiA Ay, (60c)
Boi: A1 NAjjAAsg, (60d)
Bsi: A1 NAj AN Ay, (60e)
By: AjiANAjgANAgq A Ago, (60f)
Bsi: Aig ANAig NAg; N Agj, (60g)
Bg: A1 ANAigANAsg A Ags, (60h)
Br: Aig, (60i)
Bg: A1 ANAgi A Agy, (60j)
By: A1 ANAq A Ago, (60k)
Big: Aiq A Az (601)

Lorsque les deux paires émetteur-récepteur sont en LIR, & savoir, ﬁn > nig et ﬁgg > noi,
les événements By, B2 1, B2, B3 1, B32, B4, Bs 1, Bs 2, et Bg satisfont la propriété déclarée
par le lemme suivant.

Lemme i. Pour un quadruplet fize (7117 72277112,7121) € IN* avec W11 > nia et Tag > nay,
seul un des événements By, Ba1, B2, B31, B32, Ba, Bs1, Bs2, et Bg est vrai.

Lorsque la paire émetteur-transmetteur 1 est en LIR et la paire émetteur-transmetteur 2
est en HIR, a savoir, 711 > nqg et 722 < no1, les événements By, Bg, By, et By satisfont la
propriété déclarée par le lemme suivant.

Lemme ii. Pour un quadruplet fize (ﬁll,ﬁgg,nlg,ngl) € IN* avec 11 > nia et Moy < nay,
seul un des événements By, Bg, By, et Big est vrai.

Prix de I’Anarchie

Soit A = A; x A 'ensemble de toutes les paires de configuration possibles et A,_gn C A
I’ensemble de paires de configuration d’n-équilibre de Nash du jeu dans (Définition .
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Définition vii (Prix de ’Anarchie [45]). Soit n > 0. Le PoA du jeu G, noté PoA (n,G), est
donné par :

2
max R;(s1,s
(sl,sg)GAi_l (1 2)
- (61)

5 .
min Z Ri(s7,s5)

* *
(s1,83)€An—nN S

PoA (n,G) =

Soit ¥¢ la solution du probléme d’optimisation dans le numérateur de (61]), qui correspond
au débit somme maximum dans le cas centralisé. Soit aussi X la solution du probleme
d’optimisation dans le dénominateur de (61)).

Les théoremes suivants explicitent 1’expression du PoA (1, G) dans les régimes d’interférence
particuliers du D-LDIC-NOF a deux utilisateurs. Dans tous les cas, on suppose que i <
max(ﬁii,nij) pour tout i € {1,2} et j € {1,2}\ {i}. Si fv11 > max (7711, n12) ou w9y >
max (722, na21), les résultats sont les mémes que ceux dans le cas de POF, a savoir, ﬁn =
max( 11, n12) ou %22 = Inax (722, ngl).

Théoréme xi. Les Deux Paires Emetteur-Récepteur en LIR

Pour tout ¢ € {1, 2}, j e {]_, 2} \ {Z} et pour tout (711, ﬁgg,nlg,ngl, %11, %22) € NG
avec M1y > nig et Moy > na1, le PoA (n,G) satisfait :
Sci
si  Bj est vrai
11— nia tﬁm —ng1 — 27 !
Y02,
: si  Bsg,; est vrai
11— nio +_ﬁ>>22 —n21 — 21 2
0
PoA (n,G) = - si  Bs;V Bs; est vrai , 62
@9 11— N1z + Moz — na1 — 21 S 2
Y3
si By est vrai
W11 — nia + 722_; na1 — 2 !
min( 1 11, 722 . .
— si  Bg est vrai
11— nig + Moz — nay — 20
ou,
Y1=min (ﬁm + 711 — n1g, W11 + T2 — nai, (63a)
maX<ﬁ>11 — n12, %11) + maX(ﬁm — N21, %22)>
271 11 — N1z + max (722 — na1, %22), 27 92 — n21 + max (711 —ni2, %11)>;
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S : — —
Y c2,s=min (722 + 11— 2, M1 + oz — na, (63b)
— —
Hl&X(n 11 — N2, %11) + HlaX(n 22 — Na1, %22),
— — —
2 45 — Ny + max (nij, %jj),?ﬂjj — Ny + max <n“ — Ny, %m)> 3 et
i = — — —
Y c3=min <n 22 + MW11 —N12, W11 + W22 — N21, Max (7121, %11> + max (7112, ﬁm),

27 11 — N2 + max (n127 %22)72722 — N2 + max (7121, %11)> ~ (63c)

Théoréme xii. Emetteur-Récepteur 1 en LIR et Emetteur-Récepteur 2 en

HIR

Pour tout (ﬁn,ﬁgg,mg,ngl,ﬁn,ng) € IN6 avec ﬁ)n > nio et 722 < nop, le
PoA (n,G) satisfait :

711

= si By V BgV By est vrai
A(n.G) ni11 —nNi2 — 1 (64)
PoA (n,G) = . 64
min(ﬁﬂ + 711 — nag, n21)

%
ni1 —Ni2 — 1

si  Bg est vrai

Notons que dans les cas dans lesquels la paire émetteur-récepteur 1 est en LIR et la paire
émetteur-récepteur 2 est en HIR, le PoA (1,G) ne dépend pas des parameétres de la voie de
retour. Ceci en résulte dans la mesure ou 'utilisation de la voie de retour dans ce scénario peut
agrandir la région de capacité mais n’augmente pas la capacité du débit somme (Théoréme .

Dans le cas dans lequel la paire émetteur-récepteur 1 est en HIR et la paire émetteur-
récepteur 2 est en LIR, & savoir, 11 < nyg et Moy > na1, le PoA (n,G) pour le D-LDIC-NOF
a deux utilisateurs est qualifié comme dans le Théoréme interchangeant les indices des
parametres.

Théoréme xiii. Les Deux Paires Emetteur-Récepteur en HIR

Pour tout (711, Wa2, M2, n21, W11, naz) € NG avec 711 < nig et 7o < o, le
PoA (n,G) satisfait :
PoA (n,G) = . (65)

Le résultat du Théoreme est dii au fait que ((ﬁ)n —n12)+ —77) ++ ((ﬁgg —n21)+ —17)+ =
0. Autrement dit, lorsque 7711 < nis et 722 < no91, aucune des paires d’émetteur-récepteur
n’est capable de transmettre a un débit strictement positif au pire 7-équilibre de Nash (le plus
petit débit somme dans la région d’n-équilibre de Nash N,)).

D’une fagon générale, dans tout régime d’interférence dans lequel le PoA (1, G) dépend des
parametres de la voie de retour ?11 ou %22, il existe une valeur de parametre de la voie de
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retour %11 ou de parametre de la voie de retour %22 au-dela duquel le PoA (n,G) augmente.
Ces valeurs correspondent a celles au-dela desquelles la capacité de somme peut étre augmentée
(Théoreme [v).

Prix de la Stabilité

Dans cette section, lefficacité d’n-équilibre de Nash du jeu G en est analysée a ’aide du
PosS.

Définition viii (Prix de la Stabilité [4]). Soit n > 0. Le PoS du jeu G, dénoté par PoS (n,G),
est donné par :

_omax Y Ri(s], sb)
(51:52)€A717EN i=1

Soit ¥y la solution du probléme d’optimisation dans le dénominateur de .
La proposition suivante caractérise le PoS du jeu G dans pour le D-LDIC-NOF a deux
utilisateurs.

Proposition 1 (PoS). Pour tout (711, 722, n12, na1, 11, %22) € IN® et pour tout > 0
arbitrairement petit, le PoS dans le jeu G du D-LDIC-NOF & deux utilisateurs est :

PoS (,G)=1. (67)

Notons que le fait que le prix de la stabilité soit égal a un, indépendamment des parametres
711, 722, ni2, N21, %11 et %22, implique que malgré le comportement anarchique des deux
paires émetteur-récepteur, le débit somme d’n-équilibre de Nash le plus élevé est égal a
la capacité du débit somme, & savoir, X = Xy. Cela implique que dans tous les régimes
d’interférence, il existe toujours un n-équilibre de Nash optimal pour le débit somme (optimum
de Pareto d’n-équilibre de Nash). Les seuils sur les parameétres de la voie de retour au-dela
desquels la somme des capacités et le débit somme maximum dans la région d’n-équilibre de
Nash N, peuvent étre améliorés sont obtenus d’apres le Théoreme

7. Principaux Résultats du Canal Gaussien a Interférence
Décentralisé

Cette section présente les principaux résultats sur le D-GIC-NOF a deux utilisateurs. Ce
modele est décrit dans la Section et peut étre modélisé par un jeu comme suggéré dans la
Section Notons C la région de capacité du GIC-NOF a deux utilisateurs avec les parametres
fixés SNR1, Sﬁg, INR;2, INRo;, SNRy, et %2. La région de capacité atteignable C et la
région d’impossibilité C correspondent approximent la région de capacité C & 4.4 bits pres
(Théoreme . La région de capacité atteignable C et la région d’impossibilité C sont définies
par le Théoréme [vii et Théoreme respectivement.
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7. Principaux Résultats du Canal Gaussien a Interférence Décentralisé

7.1. Région d’n-Equilibre de Nash Atteignable

Soit la région d’n-équilibre de Nash (Définition [v|) du D-GIC-NOF & deux utilisateurs indiquée
par NV,,. Cette section présente une région N, n C N, qui est atteignable en utilisant le systéme
Han-Kobayashi randomisé avec la voie de retour dégradée par un bruit additif (RHK-NOF).
Le RHK-NOF s’avere étre une paire de configuration d’n-équilibre de Nash avec n > 1.
Autrement dit, toute déviation unilatérale du RHK-NOF par toute paire émetteur-récepteur
peut entrainer une amélioration du débit individuel d’au maximum un bit par utilisation du
canal. La description de la région d’n-équilibre de Nash atteignable N , est présentée a l'aide
des constantes ay;; des fonctions ag; : [0,1] — Ry, az; : [0,1]*> — Ry, avec I € {3,...,6}; et
az; : [0,1]* — Ry, défini dans ([47), pour tout i € {1,2}, avec j € {1,2} \ {i}, et les fonctions
bi: [0,1] — Ry, avec (1,4) € {1,2}?, défini en (48). A T’aide de cette notation, le résultat
principal est présenté par le Théoréme

Théoréme xiv. Région d’n-Equilibre de Nash Atteignable

Soit n > 1. La région d’n-équilibre de Nash atteignable N , est donnée par la fermeture
de toutes les paires possibles de débit atteignables (R;, Rg) € C satisfaisant, pour tout
i€ {1,2} et j € {1,2}\ {i}, les conditions suivantes :

+
Ri>(a2,(p) — asi(p, 1) — aailp 1) = m) (68a)
R;<min (az,z‘(P) + a3, (p, i) + as 5 (p, ps) — az;(p) +n, (68b)
az,i(p, i) + a7i(p, p1, pe) + 2a35(p, ps) + as ;(p, 1s) — az,5(p) +n,

a2.1(p)+as i(p, 1) +2a3 5 (p, (1)) + a5, (p, s) +a7.3(p, pr, pi2) —2a2,3(p) + 20,
Ry + Ro<ayi+a3z;(p, i) +azi(p, p1, p2)+az j(p)+as;(p, p1) —azq(p) +n, (68c)

pour tout (p, p1, p2) € {0, (1 — max (IN11°L12’ ﬁ))*] x [0,1] x [0,1].

7.2. Région de Deséquilibre

Soit la région d’n-équilibre de Nash (Définition |[v|) du D-GIC-NOF & deux utilisateurs indiquée
par N,,. Cette section présente une région N » 2 N, donnée en termes de région convexe En-
Ici, pour le cas du D-GIC-NOF & deux utilisateurs, la région convexe B, est donnée par la
fermeture des paires de débit non négatif (R;, Ra) qui pour tout i € {1,2}, avec j € {1,2}\ {3}
vérifient :

En:{(Rl,Rg) € Ri : Li < R; < Uj, pour tout i € K = {172}}7 (69)

ou

N
Li= (1 log <1 + Sﬁ) - 77) et (70)

1+ INRU
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Ui:% log (Sﬁl + 2py/ SﬁiINsz +INR;; + 1)

—
SNR; + 2 (p = px,v;\/75) \/ SNRSINR; + INRjj; + 1

1
——log
2 (1= ;) SNR; +2 (p— pxov; /77)  SNESINR ;s + INRy; + 1
1 1 2
—5 log (INRy; (1= %) +1) + ; log (INRyi (1= (p = pxavy; ) ) +1)
L1
+5 log (SN NK,; + 201/SNR,INR; + INRy; + 1)
1
—5log <SNﬁ i (i=3)+ 27 (p— pxiv,vA5) V SNE,INR;;+ ,INRy; (1-pXv;) + %-)
1 1
—5log (1= pX,v,) = 5 log (INRy; (1 p?) +1)
1
+5 log | 75 (INRy; (1= p?) +1) = p&,v,7 (INRyj + 1) +92INRy; (20,0175 — 7)) )
+n. (71)
avec
—
, SNR; 1 , :
min INRin\?Rﬂ’ INRJ-Z) si C1,;V (CQJ A 037]') est vrai
: 1 INR;; . )
min , si Oy est vrai
INR;;i INRﬁSNf{j) ’
= INR, , 72
g min (1 S Ri J) si U5, N\ Csj est vrai (72)
NR
SNK, INR;;
min ( J 1) si. C7;V (g, est vrai
SNR,INR; SNR,INR;;
0 otherwise
Cl,j : INRJ'Z‘ < SNﬁj < INRU, (73&)
Cs,5 - max (INRyj, INRy;, §NRj) < SNK; < INR;INR;, (73b)
037]‘ : §NR] < INRZ‘]‘, (73C)
C4,j : INR]'Z' < INRij < SNRj < §NRj, (73(1)
Cs; - SNR; > max (INRyj, INR;;, SNR i) (73¢)
Cs,; - SNR; > max (INRUINRﬂ,g R;INR;;: ) , (73f)
SNR,INR ; SNR,SNK,
C7j : max | INR;;, INR;, §NRJ, INJRJ> < SNK ;< §NRjINRjZ- < NRL (73g)
i ij

Cs,j
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ﬁ §NR-INR ii ﬁ F
:max (INRU,INR]'Z', NRj, H) < SN < INRUINRﬁ < NRjINRji, (73h)
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7. Principaux Résultats du Canal Gaussien a Interférence Décentralisé

p €[0,1], et PX;v; € [0,1).

Notons que L; est le débit obtenu par la paire d’émetteur-récepteur i quand il sature
la contrainte de puissance en et traite l'interférence comme un bruit. Conformément a
cette notation, la région de deséquilibre du GIC-NOF a deux utilisateurs, a savoir, N/, est
caracterisé par le théoréme suivant.

Théoréme xv. Région de Deséquilibre

Soit n > 1. La région de deséquilibre A/,) du D-GIC-NOF a deux utilisateurs est donnée
par la fermeture de toutes les paires de débits non négatifs possibles (R, Rs) € CN En
pour tout p € [0, 1].
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Introduction

HE interference channel (IC) is one of the simplest yet insightful multi-user

I channels in network information theory. An important class of 1Cs is the two-

user Gaussian interference channel (GIC) in which there exist two point-to-point

links subject to mutual interference. In this model, each output signal is a noisy version of the

sum of the two transmitted signals affected by the corresponding channel gains. The two-user

GIC is a model that forms a basis to analyze not only the effect of the noise but also the effect
of the interference in a multi-user communication system.

Some of the techniques often used to deal with interference have been to avoid it, suppress
it, or treat it as noise. However, these techniques are not necessarily optimal in all cases.
These approaches follow the long-established convention of communication networks in which
nodes act as stand alone systems without considering the messages transmitted by other
nodes [49]. From this perspective, the determination of the capacity region of a two-user GIC
remains as a long standing open problem. The capacity region of the two-user GIC is known
in the very strong interference regime [22| and in the strong interference regime (37, 81]. In
both of these cases, each receiver must decode the messages coming from both transmitters.
The best known achievable region for the two-user GIC is given in [37], which is simplified
in [24]. The strategy in [37] uses rate-splitting [23], whereas the strategy in [24] uses both
rate-splitting [23], 37] and block-Markov superposition coding [27]. These strategies split each
user’s message into two parts: (1) a common part that can be decoded at both receivers; and
(2) a private part that is only decoded at the intended receiver. That is, only part of the other
transmitter message is decoded. Partial decoding provides a means of controlling, at least
partially, the interference. The capacity region of the two-user GIC is at most one bit away
from the achievable region described in [24]. That is, the capacity region is approximated
to within one bit [31]. However, the aforementioned strategies do not allow users to work
together to deal with offending interference. To obtain further performance gains, intelligent
cooperation among users to control interference is required. How to carry out this cooperation
is therefore an important question and forms the basic question addressed in this thesis.

One way to achieve cooperation is through channel-output feedback. Channel-output



1. Introduction

feedback is an interference management technique that aims to improve the reliability and
the performance of a communication network. From a general perspective, channel-output
feedback enables a transmitter in a wireless network to observe the channel-output at its
intended receiver. This allows the transmitters to exploit a coding strategy to control the
interference, namely use interference as side information, and at the same time to benefit from
the broadcast nature of the wireless channel making use of all possible links, establishing new
paths for the communication.

Perfect observation of the channel-output at the intended receiver by each one of the
corresponding transmitters is studied in [88]. The achievability scheme presented in [88] is
based upon: rate-splitting |23, [37], block Markov superposition coding [14} 27], and backward
decoding [98, 99]. The capacity region of the two-user GIC with perfect channel-output
feedback (GIC-POF) is at most two bits from the achievable region. One of the most
important observations made in [88] is that there exists a multiplicative gain in the capacity
in certain interference regimes, particularly when both transmitter-receiver pairs are in the
very strong interference regime. The next step towards a more general model was to consider
the effect of the noise in the feedback links of a two-user symmetric GIC [53]. The results on
the interference channel with generalized feedback (IC-GF) in [94} |102] are applied to obtain
an achievable region in this channel model. The capacity region of the two-user symmetric
GIC with noisy channel-ouput feedback is at most 4.7 bits away from the achievable region.
The results provide a means of identifying certain values of the signal-to-noise ratios (SNRs)
in the feedback links beyond which the capacity region can be enlarged with respect to the
case without feedback. An important observation from these results is that the benefits of
feedback are limited by noise in the feedback links.

The benefits of channel-output feedback in communication systems have been also observed
in other network topologies. More specifically, the effect of feedback in the multiple access
channel (MAC) has been studied in [13] 27, 33| |50} 61, 91} |97] and references therein; in the
broadcast channel (BC) in [13, 17} 18} |29, 136} 62, |87}, 196, |100, |101] and references therein; in
the relay channel (RC) in [21} 26} 34] and references therein; and in the wiretap channel (WC)
in [5]. Channel-output feedback has been also shown to be beneficial in the simultaneous
transmission of both information and energy in the MAC [12] as well as in the IC [42, 43].

From the perspective of decentralized networks, very little is known about the benefits of
feedback. Some works highlighting these benefits in the MAC are described in [11] and in the
IC in [65], 66}, 67}, 68]. The case of decentralized communications systems without feedback
is a bit better understood |38, 51]. For instance, the NEs of games arising in the MAC are
described in |9} |10, [56|, 64] and in the IC are described in |16, 76, |78].

This thesis considers the two-user asymmetric GIC-NOF. The analysis is performed consider-
ing two general scenarios: (1) centralized, in which the entire network is controlled by a central
entity that configures both transmitter-receiver pairs; and (2) decentralized, in which each
transmitter-receiver pair autonomously configures their transmission-reception parameters.
The analysis in these two scenarios provides the characterization of the approximate capacity
region and the approximate n-Nash equilibrium (7-NE) region of the two-user GIC-NOF.
These results also provide the identification of the scenarios and the conditions in which one
feedback link can enlarge the capacity region and the equilibrium region, respectively.
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1.1. Motivation

This thesis focuses on the case of the GIC with NOF (GIC-NOF). The analysis of channel-
output feedback in the IC has been fueled by the significant improvement it gives to the
number of generalized degrees of freedom (GDoF) [40] with respect to the case without
feedback. In particular, one of the main benefits of feedback is that the number of GDoF
with perfect feedback increases monotonically with the interference-to-noise ratio (INR) in
the very strong interference regime [88]. However, in the presence of additive Gaussian noise
in the feedback links, the number of GDoF is bounded [53]. A significant improvement of
the Nash equilibrium (NE) region of the Gaussian IC is also observed in the decentralized
IC [66], i.e., the case in which the transmitter-receiver pairs autonomously choose their own
transmit-receive configurations to achieve their best data transmission rate. More specifically,
the NE region is enlarged with respect to the case in which feedback is not available.

The GDoF gain due to feedback in the IC depends on the topology of the network and
the number of transmitter-receiver pairs in the network. In the symmetric K-user cyclic
Z-interference channel, the GDoF gain does not increase with K [90]. In particular, in the very
strong interference regime, the GDoF gain is shown to be monotonically decreasing with K.
In the fully connected symmetric K-user IC with perfect feedback, the number of GDoF per
user is shown to be identical to the one in the two-user case, with an exception in a particular
singularity, and totally independent of the exact number of transmitter-receiver pairs [57]. It
is important to highlight that the network topology, the number of transmitter-receiver pairs,
and the interference regimes are not the only parameters determining the effect of feedback.
Indeed, the presence of noise in the feedback links turns out to be another relevant factor.

The main motivation to study the two-user GIC-NOF is to analyze the effect of the noise in
the feedback links on the capacity region and the NE region of the two-user GIC-NOF under
asymmetric conditions. This implies the identification of the scenarios in which the capacity
region and the NE region can be enlarged by the use of one noisy feedback link and how the
feedback parameters are related to the parameters of the GIC.

1.2. Contributions

The following are the main contributions of this thesis:

e A full characterization of the capacity region of the two-user LDIC-NOF |70} |72]. This
contribution generalizes the results for the cases of the LDIC without feedback [20], with
perfect channel-output feedback (LDIC-POF) [88], with noisy channel-output feedback
(LDIC-NOF) under symmetric conditions [53], and the cases involving channel-output
feedback from the intended receivers to the corresponding transmitters [80].

e An achievable region and a converse region for the two-user GIC-NOF [69} 70]. These two
regions approximate the capacity region of the two-user GIC-NOF within 4.4 bits. The
achievable region is obtained using a random coding argument combining rate-splitting
[23,137], block Markov superposition coding |14} [27], and backward decoding [98} 99|, as
first suggested in |88} |94} |102]. The converse region is obtained using some existing outer
bounds from the case of the two-user GIC with POF (GIC-POF) [88] as well as a set
of new outer bounds that are obtained by using genie-aided models. This contribution
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generalizes the results obtained for the cases without feedback (GIC) [31], with POF
(GIC-POF) [88], and with NOF (GIC-NOF) under symmetric conditions [53].

e A full characterization of the n-NE region of the two-user LDIC-NOF [74]. This
contribution generalizes the results for the cases of the linear deterministic interference
channel (LDIC) without feedback [15], with POF (LDIC-POF) [66], and with NOF
(LDIC-NOF) under symmetric conditions |68].

e An achievable n-NE region and a non-equilibrium region with n > 1 for the two-user
GIC-NOF [73|. The achievable n-NE region is obtained introducing a modification of the
achievability coding scheme considered in the centralized part. This modification implies
the introduction of common randomness in the coding scheme as suggested in |16] and
[66], which allows both transmitter-receiver pairs to limit the rate improvement of each
other when either of them deviates from equilibrium. The non-equilibrium region with
n > 1 is obtained using the insights from the analysis of the linear deterministic model.

e An identification of the scenarios in which the use of one feedback link enlarges the
capacity region and the n-NE region [71].

1.3. Outlines

This thesis contains 5 parts as follows:

e Part 1. This part describes the system model of the two-user continuous IC as well
as the particular cases studied in this thesis: the two-user GIC-NOF and the two-user
LDIC-NOF. It also establishes the differences between centralized and decentralized
systems.

— Chapter [2| This chapter presents the IC-NOF and more particularly, it describes
the two-user GIC-NOF and the two-user LDIC-NOF as centralized systems. This
chapter also presents the fundamental limits in both models in the cases without
feedback, with perfect channel-output feedback (POF'), and noisy channel-output
feedback (NOF) under symmetric conditions.

— Chapter |3| This chapter establishes the differences between the centralized and
decentralized systems. It establishes a formulation of the game for the decentralized
system. Finally, this chapter also presents the fundamental limits in the two-user
GIC-NOF and the two-user LDIC-NOF as decentralized systems in the cases
without feedback, with POF, and NOF under symmetric conditions.

— Chapter This chapter establishes the connections between the two-user
GIC-NOF and the two-user LDIC-NOF.

e Part II. This part presents the main results derived from the analysis of the two-
user LDIC-NOF and the two-user GIC-NOF considering a centralized control of the
communication network.

— Chapter [4] This chapter presents the main results for the two-user LDIC-NOF,
i.e., the capacity region, and analyzes the cases in which the capacity region can be
enlarged by the use of feedback;
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Chapter This chapter presents the main results for the two-user GIC-NOF,
i.e., an achievable region, a converse region, the gap between both regions, and
analyzes the cases in which the approximate capacity region might be enlarged.

e Part III. This part presents the main results derived from the analysis of the two-
user LDIC-NOF and the two-user GIC-NOF considering a decentralized control of the
communication network.

Chapter [6] This chapter presents the main results for the two-user D-LDIC-NOF,
i.e., the n-NE region, and analyzes the efficiency of the equilibrium region.

Chapter (7] This chapter presents the main results for the two-user D-GIC-NOF,
i.e., an achievable n-NE region and a non-equilibrium region with n > 1.

e Part IV. This part contains the conclusions of this thesis.

e Part V. This part contains fundamental concepts on information theory and network
information theory that are used along this thesis and the proofs of the main results in
parts II and III.

Appendix [A] This appendix contains the description of the achievability scheme
for the two-user LDIC-NOF and two-user GIC-NOF.

Appendix [B| This appendix contains an outer bound for the two-user LDIC-NOF.

Appendix [C] This appendix contains the calculation of the thresholds in the
feedback parameters, beyond which the capacity region of the two-user LDIC-NOF
can be enlarged with respect to the case without feedback. This calculation is made
for the case in which both transmitter-receiver pairs are in very weak interference
regime.

Appendix D] This appendix contains the calculation of the threshold in the
feedback parameter ¢ with ¢ € {1, 2}, beyond which the individual rate R; can be
improved in the two-user LDIC-NOF with respect to the case without feedback.

Appendix This appendix contains the calculation of the threshold in one
feedback parameter, beyond which the sum-rate capacity can be improved in the
two-user LDIC-NOF with respect to the case without feedback.

Appendix This appendix contains a proof of the number of GDoF for the
two-user LDIC-NOF.

Appendix [G] This appendix contains an outer bound for the two-user GIC-NOF.

Appendix This appendix contains the proof of the gap between the inner
bound and the outer bound of the two-user GIC-NOF. The proof is for the case in
which both transmitter-receiver pairs are in high interference regime (HIR). This
appendix gives the values of the parameters of the coding scheme that must be
considered in the other cases.

Appendix [Il This appendix contains a proof of the n-Nash Equilibrium (NE)
region for the two-user LDIC-NOF.

Appendix |J| This appendix contains an inner bound on the n-NE region for the
two-user GIC-NOF.
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— Appendix [K] This appendix contains a proof of the non-equilibrium region for
the two-user GIC-NOF.

— Appendix [[] This appendix contains a proof of a Lemma [21] in Appendix [G]

— Appendix [M] This appendix contains a proof of a Lemma [[] for the two-user
LDIC-NOF in Appendix [l

— Appendix [N] This appendix contains a proof of an inner bound of the 7-Nash
equilibrium (NE) region for the two-user GIC-NOF.

— Appendix [O] This appendix presents the sum-rate capacity and the maximum
and minimum sum-rate in the decentralized case for the two-user LDIC-NOF'.
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Centralized
Interference Channels

C ONSIDER the two-user continuous IC-NOF in Figure Transmitter i, 7 € {1, 2},

wishes to reliably communicate an independent and uniformly distributed mes-

sage index W; e W; = {1,2,..., 2N Ri} to receiver i, during N € IN channel uses,
where R; € R denotes the transmission rate of transmitter-receiver ¢ in bits per channel use.
In this respect, the transmitter ¢ sends the codeword X; = (X; 1, Xi 2, ... ,XZ;N)T €C; C RV,
where C; is the codebook of transmitter 7.

For a given channel use n € {1,2,..., N}, the transmitters 1 and 2 send the channel inputs

X1, € Rand Xy, € R, respectively, which generate the channel-outputs ?1,71 € R, 727,1 € R,
. o . F

1,n € R, and Y;n € R according to the conditional pdf f717?2’<?1,<72|X17X2 (71, 72, Y1,

?2|.’L’1,.’IJ2), for all (717727?17?271'1)%2) € RG'

The transmitter ¢ generates the symbol X;, € R considering the message index W; and
all previous outputs from the feedback link i, i.e., (?“, ?172, e ?i,nfl)- The transmitter

1 observes ?m at the end of the channel use n. The transmitter ¢ is defined by the set
of deterministic functions {f; 1, fi2,..., fin}, with fi1 : Wy = R and for n € {2,3,..., N},
fim : Wi x R" ! — R, such that
XZ'71 :f@l (WZ) and (2.1&)
Xi,n:fi,n (Wz, ?i,la ?1’2, ceey ?i’nfl) for all n > 1. (21b)

At the end of the transmission, the receiver i uses all the channel-outputs <7i71, 71-72, e 71 N)

to obtain an estimate of the message index W;, denoted by WZ
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Y, |

Wi—Tx 1 X IC-NOF ?1 Rx 1}—w,
f
Wy —» Tx 2 X2 717727?17?2|‘}<17‘>f2 72 Rx 2 —>/W\2

7, |

Figure 2.1.: Two-user continuous interference channel with noisy channel-output feedback.

Thus, the following Markov chain holds:
(Wi, ?i,(l;n—l)) — Xz"n — ?iﬂl' (2.2)

Let T € IN be fixed. Assume that during a communication, 7" blocks, each of N channel uses,
are transmitted. The receiver i is defined by the deterministic function 1; : RNT — W' At

the end of the communication, receiver i uses the vector (?M, 7@2, e 71-7NT>T to obtain
(WO, W2, W)= (Vi Voo, Vi) (2.3)

where I//[\/i(t) is an estimate of the message index w® sent during block ¢t € {1,2,...,T}.

(2
The decoding error probability in the two-user continuous IC during the block ¢, denoted

by Pe(t)(N), is given by
PO(N)=max <Pr {W\l(ﬂ # Wﬂ ,Pr {VVZ(” + Wét)} ) (2.4)

The definition of an achievable rate pair (Ri, R2) € R2 is given below.
Definition 1 (Achievable Rate Pairs). A rate pair (Ri, R2) € R2 is achievable if there
exist sets of encoding functions { 1(1), f1(2)7 ey fl(N)} and {f2(1), 2(2), ey fQ(N)}, and decoding

functions 11 and s, such that the error probability Pe(t) (N) can be made arbitrarily small by
letting the block-length N grow to infinity, for all blocks t € {1,2,...,T}.

In a centralized system, a central controller determines the configurations of all transmitter-
receiver pairs. The central controller has a global view of the network and can select optimal
configurations with respect to a given metric, e.g., sum-rate, energy-efficiency, etc. The
fundamental limits in a centralized system are characterized by the capacity region.

Definition 2 (Capacity region of a two-user IC). The capacity region of a two-user IC is the
closure of the set of all possible achievable rate pairs (Ry, Rg) € Ri.

2.1. Gaussian Interference Channel

A special case of the IC-NOF described above from the perspective of centralized networks is
the Gaussian IC-NOF. Consider the two-user GIC-NOF depicted in Figure The channel

10
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X h -
Wi —{Tx 1 SN 1 @ ’ Rx 1—Ww;
hia
ho1 ?
X 2 —
Wa —{x 2f—— 2" — \TJQ T Rx 2— T,
i 22 Z o
Y?,n
@ = Delay
%
\T/ZZ,n h 22

Figure 2.2.: Gaussian interference channel with noisy channel-output feedback at channel
use n.

coefficient from transmitter j to receiver i is denoted by h;;; the channel coefficient from
transmitter ¢ to receiver ¢ is denoted by h ;;; and the channel coefficient from channel-output
1 to transmitter 7 is denoted by h ;. All channel coefficients are assumed to be non-negative

real numbers. During channel use n, the input-output relations of the channel model are given
for all i € {1,2} and j € {1,2}\ {¢} by

%
7i,n: h i Xin + hijXjn + 71‘,11, (2.5)
and
%
? Zin for ne {1,2,...,d} (2.6)
in=29 = , .
AN RiY ineat Zin for ne {d+1,d+2,... N}

where 7m and Z;, are independent real Gaussian random variables with zero mean and
unit variance, and d > 0 is the finite feedback delay measured in channel uses.

In the remainder of this thesis, without loss of generality, the feedback delay is assumed
to be one channel use, i.e., d = 1. The components of the input vector X; are real numbers
subject to an average power constraint:

1 N
v SN E[X?,] <1, (2.7)
n=1

where the expectation is taken over the join‘(c_ distribution of the message indices W7 and W,
and the noise terms, i.e., 71, 2, Z1,and Z2. The dependence of X;, on Wi, Ws, and the
previously observed noise realizations is due to the effect of feedback as shown in (2.1)) and

29).
The two-user GIC-NOF in Figure can be described by six parameters: SNﬁi, §NR¢, and

11
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INR;j, with ¢ € {1,2} and j € {1,2}\{i}, which are defined as follows:

SNR,= 12, (2.82)

INR;;=h;;, and (2.8b)
T —

SNRi=n% (W2 + 20 ishis + 13 + 1) (2.8¢)

When INR;; < 1, transmitter-receiver pair ¢ is impaired mainly by noise instead of interference.
In this case, treating interference as noise (TIN) is optimal and feedback does not bring a
significant rate improvement. Therefore, the analysis developed in this thesis focuses exclusively
on the case in which INR;; > 1 for all ¢ € {1,2} and j € {1,2}\ {i}.

In this special case, the pdf of the IC-NOF can be factorized as follows:

f)—}ly?%?ly?ﬂXhXQ - f?l | X1,X> f72\X17X2 fvl \?1 f?Q‘?Q ’ (2'9)

given that for all i € {1,2} and j € {1,2}\ {i}, 71 is independent of ?j conditioning on
X; and X;; and ?, is independent of X;, X;, and Y ; conditioning on 71 Based on the
input-output relation in , for all # € {1,2} and given the channel-inputs z7 and x9 during
a specific channel use, the pdf f?i‘ X1.Xs in can be expressed as follows:

1 1 — 2
f?i\Xth (7”%1, .CCQ) = E exp <—§ (71 — h 3 li — hijfl,’j) ) . (2.10)

Similarly, based on the input-output relation in (2.6), for all i € {1,2} and given the
channel-outputs 71 and ¥, during a specific channel use, the pdf f<)7_|7_ in (2.9) can be

expressed as follows:

f‘?i|7i Vil ¥ = \/12? exp <—% (?z — %22712)2) . (2.11)

2.1.1. Case without Feedback

Assessing the capacity region of the two-user GIC is also a long-standing problem in network
information theory. The capacity region is perfectly known in the very strong interference
regime [22], which is the same capacity region of two non-interfering point to point links. In this
case, the interference in both receivers is stronger than the intended signals and therefore the
interference can be decoded and substracted from the received signals to decode the intended
signals in each receiver (successive interference cancellation, SIC). The capacity region of the
GIC is also known in the case of strong interference regime and it was independently obtained
by [37] and [81]. The capacity region of the GIC for the case of strong interference regime
in [81] is obtained considering that each receiver must decode both messages. Thus, each
transmitter with both receivers can be seen as a multiple access channel (MAC) and the
capacity region of the GIC under strong interference can be obtained as the intersection of
the capacity regions of the two MACs [1]. This capacity region was initially introduced in [2].
This approach considered the joint decoding instead of sequential decoding as in [22].

In the other interference regimes, different strategies have been investigated, including
considering partial decoding of the interference and TIN.

Fundamental results on the GIC are described in [23]. Particularly, two general coding

12
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schemes are presented. The first one is based on time division multiplexing and frequency
division multiplexing (TDM/FDM), in which transmitter 1 and transmitter 2 use a fraction
a and 1 — « of the bandwidth with powers P;/a and P5/(1 — «), respectively. The second
coding scheme is rate-splitting, in which transmitter ¢ € {1,2} splits the message index
W; € Wi = {1,2,...,2V%} into two message indices Wii e Wii ={1,2,.. L, 2NEi1 and
Wia € Wi ={1,2,..., 2NR1%2}, with R; = R; 1 + R; 2. Transmitter ¢ generates two codebooks
with independent codewords to represent all message indices in W; 1 and W, ». Transmitter
1 encodes the message index W; summing the two independent codewords corresponding
to the indices W; 1 and W, d.e., ®; = w;(W;1) + vi(W;2), where u;(W; 1) and v;(W;2)
represent the corresponding codewords for the message indices W; 1 and W; 2 in transmitter
1, respectively. The general idea is to decode the interfering signals in order to facilitate the
decoding of the intended signals (this can be seen as a kind of cooperation), which can allow
both transmitter-receiver pairs to achieve higher rates.

The best known achievable region for the two-GIC is given in [37]. This achievable region
is simplified in [24]. The strategy in [37] uses rate-splitting [23], which implies dividing the
transmitted information of both users into two parts: common information that can be decoded
at both receivers and private information to be decoded only at the intended receiver. This
strategy also implies to arbitrarily split the user signal power into the common and private
parts of the message. In reception, this strategy uses joint typical decoding.

The following lemma presents the achievable region for the two-user GIC obtained in [37].

Lemma 1 (Han-Kobayashi Achievable Region for the two-user GIC). Let C C R% denote the
capacity region of the two-user GIC. Then, C contains all the rate pairs (Ri, Rg) € Ri that
satisfy the following inequalities:

1 A1 PSNﬁl
< A A —1 1+ —— 2.12
Ri<o1 (A1,p, Ao,p)+ 5 0g< + T4 dopINR 1 | ° (2.12a)
1 A2 PSN§2
< A A —1 1+ — 2.12b
Ry<0o3 (A1,p, A2,p)+ 5 og( + T4 A pINR, | ° ( )

ﬁ —
SEAWIERLOUES B SV S VLU TS DT
1+ hapINRz ) 2 8 " T 14 A pINRyy )7

ALPSNﬁl e (1 Ag,pSNQQ

1+ /\Q’PINR12 2 & 1+ /\LPINRgl
(1= Arp)INRyy ))*

1+ X2 pSNRy + A1 pINRoy

(1 (1 — X9 p) SNRs 1 (1 — X9 p) SNRs
+min|=log | 1+ : ,—log| 1+ :
2 1+/\27PSNR2+)\17PINR21 2 1+)\27PSNR2 +INRo;

+

1 1—AX INR

+ ( log <1+ ( 1p) INRa1 ) —o1 (AP, >\2,P)> ;
2 1+ )\27PSNR2 + A, pINRog

1 1-— IN
1 log<1+ (1 =X p)INRy2 ) ’
2 1+ A1 pSNR; + Ao pINR12

1 1—A SNﬁ 1-—A INR
log<1+( I’P) ! + ( 2’P) 12) —01 ()\17p,)\2,P)>, (2.12d)
2 1+ A pSNRy + Ao pINR12

1
R + Ry<oo(A1,p, >\2,P)+§ log <1+

2R1 + R2<201 (A1,p, A2,p)+ log (1 +

1
- (Ul (AP, A2.p) — 5 log <1 +

13
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A1,PSNR; n 110 14 A2 PSNR2
1+ Ao pINRyy ) 208 1+ A1pINRo;
+

1 (1 — )\2713) SNﬁQ
— | 02 ()\1713, AQJD) — flog 1 +

2 1+ AQ}PSNRQ + A1, pINRoy

. 1 (1—=X\ p)SNﬁl 1 (1—=X1p) SNﬁl
+min | —log | 1+ : , = log| 1+ :
2 1+ )\17PSNR1 + )\27PINR12 1+ )\17PSNF{1 + INRq2

2

Jr

1 1—A INR

N <log (1 n ( 2,P) 12 >_02 ()\171:,)\2,13)) ,
2 1+ )\LPSNI{1 + AQ’PINR]_Q

1
R1+2Ry < 209 ()\LP, )\Q,P)"' B log (1 +

L iog <1 ;U ) INRy ) L iog (1 L 1= Aap) SNE + A1,cINR21>
2 1+ )\Q,PSNHQ + )\LPINR21 2 1+ AQ,PSNRZ + )\LPINRgl

—02 (A1,p, A2.p) ), (2.12¢)

with

(1— ALp)SNE, )

1+ )\LPSNP& + AQ}PINRH

1 (1 ALp) INRy
21 1 : 2.13
2 Og( T AINRy ) ) (2.132)

(1 — )\27]3) Sﬁg >

1+ A2 pSNR2 + A pINRoy
1 1-— IN
Z log <1 4 (L= ep) R12> ) (2.13b)

1
o1 ()\17]3, )\27p):min (2 log (1 +

1
02 (A1,p, A2, p)=min <2 log (1 +

2 1+ A2 pINR12

(1 — )\17p) SNﬁl + (1 — )\2,})) INR12>

1
00 (A1,p, A2,p)=min < log (1 +
2 1+ A\ pSNRy + A2 pINR12

}log (1 n (1 — )\Q,P) SNﬁQ + (1 — )\LP) INR21>
2 1+ A2, pSNEs + A1 pINR2; ’
1 1—X IN
— log (1 + ( 2.p) INR12 )
2 1+ A1,pSNR + A2 pINR 12

1 1-— NF_%
+—log (1 + ( Az,p) SN > ,

2 14+ A2 pSNRo + A pINRoy

1 1-— IN
L og (1 n (1 — A p)INRg; )
2 1+ X2 pSNRo + A1 pINRoy

(1— As2.p) SNE, > )

1+ A2, pSNRo + A; pINRoy

1
+§log (1 + (2.13c)

with \; p € [0,1] for alli € {1,2}.

The strategy in [24] uses rate-splitting [23, [37] and superposition coding [27]. The superpo-
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sition coding is a technique that was introduced in the study of the broadcast channel (BC)
in [25]. Consider the message index sent by transmitter i denoted by W; € {1,2,...,2NFi},
Following a rate-splitting argument, assume that W; is represented by two sub-indices
(Wi,Ca Wi7p) e {1,2,..., QNR'VC} x {1,2,..., QNR'VP}, where R;c + R; p = R;. The mes-
sage index W; ¢ is assumed to be decoded at both receivers (common part of the message)
and the message index W; p is assumed to be decoded at the intended receiver (private part
of the message) at the end of the transmission. Using the index W; ¢, transmitter ¢ identifies
a codeword in the first code-layer. The first code-layer is a sub-codebook of 2VFi.c codewords
(cloud centers). Denote by u; (W; ) the corresponding codeword in the first code-layer. The
second codeword used by transmitter ¢ is selected using W; p from the second code-layer, which
is a sub-codebook of 2VFi.P codewords corresponding to u; (Wi.c). Denote by x; (W; ¢, W; p)
the corresponding codeword in the second code-layer. Finally, transmitter ¢ sends the codeword
x; (Wic,W; p). The simplification of the Han-Kobayashi achievable region for the two-user
IC in |24] is due to an observation of the authors in which each receiver is not interested
in decoding the common message index coming from the non-corresponding transmitter.
The consideration of decoding in each receiver the common message index coming from the
non-corresponding transmitter in [37] generated a pair of inequalities in the evaluation of the
error probability that are not necessary, which is proved in [44].

The following lemma presents the achievable region for the two-user GIC in [43] obtained
from the results in [24].

Lemma 2 (Chong-Motani-Garg-El Gamal Achievable Region for the two-user GIC). Let
CC ]Ri denote the capacity region of the two-user GIC. Then, C contains all the rate pairs
(R1,Rg) € IR2+ that satisfy the following inequalities:

1 SNE,
Ri<-log |1 2.14
153 °g< T pINf{lQ) (2.142)
1 SNﬁz
Ro<-1log (1 2.14b
2= g( +1+)\1PINR21> (2.14b)
B e iog (145N NE; + INRy5 L log  AopSNRp (2.146)
LSl | T JINR, ) T2 T T ALpINRy ) '
Ri+R <1 g [ L+ SN + INRy, + o (14 _MpSNE: (2.14d)
LT RES 08 T £ AL pINRy, 2 1+ A2 pINRy3 ) '
Ry + Ry< 2 log [ 1FALPSN NE; + INR1o L og (L A2PSNRe IR ) ) )
LT i2s5 08 1+ Ao pINR 1 9 %8 1+ A pINRa =

1 + SNE, +INR12>+1 - (1 + Ao, pSNE, +INR21>
2

1
2R R < 1
sy e ( 1+ Ag pINR 1, 1+ A pINRy,;

(2.14f)

—
A1 pSNR;
1+ Ao pINR12

+11 1+
—lo
5 108
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— —

1+ SNRs + INR9; n 1 1 1+ )\17PSNR1 + INR19

~1lo
1+ A pINR, 2 8 1+ Ao pINR1,

1
Ry + QR2§§ log (
N
2o, SNy ) , (2.14)

— 1 1 S - 2
3 Og( T ALPINR,

with i p € [0,1] for all i € {1,2}.

There are several outer bounds on the capacity region of the GIC [3| 31, 46, |58, 82, [83].
Some outer bounds correspond to the capacity region of other network models that are seen as
simplified models of the GIC under certain conditions. Some other outer bounds are obtained
based on genie-aided models. Some of these outer bounds provide the sum-rate capacity or at
least some corner points of the capacity region for specific conditions in the GIC. In the cases
in which both transmitter-receiver pairs are in low-interference regime and the interference
parameters are below certain thresholds, TIN achieves the sum-capacity of the GIC (this is
also denominated the noisy interference regime) [3}, |58, 83].

The authors in [31] obtained an outer bound based on genie-aided models which was used to
prove that the achievable region in [24] (Lemma [2)) is at most one bit per channel use away from
the capacity region of the two-user GIC. Note that the authors in [31] assumed \; p = ﬁw
for all i € {1,2} and j € {1,2} \ {i} in the achievable region introduced in [24], considering
that the private part of a message has not to be decoded in the non-intended receiver because
it can be under the noise level. The authors in [31] considered three different interference
regimes: weak interference channel (INRjo < ﬁg and INRg; < ﬁ ; mixed interference
channel (INR12 = ﬁg and INR9; < ﬁl, or INRs < ﬁg and INR21 = Sﬁl); and
strong interference channel (INRjo > HQ and INR9; > SNRl), where the outer bound for
the last interference regime is not shown given that the capacity region is already known [22,
37, 81]. The following two lemmas present the outer bounds on the capacity region of the
two-user GIC for the weak interference channel and for the mixed interference channel.

Lemma 3 (Outer bound for weak GIC [31, Theorem 3]). Let C C R% denote the capacity
region of the GIC. Then, C is contained within the set of rate pairs (Ry, Ra) € IR%_ that satisfy
the following inequalities:

1
Ri<; log (1+SNE,), (2.15a)
1 T
Ry < log (1+SNK, ), (2.15b)
1 ﬁ 1 SNﬁg
1 ﬁ 1 SNﬁl
SNR ——
1 SNR; 1 SNR»
<=1 1+ 1IN _ —1 1+ IN —],(2.1
Ri+ Rs 5 og < + INRq9 + Tr INR21> + 5 og ( + INRoj + 1+ INRy (2.15¢)
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—
1 1 SNRy
2 <=1 1 N IN —1 1+ IN —_—
R+ Ry 2 og( +5S §1+ R12>+2 og< + R2l+1+INR12>
_|_11 1+5NRy ﬂl (2.15¢)
2 %\ T¥INRy ) '
1 - 1 SNﬁl
2R,<=1 1 N IN —1 1+ IN _—
Ri 4+ 2R, 2 og( + SNR2 + R21>+2 og( + R12+1+INR21>
L gg (L3N \E, (2.15¢)
2 8 1+INR12 08

Lemma 4 (Outer bound for mixed GIC [31, Theorem 4]). Let C C R? denote the capacity
region of the GIC. Then, C is contained within the set of rate pairs (Ry, Ra) € Ri that satisfy
the following inequalities:

Rl\ log (1+ SN NE 1), (2.16a)
g
Ry<; log (1+5N NE ), (2.16Db)
T
1 SNR,
< — _ .
Ry + Ry< 5 lo g(1+ ) log <1+ 1+INR21>, (2.16¢)
1
Ry + Ry log (148N NK; + INR;») (2.16d)
1 1 SNE,
< - e
Ry + 2Ry log (1 + SNRy + INR21) + 5 log <1 +INRpp + 1 INR21> (2.16e)
1 SNR,

2.1.2. Case with Perfect Channel-Output Feedback

The two-user GIC-POF is analyzed in [88], and its capacity region is characterized to within
two bits per channel use. The achievability scheme presented in [88] is based upon: rate-
splitting [23, 37], block Markov superposition coding |14}, [27], and backward decoding [98,
99]. The outer bound is obtained considering genie-aided models. One of the most important
conclusions in [88] is that feedback can provide an arbitrary multiplicative gain in the high SNR
regime for certain channel conditions in the two-user GIC, i.e., the very strong interference
regime.

The following two lemmas present an inner bound and an outer bound on the capacity
region of the two-user GIC-POF.

Lemma 5 (Inner bound two-user GIC-POF [88, Theorem 2]). Let C C R2 denote the capacity
region of the two-user GIC-POF. Then, C contains all the rate pairs (Ry, R2) € Ri that satisfy
the following inequalities:

1 ﬁ /ﬁ 1
ngi 10g <1 + SN 1+ INR12 + 2p SN 1INR12) — 5, (217&)
1 1 S §
<= — - :
R1\2 log (1+ (1 —p)INRo1) + 5 log ( INR21> 1, (2.17b)
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1 ﬁ 1
R2<§ log (1 4+ SNR2 + INRo; 4 2pV SNEQINRQl) - =, (2.17¢)

[\

1 1 SNRs
<=log(1+(1—p)IN - 2 1, 2.1
Ry 5 og (14 (1 — p)INR12) + 2 ( + INR12> (2.17d)
1 SNR; 1
Ry 4+ Ro<=log [ 2+ + —log (1 + S Ra2 + INRg; + 2pV SNRglNRm) —1,(2.17¢)
2 INRo; 2
1 SNﬁ 1 —
Ry + R2<§ log (2 + INR 2 > + 5 log <1 4+ SNR1 + INR12 + 2pV SNRJNRH) — 1, (2.17f)
12

with p € [0,1].

Lemma 6 (Outer bound two-user GIC-POF, 88| Theorem 3]). Let C C R2 denote the capacity
region of the GIC-POF. Then, C is contained within the set of rate pairs (Ry, Ra) € ]Ri that
satisfy the following inequalities:

log (1 + SNR, + INRys + 20V/SNR IINng) , (2.18a)
- %) SNK,

1 (1-p
p) INR —1 1 2.18b
21>—|—20g< +1+(1_ 2)INR21>’ ( )

(1 + SNRs + INRs; + 2p\/SNR21NR21) (2.18¢)

=
N

=
N

P2) Sﬁz

1 (1-
log (1 p)IN + -1 1 2.18d
og + R12> 92 0g ( + 1+ (1 _ ,02) INR12> ) ( 8 )

(1 28ﬁ1>

1+ (1 2) INRo;

<1 + SNRo + INRo1 4+ 2pV SNEQINRQl) (2.186)

(
i

=
[\o}
N

1+

=
)
/AN
N | l—‘ N = DN = l\')\i—l N | =
—
o
0]

< 5
Fyt Tas log 1+ 1— 2)INR1s

—|— lo (1 + SN ﬁl + INR12 + 2pV SN ﬁllNng) R (2.18f)

with p € [0, 1].

In [57], it is shown that the number of GDoF of a symmetric fully connected K-user GIC with
POF is the same as in the case of the two-user IC-POF, except for the case in which the power
of the signal in each receiver is equal to the power of the interfering signal. Then, feedback
can improve the performance of the networks except under the aforementioned condition.
The coding scheme takes advantage of the network symmetry and is based on interference
alignment and interference decoding. Thus, given the alignment of the interference (it is
necessary to decode the interference to remove it, which is suppressed in standard approaches),
the interference received from all other users can be seen as a single message using a lattice
code approach. In [90], an approximate capacity region of the cyclic K-user GIC is presented.
The network involves K-users where each intended signal is only interfered by one of the
neighboring transmitters in a cyclic fashion. It is shown that the number of GDoF of a cyclic
symmetric K-user symmetric GIC with POF is a function of K, i.e., the capacity gain for each
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user is inversely proportional to the number of users K. Thus, the improvement in the capacity
per user of a cyclic and symmetric K-user GIC vanishes as K grows, and when K tends to
infinity the number of GDoF with feedback is equal to the number of GDoF without feedback.
It is worth noting that the GDoF of the symmetric and cyclic K-user without feedback are
the same as for the two-user GIC [105]. Other feedback coding schemes for K-user Gaussian
interference networks have been analyzed in |48 |47].

In [80] the impact of nine different POF architectures are studied for the symmetric LDIC
and the symmetric GIC. The exact capacity region is obtained for the linear deterministic
model and an approximate capacity region is obtained for the Gaussian case in which the
capacity region is approximated to within 4.59 bits from the inner-bound. The authors
proposed two achievable strategies: one based on rate-splitting [23,|37] and the other one based
on block-Markov coding (at one transmitter) and dirty paper coding at the other transmitter.
The authors also proposed two new outer bounds that are tighter than the cut-set bound in
some interference regimes.

The authors in [63] presented an inner bound and an outer bound on the sum-capacity of
a symmetric IC with source cooperation (IC-CT). The inner bound is obtained using block-
Markov superposition coding [14} 27], backward decoding [98, 99], and a decode-and-forward
strategy. The coding scheme splits the message index into four message indices, considering
that common and private messages can be split into cooperative and non-cooperative. The
outer bound is shown to be at most 20 bits away from the sum-rate capacity. Even though
the IC-NOF is a model that differs from the symmetric IC-CT, there exists a connection
between these two models. In this sense, the authors in [63] show that using their results on
the symmetric IC-CT, the sum-capacity of the two-user symmetric GIC-POF is approximated
to within a constant gap of 19 bits.

2.1.3. Symmetric Case with Noisy Channel-Output Feedback

The two-user symmetric GIC-NOF is analyzed in [35, |53, [52], and its capacity region is
characterized to within 4.7 bits per channel use in [53]. The achievability scheme in [53] is
a particular case of a more general achievability scheme presented in [94) 102]. An outer
bound using the Hekstra-Willems dependence-balance arguments |39] has been introduced
in [35]. In the GIC, these results suggest that feedback loses its efficacy on increasing the
capacity region roughly when the noise variance on the feedback link is larger than on the
forward link. Similar results have been reported in the fully decentralized IC with NOF [68,
74, 1106]. More general channel models, for instance when channel-outputs are fed back to
both receivers, have been studied and inner and outer bounds are presented in [48, 93,92, 80].
Despite the fact that the capacity region was approximated, very little can be concluded in
the case in which feedback is available in only one of the point-to-point links or simply when
the point-to-point links are in different interference regimes. The results on the interference
channel with generalized feedback (IC-GF) in |94}, 102 are applied to obtain an inner bound
in this channel model. The outer bound is derived using genie-aided models thanks to insights
from the analysis of the corresponding linear deterministic model.

The following two lemmas present an inner bound and an outer bound on the capacity
region of the two-user symmetric GIC-NOF.

Lemma 7 (Inner bound two-user symmetric GIC-NOF [53, Theorem 3]). Let C C R2 denote
the capacity region of the two-user symmetric GIC-NOF. Then, C contains all the rate pairs
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(R1,Rs) € IR%_ that satisfy the following inequalities:

R;<min ( (ps Ap) 74 (ANc, Ap) + 71 (Acc, Anc, Ap) , 71 (Acc, Anc, Ap) + T2 (Ap)

+73 (AnCs AP) ), (2.19a)

Ry<min ((Tﬁ (P, Ap) 74 (Anc, Ap) + 71 (Acc, Anc, Ap) , 11 (Accs Anc, Ap) + T2 (Ap)

+7—3 ()\N07 AP) )7 (219b)
Ri + Ro<min (TZ (Ap) + 76 (p, Ap), 271 (Accs Anc, Ap) + 75 (Anc, Ap) + 72 (Ap) ,
211 (Acc, Anc, Ap) + 213 (ANne, )\P))7 (2.19¢)
2R1 4+ Ro<min (T6 (p, Ap)+71 (Acc, Anc, Ap)+72 (Ap)+73 (Anc, Ap) , 371 (Acc, Anc, Ap)
+72 (Ap) + 73 (Anes AP) + 75 (ANc, Ap) ), (2.19d)
Ry + 2Ry<min (7'6 (p; Ap) + 11 (Acc, Anc, Ap) + 12 (Ap) + 3 (Anc, Ap) , 371 (Acc, AN, Ap)
+72 (Ap) + 73 (Ane, Ap) + 75 (Anc, AP)), (2.19¢)
with
( A\ )Al 1+ SNR + INR + 2p SNﬁINR (220 )
prAP) =5 log ApINR + 1 ’ =l
1. [ (Avc +Ap)SNR + (Anc + Ap) INR + 1
Anc, Ap)==1lo 2.20b
75 (Avo, Ap)=5 ( ApINR + 1 o )
1 (Anvc + Ap) SNR + ApINR + 1
A A é71 2.2
71 (Ane, Ap) 5 0g< "IN+ 1 ), (2.20c)
1 APSNR + (Anc + Ap) INR + 1
3 (AN, Ap)2=1 2.20d
A} ()\pSNR—F)\pINR—{—l)
2 (Ap) —2 log "oINR 7 1 , (2.20e)
1 Tin (Accs Anes Ap)
oo, AN, Ap)2=1 ! ’ 2.20f
7—1( CCy ANC) P 2 Og< Ta ANC,AP) )7 ( )
A1 § NR ((Acc + Anvc + Ap) INR + 1)
Tin (Acc; Anc, Ap) =5 log +1, (2.20g)
l-f-SNﬁ + INR + 2 SNﬁINR
§NR A Ap)INR +1
Tid (ANc,Ap)é2log< (Ao +Ap) INR 4 1) ) +1, (2.20h)
1+ SNﬁ: + INR + 2 SNﬁINR

€ [0,1] and for all coding schemes that satisfy A\cc + Anc +Ap =1 —p.

Lemma 8 (Outer bound two-user symmetric GIC-NOF [53, Theorem 2]). Let C C R denote
the capacity region of the two-user symmetric GIC-NOF. Then, C is contained within the set

20



2.1. Gaussian Interference Channel

of rate pairs (Ry, Ra) € ]R?i- that satisfy the following inequalities:

Ri<min (Y (p), T2), (2.21a)
Rggmin (Tl (p) s TQ) 5 (221b)
R{ + Ro<min (Tg (p) , T4) R (221C)
2R + R2<Y5(p), (2.21d)
R1 + 2R2<T5 (p) y (2.216)
with
1
% log <1 + SNR +INR + 2pV SNﬁINR) : (2.22a)
1 SNE 1 SNR
T2~ log 1 +SNR ) + - log (1 + ) ; (2.22Db)
2 ) 2 1 + SN
1 ﬁ / 1 Nﬁ
(p)2= log <1+S + INR 4 2pV SN ﬁINR) + - log 1—1—87 , (2.22¢)
2 2 1+ INR
INR? SNR SNE .
= il <
log<1 )+log<1+INR>+1 <INR>+log3 if 3 <ag <1
T4é INR? + SNK + 2INR + 2o\ SNKINR + 1 , (2.22d)
INR +1
§ NR (INR +1) .
+ log otherwise
S NE +INR +1
L 1+INR2 + L og (14 23R +11 SN 1103
2 g/ 27U T IR INR s
1 SNﬁ 1 ﬁ /ﬁ
—|—§log <1+1—|—INR>+210g(1+SN + INR + 2pV SN INR) if%éag<1
A
Ts ()2 1 o ((INR2 4 SNE + 2INR + 2pV/SNEINR + 1 (2.22¢)
2 % INR + 1
1 SNR (INR+1) 1 SNR
+-log |1+ +olog | 14 ————
% SNKR+INR+1/) 2 INR + 1
+§ log (1 + SNR + INR + 2pV SNRINR) otherwise

~ logINR

oG = , and p € [0,1].
logSNa

An other outer bound for the two-user IC-NOF is introduced in [39], which considers the
Hekstra-Willems dependence-balance arguments used in the analysis of two-way channels.
In the GIC, these results suggest that feedback loses its ability to increase the capacity
region when the noise variance on the feedback link is larger than that on the forward link.
Using similar arguments, new outer bounds that are tighter than the cut-set bound in some
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interference regimes are presented in [89)].

2.1.4. Rate-Limited Feedback

The two-user GIC with rate-limited feedback (GIC-RLF), in which the feedback links have
finite capacity instead of the case in which the feedback is perfect or noiseless, is analyzed in [6,
7,195]. This corresponds to a more realistic feedback model in which the receivers can use all the
information they have received to feed information back through an orthogonal channel of finite
capacity. The rate-limited feedback (RLF) increases the complexity of the receivers, given that
these must encode the information they transmit over the capacity-limited feedback channels.
Under symmetric conditions in this channel model, the symmetric capacity is approximated to
within 7.4 bits from the inner bound. The problem is analyzed using three different IC models:
the El Gamal-Costa deterministic model [30], the linear deterministic model [8} |20], and the
Gaussian model. In the analysis of the deterministic models the coding strategies are based
upon: rate-splitting [23, 37|, quantize-and-binning, and decode-and-forward. In the analysis of
the Gaussian model, the coding strategy is based upon block-Markov superposition coding
[14) 27], backward decoding [98] |99], and lattice coding, which enable receivers to decode
superposition of codewords. Outer bounds are developed based upon the insights from the
analysis of the deterministic models.

In [53}, 57, 63, 88, 90} [95], the key insights for the analysis of the Gaussian cases are obtained
from previous analysis of the respective linear deterministic models.

From a system analysis perspective, POF might be an exceptionally optimistic model
to study the benefits of feedback in the GIC. Denote by ¥ = (U1, J2...., Y n) a given
sequence of N channel outputs at a given receiver. A more realistic model of channel-output
feedback is to consider that the feedback signal, denoted by ?, satisfies ? =g (7) (random
transformation in RY). Hence, a relevant question is: what is a realistic assumption on g?
This question has been solved aiming to highlight the different impairments that feedback
signals might go through.

Consider in the GIC-RLF that the receiver produces the feedback signal using a deterministic
transformation g, such that for a large N, a positive finite Cr € R and for all 7 € RV:

Y =9(¥) e DRV, (2.23)

such that for all § > 0,
ID| < 2N (Cr+), (2.24)

The choice of the deterministic transformation g subject to is part of the coding scheme,
that is, the transformation g processes the N channel outputs observed during block ¢ > 0 and
chooses a codeword in the codebook D. Such a codeword is sent back to the transmitter during
block ¢t 4+ 1. From this standpoint, this model highlights the signal impairments derived from
transmitting a signal with continuous support via a channel with finite-capacity. Note that if
Cr = oo, then g can be the identity function and thus, ? = g(?) = 7, which is the case of
POF [88]. When Cr = 0, then |D| = 1 and thus, no information can be conveyed through the
feedback links, which is the case studied in [24, 31, 37]. The main result in [95] is twofold: first,
given a fixed C'r, the authors provide a deterministic transformation g using lattice coding [75]
and a particular power assignment such that partial or complete decoding of the interference is
possible at the transmitter. An achievable region is presented using random coding arguments
with rate splitting, block-Markov superposition coding, and backward decoding. Second, the
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2.1. Gaussian Interference Channel

authors provide outer bounds that hold for any g in . This result induces a converse
region whose sum-rate is shown to be at a constant gap of the achievable sum-rate, at least
in the symmetric case. These results are generalized for the K-user GIC with RLF in the
symmetric case in [6, 7], where the analysis focuses on the fundamental limit of the symmetric
rate. The main novelty on the extension to K > 2 users lies in the joint use of interference
alignment and lattice codes for the proof of the achievability. The proof of converse remains
an open problem when K > 2, even for the symmetric case.

2.1.5. Intermittent Feedback

This model emphasizes the fact that the usage of the feedback link might be available
only during certain channel uses, not necessarily known by the receivers with anticipation.
This model is referred to as intermittent feedback (IF) [41]. The main result in [41] is an
approximation of the capacity region to within a constant gap. The achievability scheme
relies upon random coding arguments with forward decoding and a quantize-map-and-foward
strategy to retransmit the information obtained through feedback. This is because erasures
might constrain either partial or complete decoding of the interference at the transmitter.
Nonetheless, even a quantized version of the interference might be useful at the intended
receiver for interference cancellation or at the non-intended receiver for providing an alternative
path.
Assume that for all n € {1,2..., N}, the random transformation g is such that given a
channel output ?n,
? - * with probability 1—p
"7\ Y, with probability p ’ (2.25)

where * represents an erasure and (1 — p) € [0, 1] is its probability of ocurrence. Note that
the random transformation g is fully determined by the parameters of the channels, e.g., the
probability p. Thus, as opposed to the RLF, the transformation g can not be optimized as
part of the receiver design.

In the case of the two-user symmetric GIC-NOF, assume that for all n € {1,2..., N}, the
random transformation ¢ is such that given a channel output 77“

P Ay (2.26)

where ﬁ € R, is a parameter of the channel and Z, is a real Gaussian random variable with
zero mean and unit variance. Note that the receiver does not apply any processing to the
channel output and sends a re-scaled copy to the transmitter via a noisy channel. From this
point of view, as opposed to RLF, the GIC-NOF model does not focus on the constraint on
the number of codewords that can be used to perform feedback, but rather on the fact that
the feedback channel might be noisy. Essentially, the codebook used to perform feedback in
NOF is RY.

2.1.6. A Comparison Between Feedback Models

Let C(SNﬁ,INR) denote a set containing all achievable rates of a symmetric GIC with
parameters SNK (signal to noise ratio in the forward link) and INR (interference to noise
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ratio). The number of GDoF [40] is:
sup {R . (R, R) € C(SNR, SNRO‘)}
GDoF(a) = lim

SNR—00 log (Sﬁ) ’

(2.27)

_ log(INR) . . .
where o = los(GNE) In Figure the number of GDoF is plotted as a function of o when

C(SNR,INR) is calculated without feedback [31]; and with PF from each receiver to their
corresponding transmitters (solid line)[88]. Note that with PF, the number of GDoF goes to
infinity when « goes to infinity, which implies an arbitrarily large gain. Surprisingly, using
only one PF link from one of the receivers to the corresponding transmitter provides the same
sum-capacity as having four PF links from both receivers to both transmitters |79} |80, 71] in
certain interference regimes. These benefits rely on the fact that feedback from the intended
receiver to the corresponding transmitter provides relevant information about the interference.
Hence, such information can be retransmitted to: (a) perform interference cancellation at
the intended receiver or (b) provide an alternative communication path between the other
transmitter-receiver pair. These promising results are also observed when the system is
decentralized, that is, when each transmitter seeks to unilaterally maximize its own individual
information rate [66].

In both IF and NOF, the feedback signal is obtained via a random transformation. In
particular, IF models the feedback link as an erasure-channel, whereas NOF models the
feedback link as an additive white Gaussian noise (AWGN) channel. Alternatively in RLF, the
feedback signal is obtained via a deterministic transformation. Let SNR be the SNR in each
of the feedback links from the receiver to the corresponding transmitters in the symmetric
GIC-NOF mentioned above. Let also

B = o (m{) and (2.28a)
log (SNﬁ)

/ CF

B = @ (2.28b)

be fixed parameters. These parameters approximate the ratio between the capacity of the
feedback link and the capacity of the forward link in the NOF and RLF case, respectively.
Hence, a fair comparison of RLF and 1())F must be made with 8 = 3. The number of GDoF
is plotted as a function of a when C(SNR,INR) is calculated with NOF for several values of 3
in Figure [2.3(a); with RLF for different values of 8’ in Figure [2.3(b); and with IF for several

values of p in Figure [2.3{c).

The most pessimistic channel-output feedback model between NOF and RLF, in terms of
the number of GDoF with 8 = £/, is NOF. When « € (0, 2) or « € (2,00), RLF increases the
number of GDoF for all 8’ > 0. Note that RLF with 5’ = % achieves the same performance as
POF, for all a € (0,3). In the case of NOF, there does not exist any benefit in terms of the
number of GDoF for all 0 < 8 < % A noticeable effect of NOF occurs when « € (0, %), for
all g > %; and when « € (2,00), for all 5 > 1. This observation can be explained from the
fact that in RLF, receivers extract relevant information about interference and send it via a

noiseless channel. Alternatively, NOF requires sending to the transmitter an exact copy of the
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channel output via an AWGN channel. Hence with 8 = 3’ > 0, the transmitters are always
able to obtain information about the interference in RLF, whereas the same is not always true
for NOF. Finally, note that in both NOF and RLF, the number of GDoF is not monotonically
increasing with « in the interval [2,00). Instead, it is upper-bounded by min (§, 5) in NOF
and by min (§,1+ §) in RLF.

The most optimistic model in terms of the number of GDoF, aside from POF, is IF. In
particular because for any value of p > 0, there always exists an improvement of the number of
GDoF for all a € (0, %) and a € (2,00). Note that, with p > %, IF provides the same number
of GDoF as POF. Note also that the number of GDoF remains being monotonically increasing
with « in the interval [2,00) for any positive value p > 0, which implies an arbitrarily large
gain in the number of GDoF.

2.2. Linear Deterministic Interference Channel

A deterministic channel model is introduced by [8] as an approximation to the Gaussian
channel models in the very high SNR regime. This model captures the key properties of the
wireless communication systems: the signal strength; the broadcast nature of the wireless
channel in which the signal sent by one transmitter can be overheard by many receivers at
different signal strengths; and multiple signals can arrive to one receiver coming from different
transmitters. Networks are affected not only by noise but also by interference. This linear
deterministic approximation considers that the network is operating in an interference-limited
regime, where the noise power is small compared to the signal powers. Thus, this model
focuses on the interactions of the signals rather than the noise. Therefore, the noise as well as
the parts of the signal affected by the noise are neglected. the LDIC is a special class of the
El Gamal-Costa deterministic IC [30] and a special class of the IC-NOF.

Consider the two-user LDIC-NOF depicted in Figure 2.4 For all i € {1,2}, with j €
{1,2} \ {3}, the number of bit-pipes between transmitter ¢ and its corresponding intended
receiver is denoted by T i;; the number of bit-pipes between transmitter ¢ and its corresponding
non-intended receiver is denoted by nj;; and the number of bit-pipes between receiver ¢ and
its corresponding transmitter is denoted by $74. These six non-negative integer parameters
describe the two-user LDIC-NOF in Figure

At transmitter 4, the channel-input X, at channel use n, is a g-dimensional binary vector

T
Xin= (XQ) X.(2) -in(,i)) , where

wnor“rin o

g = Imax (ﬁu,ﬁm,’fllg,ngl) . (2.29)

At receiver 7, the channel-output ?m is also a g-dimensional binary vector ?,n = (?52,

T
?(2) e ?5‘2) . Let S be a g x ¢ lower shift matrix of the form:

in

00 0 -0
1 0 0 -0
S=[0 1 0 - :|. (2.30)
.
L0 0 1 0]
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Figure 2.3.: Number of generalized degrees of freedom (GDoF) of a symmetric two-user
GIC; (a) case with NOF with g € {0.6,0.8,1.2}; (b) case with RLF with 5 €
{0.125,0.2,0.5}; and (c) case with IF with p € {0.125,0.25,0.5}

The input-output relation during channel use n is given for all ¢ € {1,2}, with j € {1,2}\ {i}
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Figure 2.4.: Two-user linear deterministic interference channel with noisy channel-output
feedback at channel use n.

by
7z~,n=Sq’ﬁ“X in 8T X, (2.31)

and the feedback signal ?m available at transmitter ¢ at the end of channel use n satisfies
TAN\T +
((07 ...,0) 7871.7”) :S(max(ﬁii,nij)*%n) ?i,nfch (2.32)

where d is a finite delay and additions and multiplications between matrices and vectors are
defined over the Galois Field of cardinality two, GF(2).

The dimension of the vector (0, ..., 0) in (2.32) is ¢—min (%m, max(ﬁii, ”m)) and the vector
+
?i,n represents the min (%“, max(ﬁii, n”)) least significant bits of §(max(ianig) =) ?m—d-
Without any loss of generality, the feedback delay is assumed to be equal to 1 channel use.

In this special case, the pdf of the IC-NOF can be factorized as in (2.9). Based on the
input-output relation in (2.31)), for all i € {1,2} and given the channel-inputs x; and s
during a specific channel use, the pdf fl—/x‘ X1.X5 in (2.9) can be expressed as follows:

f?i|X17X2 (7Z|$17 CCQ) = 1{7i=5q*7iimi+5q7"ijmj}’ (233)

for all ﬁi,ml,wg.

Similarly, based on the input-output relation in (2.32)), for all i € {1,2} and given the
channel-outputs 71 and ?2 during a specific channel use, the pdf f<}7_|7_ in (2.9) can be
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expressed as follows:

(2.34)

f?ﬂ?i (§Z|71) ! {?::S(max(ﬁmnij)—‘ﬁiiﬁ 71} |

for all ?i, jz

2.2.1. Case without Feedback

The following lemma presents the capacity region for the two-user LDIC without channel-output
feedback.

Lemma 9 (Capacity region two-user LDIC [20, Lemma 4]). Let C C R2 denote the capacity
region of the two-user LDIC without channel-output feedback. Then, C contains all the rate
pairs (R1, Re) € R2 that satisfy the following inequalities:

Ri< T, (2.35a)

Ro< 7 22, (2.35b)

Ry + Ro< (W11 —ma2) " + max (722, n12) (2.35¢)
R+ Ro< (W2 — nan) ™ + max (711, n01) (2.35d)
R1 4+ Ro< max (ngl, (W11 — n12)+) + max (nlg, (a2 — n21)+) , (2.35€)
2R + Ro< max (711, na1) + (711 —ni2) T+ max (nlg, (M2 — n21)+) , (2.35f)
Ry + 2Ry< max (W a2, n12) + (Waz — no1) " + max (no1, (W11 — n12)” ). (2.35g)

2.2.2. Case with Perfect Channel-Output Feedback

The following lemma presents the capacity region for the two-user LDIC-POF.

Lemma 10 (Capacity region two-user LDIC-POF [88, Corollary 1]). Let C C R2 denote the
capacity region of the two-user LDIC-POF. Then, C contains all the rate pairs (R1, Ra) € R%_
that satisfy the following inequalities:

R;< min (max (ﬁ)n, n91) , max (ﬁ)n, ni2)), (2.36a)
Rs< min (max (722, n12), max (ﬁ)zg, n21)) , (2.36b)

R + Roy< min (max (722, 7121) + (711 — n21)+ , max (711, ??,12) + (ﬁgQ — n12)+) . (2.360)

2.2.3. Symmetric Case with Noisy Channel-Output Feedback

The following lemma presents the capacity region for the two-user symmetric LDIC-NOF, in
which ﬁll = 722 = ﬁ, ni2 = N21 = 1M, and %11 = %22 = %

Lemma 11 (Capacity region two-user symmetric LDIC-NOF [53, Theorem 1]). Let C C R2
denote the capacity region of the two-user symmetric LDIC-NOF. Then, C contains all the
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rate pairs (R, Rg) € IR%_ that satisfy the following inequalities:

Ri< max (7, m), (2.37a)

Ro< max (77, m), (2.37b)
R<T+n—7)", (2.37¢)

Ro< T+ —7)7", (2.37d)

R + Ry< max (7, m) + (7 —m) ™", (2.37e)
)

2R; + Ry< max (77, m) + (77 —m) " + max <(ﬁ> —m)*t ,m)
—|—min((ﬁ—m)+,( — max (m, (ﬁ—m)Jr))Jr), (2.37g)
Ri + 2Ro< max (7, m) + (17 —m)" + max ((ﬁ> —m)*t ,m>
+min((ﬁ—m)+,(%—max (m, (W—m)+)>+) (2.37h)

2.2.4. Symmetric Case with only one Perfect Channel-Output Feedback

The following lemma presents the capacity region for the two-user symmetric LDIC with only
one POF, in which ﬁn = 722 = ﬁ, nii2 =Ng1 =mMm and %11 = Imax (ﬁ, m), and %22 =0.

Lemma 12 (Capacity region two-user LDIC with only one POF, [\cite |Sahai-TIT-2013).
Let C C IR%r denote the capacity region of the two-user symmetric LDIC with only one POF
between receiver 1 and transmitter 1. Then, C contains all the rate pairs (Ry, Ra) € ]RfL that
satisfy the following inequalities:

Ri< 7, (2.38)

Ry< max (7, m), (2.39)

R + Ro< max (7, m) + (7 —m) ™", (2.40)
— — + -

2R; + Re< max (,m) + (7 —m)" 4+ max (W —m,m). (2.41)

Note that the model 0001 in [80] corresponds to the two-user symmetric LDIC with only one
POF between receiver 2 and transmitter 2. Note also that the model 1001 in [80] corresponds
to the two-user symmetric LDIC with POF and it is equivalent to the Lemma [L0] for symmetric
parameters in the LDIC.

2.2.5. Sum-Capacity with Source Cooperation

In the two-user IC-NOF, a transmitter sees a noisy version of the sum of its own transmitted
signal and the interfering signal from the other transmitter. Hence, subject to a finite delay,
one transmitter knows, at least partially, the information transmitted by the other transmitter
in the network. This observation highlights the connections between the IC with feedback
and the IC with source cooperation studied in [63]. These two channel models are related but
they are not the same. There are two main differences between the two channel models. First,
the channel-output signal observed by the transmitter in the case of IC-NOF is impaired by
the noise in the feedback link and the noise in the forward channel. In the case of source
cooperation, the cooperation signal is only affected by the noise in the cooperative link. Second,
the cooperation between transmitters is direct and symmetric in the case of source cooperation.
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2. Centralized Interference Channels

Conversely, in the case of IC-NOF, the signal that is observed by the transmitter is affected
by the delay in the feedback link, and the part of the signal that was transmitted by the other
transmitter is obtained from the substraction between the signal observed by the transmit-
ter and its own signal that was transmitted previously. Then, the cooperation is not direct [53].

The two-user IC with source cooperation has two transmitters, i.e., 1 and 2, two receivers,
i.e., 3 and 4, and it also has noisy connections between the two transmitters [63]. The following
lemma presents the sum-capacity of the LDIC with source cooperation.

Lemma 13 (Sum-capacity two-user LDIC with source cooperation |63, Theorem 1]). The
sum-capacity region of the two-user LDIC with source cooperation is the minimum of the
following inequalities:

R + Ry=max (n13 — n14 + Ne,N23,Ne) + max (Ng g — n23 + ne, N14,ne) ,  (2.42a)

R + Ry=max (n13,n23) + (max (ng4,n2.3,n¢) — n23), (2.42b)

R + Ry=max (ng 4,n1.4) + (max (n13,n1.4,n¢) — N1.4), (2.42¢)

R + Ry= max (n1 3,n.) + max (ng 4, ne) , (2.42d)

Ry + Ry {max (P13 +n24,n14+n23) ifniz—naz#nis—naa, . (2.42)
max (11,3, 2.4, N1,4,M2.3) otherwise

In order to establish a connection between and the sum-rate capacity of the two-user
LDIC-NOF the following identities must be introduced: ni3 = 11, no4 = ﬁgg, ng23 = N2,
ni4 = not, and n, = %11—(711 — n12)+ = %22—(722 — n21)+. The last equality implies that
the feedback must include the signal levels that contain information about the non-intended
source in order to establish cooperation between the sources.
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N a decentralized system, a central controller does not exist and each transmitter-
I receiver pair is responsible for the selection of its own transmit-receive configuration
to maximize its data transmission rate. A transmit-receive configuration for
transmitter-receiver pair ¢, with ¢ € {1,2}, denoted by s;, can be described in terms of the
block-length NN;, the number of bits per block M; = [logy |[W;|], the channel-input alphabet
X;, the codebook C;, the encoding function f;, the decoding function ;, etc. The aim of
transmitter ¢ is to autonomously choose its transmit-receive configuration s;, in order to
maximize its achievable rate R;. Note that the rate achieved by transmitter-receiver ¢ depends
on both configurations s; and sy due to mutual interference. This reveals the competitive
interaction between both links in the decentralized interference channel.
The system models for the two-user decentralized continuous IC-NOF; the two-user D-GIC-
NOF; and the two-user D-LDIC-NOF are in general the same as in the centralized case. The
main differences are the following:

e Each transmitter-receiver defines the number of channel-uses per block, i.e., N7 and Ny
channel uses.

e The transmission of a block consists of N channel uses, where N = max (N1, Na). Then,
Xin =0 forall n > Nj.

e Encoder ¢ generates the symbol x;,, considering not only the message index W; € W, =

{1,2,...,2Nif} and all previous outputs from the feedback link i, i.e., (?@1, ?ivg, e

?i,n—l)v but also the random message index €2; € IN. The index €; is an additional

index randomly generated which is assumed to be known by both transmitter ¢ and
receiver i, while unknown by transmitter j and receiver j (common randomness).
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3. Decentralized Interference Channels

e At the end of the transmission, decoder 7 uses all the channel-outputs, i.e., <7i71,

71-72, ey 7, N) and the random message index €2; to obtain an estimate of the message

index W;, denoted by I//[\/,
e The following Markov chain holds:

(Wi, Qi, ?i,(l;n—l)) — Xi,n — 71,71. (3.1)

e The calculation of the probability of error is made for each of the transmitter-receiver

pairs. Let Wi(t) be written as cg? cgg cgt])wl in binary form. Let also Wi(t) be written

as Eg? 552 - Egt])\/ll in binary form. Then, the average bit error probability at decoder i

given the configurations s; and sg, denoted by p;(si, s2), is given by

M;
1 3
i(s1,8 :—E 1 . 3.2
pils 2)=37; 2 Mo a) 32

The fundamental limits in a decentralized two-user IC-NOF system are defined by the n-NE
region.

Definition 3 (7-NE region of a two-user IC). The n-NE region of a two-user IC is the closure
of the set of all possible achievable rate pairs (Ry, Ra) € IR2+ that are stable in the sense of
a Nash equilibrium. More specifically, given an n-NE coding scheme, there does not exist an
alternative coding scheme for either transmitter-receiver pair that increases their individual
rates by more than n bits per channel-use.

3.1. Game Formulation

The competitive interaction between the two transmitter-receiver pairs in the IC can be
modeled by the following game in normal-form:

g= (IC, {Ak}kelC ) {Uk}keic) : (3-3)

The set I = {1,2} is the set of players, that is, the set of transmitter-receiver pairs. The
sets A1 and As are the sets of actions of player 1 and 2, respectively. The choice of one
transmit-receive configuration by player i € K is an action, which is denoted by s; € A;. The
utility function of player i is u; : A; x Ay — Ry and it is defined as the achieved rate of
transmitter 2,

M;

Ry =— if p; <

ui(81’82) _ ) Nz 1 p1(31732) € , (34)
0 otherwise

where € > 0 is an arbitrarily small number and R; denotes a transmission rate achievable with
the configurations s; and sp. This game formulation was first proposed in [15] and [103].

A class of transmit-receive configuration pairs s* = (s7, s5) € A; x Ay that are particularly
important in the analysis of this game is referred to as the set of 7-Nash equilibria (7-NE),
with 7 > 0. These pairs of configurations satisfy the following definition:
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3.2. Gaussian Interference Channel

Definition 4 (7-NE [60]). In the game G = (K, {Ai}rexc > {ur}rex). @ configuration pair
(s7,83) € A1 X Ag is an n-NE if for all i € K and for all s; € A;, there exits an n > 0 such
that

ui(8i, 87) < wi(sy, sj) + . (3.5)

Let (s}, s3) be an n-NE configuration pair of the game in (3.3)). Then, none of the transmitters
can increase its own information transmission rate more than 7 bits per channel use by changing
its own transmit-receive configuration and keeping the average bit error probability arbitrarily
close to zero. Note that for n sufficiently large, from Definition {4}, any pair of configurations
can be an 7-NE. Alternatively, for n = 0, the classical definition of an NE is obtained [59]. In
this case, if a pair of configurations is an NE (7 = 0), then each individual configuration is
optimal with respect to each other. Hence, the interest is to describe the set of all possible
n-NE rate pairs (R1, Ra) € ]R2+ of the game in with the smallest n for which there exists
at least one equilibrium configuration pair.

The set of rate pairs that can be achieved at an n-NE is known as the n-NE region.

Definition 5 (7-NE Region). Let n > 0 be fized. An achievable rate pair (R1, R2) € R2 is
said to be in the n-NE region of the game G = (IC, { Ak }rexc » {untrex) if there exists a pair
(s7,s3) € Ay x Ay that is an n-NE and the following holds:

ui(s],s3) = R1 and  wa(s],s;) = Ro. (3.6)

Following along the same lines as in [16], if there exists a configuration pair (si,s2) that
achieves a rate pair (R, Rg) € Ri using codes of block lengths N7 and Ny respectively, then
it can be shown that there exists a configuration pair (s}, s5) that achieves the same rate pair
using the same block length for both users, e.g., N = max(N1, N3). The resulting probability
of error with (s}, s)) is smaller than or equal to the probability of error obtained by the
configuration pair (s1, s2). For this reason, without loss of generality, the same block length is
considered for both users in the remaining of this thesis.

3.2. Gaussian Interference Channel

3.2.1. Case without Feedback

The following lemma presents an approximate NE region for the two-user GIC without
channel-output feedback.

Lemma 14 (Approximate NE region two-user GIC, Theorem 2 in [16]). Let N' C R2 denote
the NE region of the two-user GIC without channel-output feedback. Then,

CNBCNCCNB, (3.7)

with C the capacity region of the two-user GIC, C the achievable region of the two-user GIC
(Lemmal1]), and, B and B given by

B={(Ri,Ry) € R} : Li < R; < Uy, forallie{1,2}}, (3.8a)

B= {(Rl,Rg) €R:L; < R <max(U; — 1,L;), forallic {1,2}} , (3.8b)
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3. Decentralized Interference Channels

where for all i € {1,2}

Lizl log <1 + SNl> and (3.9a)

+
(SNﬁ ; — max (INR SNE, ))

Jis INRi]'
SNﬁj> ’

Jis INRij

% log (1 + m» ) . (3.9b)

1 1
U;=min (2 log (1 + SN, + INRij) —Glog | 1+
1+ INR]'Z‘ + max (INR

The region defined by B differs from B by at most one bit, given that the achievable region
in Lemma (1] is at most one bit away from the capacity region [31].

3.2.2. Case with Perfect Channel-Output Feedback

The following lemma presents an approximate NE region for the two-user GIC-POF.

Lemma 15 (Approximate NE region two-user GIC-POF, Theorem 2 in [66]). Let n > 1 and
let N C IE{%r denote the NE region of the two-user GIC-POF. Then,

CNB,CN CCNB,, (3.10)

with C the achievable region of the two-user GIC-POF' (Lemma @, C the converse region of
the two-user GIC-POF (Lemma @, and B, given by

By ={(Ri,R2) € R% : (Li — )" < Ry, for alli € {1,2}}, (3.11)

where for all i € {1,2}, L; is given by (3.9al).

3.3. Linear Deterministic Interference Channel

3.3.1. Case without Feedback

The following lemma presents the NE region for the two-user LDIC without channel-output
feedback.

Lemma 16 (NE region two-user LDIC, Theorem 1 in [16]). Let N' C R? denote the NE
region of the two-user LDIC without channel-output feedback. Then, N' contains all the rate
pairs (Ry, Re) € R2 that satisfy:

N =CnEB, (3.12)

with C the capacity region of the two-user LDIC (Lemma@ and B given by

B={(Ri,Ry) €R2 : L; < R; < U, for alli € {1,2}}, (3.13)
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3.3. Linear Deterministic Interference Channel

where for all i € {1,2},

Li:(ﬁu — nij)Jr and (3.14)
U—{ﬁ” — min (Lj, nij) Zf nij < ﬁ”
=

_ / (3.15)
min ((”w - L), ﬁu) if nig > T

3.3.2. Case with Perfect Channel-Output Feedback

The following lemma presents the NE region for the two-user LDIC-POF.

Lemma 17 (NE region two-user LDIC-POF, Theorem 1 in [66]). Let n > 0 and let N C
Ri denote the NE region of the two-user LDIC-POF. Then, N contains all the rate pairs
(R1, Rs) € RZ that satisfy:

N =CnB,, (3.16)

with C the capacity region of the two-user LDIC-POF (Lemma@) and B given by
By ={(R1,Ry) € R} : (Li — )" < Ry, for alli € {1,2}}, (3.17)
where for all i € {1,2}

3.3.3. Symmetric Case with Noisy Channel-Output Feedback

The following lemma presents the NE region for the two-user symmetric LDIC-NOF, in which
T =Ta =1, n12=n21 =m, and 1 = o =W

Lemma 18 (NE region two-user symmetric LDIC-NOF, Theorem 1 in [68]). Let N' C R2
denote the NE region of the two-user symmetric LDIC-NOF. Then, N contains all the rate
pairs (R1, R2) € R2 that satisfy:

N =CnB, (3.19)

with C the capacity region of the two-user symmetric LDIC-NOF (Lemma[11]) and B given by
B={(Ri,Ry) €RY : L R; <U, foralli€{1,2}}, (3.20)

where for all i € {1,2}

Li=(7 —m)" and (3.21)
min (max (77, ) , m) ifm>7

Vi= max (77, m) — min ((ﬁ) —m)* ,m) (3:22)
+(min ((ﬁ)—m)+,m> —(max(ﬁ,m)—%))Jr ifm <7
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3. Decentralized Interference Channels

3.4. Connecting Linear Deterministic and Gaussian Interference
Channels

INR 2, INRoq, §NR1 and §NR2 can be approximated by the capacity region
of an LDIC-NOF with parameters 77;; = E log(SNﬁi)J; nij = E log(INRij)J;

i = E log(gNRi)J, with i € {1,2} and j € {1,2} \ {i}. For instance, in the case without

feedback, the capacity region of any GIC with parameters Sﬁil > 1, ﬁz >1,INRijo > 1
and INRo; > 1 is within 18.6 bits per channel use per_user of the capacity of an LDIC
with parameters 71 = E; log(Sﬁl)J, T = |210g(SNR2)], n12 = |3 log(INRy2)], and
ng1 = |[51og(INRs1)| (Theorem 2 in [20]). More specifically, if the capacity region of the
two-user GIC and the two-user LDIC without feedback are denoted by Cq and Crp, respectively,
the following holds:

e
THE capacity region of the two-user GIC-NOF with parameters SNRj, SNﬁg,

CLpCCq + (5,5) and (3.23a)
Cc CCrp + (13.6,13.6). (3.23b)
In a more general setting, for instance in the case with NOF, the two-user LDIC is known
to be a close approximation of the two-user GIC. In Section this approximation is used

to simplify the identification of the cases in which channel-output feedback, even subject to
additive noise, enlarges the capacity region of the two-user GIC.
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Linear Deterministic
Interference Channel

His chapter presents the main results on the two-user centralized LDIC-NOF
I described in Section 2.2]

4.1. Capacity Region

Denote by C( 11, ﬁgg,nlg,ngl, %11, %22) the capacity region of the two-user LDIC-NOF
with parameters ﬁ)n, 722, n12, No1, Wn, and %22, characterized in Theorem |1} I

Theorem 1. Capacity Region

The capacity region C(7 11, 722, n12, 21, 10 11, 7w 22) of the two-user LDIC-NOF is the
set of rate pairs (Ry, R2) € RZ that for all ¢ € {1,2}, with j € {1,2}\ {i} satisfy:
R;<min (max (77, nji) , max (74, 147)) (4.1a)
R;<min (max (ﬁu, nji) , max (ﬁ“, Wjj — (ﬁjj — nji)+)> , (4.1b)
Ry + Ro<min (max (Wa2,m12) + (11 — n12)" , max (W11, m21) + (a2 — n21)+) )
Ry + Ro<max ((711 —n12)" o1, W11 — (max (W11, m12) — 11)
+ max ((722 — n21)+ , 19, o9 — (max (ng, ng1) — %QQ)JF), (4.1c)
2R; + Rj<max (W“, nji)—l—(ﬁii—nijfr
tmaxx ((755—ng0) " mig, 35— (max (7 55,m5) — 735)7). (4.1d)

The proof of Theorem (1] is divided into two parts. The first part describes the achievable
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4. Linear Deterministic Interference Channel

region and is presented in Appendix [A] The second part describes the converse region and is
presented in Appendix [B]

Theorem (1] generalizes previous results regarding the capacity region of the two-user LDIC
with channel-output feedback. For instance, when 11 = 0 and T = 0, Theorem
describes the capacity region of the two-user LDIC without feedback (Lemma 4 in |20]); when
$711 > max (711, ni2) and $2 99 > max (722,7121), Theorem |1 describes the capacity region
of the two-user LDIC with perfect channel output feedback (LDIC-POF) (Corollary 1 in [88]);
when 711 = 722, n12 = no1 and %11 = %22, Theorem [1| describes the capacity region of
the two-user symmetric LDIC-NOF (Theorem 1 in [53] and Theorem 4.1, Case 1001 in [80]);
and when 711 = 722, ni2 = Nn21, %“ 2 max (ﬁm,n”) and %jj = O, with ¢ c {1,2} and
j € {1,2}\ {i}, Theorem [1| describes the capacity region of the two-user symmetric LDIC
with only one perfect channel output feedback (Theorem 4.1, Cases 1000 and 0001 in [80]).

An interesting observation from Theorem [1] is that feedback is beneficial only when at least
one of the feedback parameters %11 or ?22 is beyond a certain threshold (see Section. For
instance, note that when %“ < (ﬁm - nij)Jr, receiver ¢ is unable to send to its corresponding
transmitter via feedback any information about the message sent by transmitter j, and thus,
feedback does not play any role to enlarge the capacity region. This is basically because the
bit-pipes that are subject to interference at receiver i are not included in the set of bit-pipes
that are above the (feedback) noise level. However, the threshold (ﬁ)“ — ny;) T for 0 is
necessary but not sufficient for feedback to enlarge the capacity region. Consider for instance
the following examples:

Example 1. Consider the two-user LDIC-NOF with parameters 711 =5, 722 =1, 712 =3,
o1 =4, and 799 = 0. The capacity regions C(5,1,3,4,0,0) and C(5,1,3,4,4,0) are shown in
Figure [{.Th. In this case, channel-output feedback in the transmitter-receiver pair 1 enlarges
the capacity region only when WH > ﬁgg + (%}11 - n12)+ = 3. More specifically, for all

11 € {0,...,3}),
€(5,1,3,4,%11,0)=C(5,1,3,4,0,0),
and for all 7711 € {4,5,...,00},
€(5,1,3,4,0,0)cC(5,1,3,4, 7 11,0).

In Example [I] in the absence of channel-output feedback, the rate Ry cannot exceed 1 bit
per channel use, whereas the sum-rate R + R is not greater than by 5 bits per channel use.
Figure shows a simple achievability scheme for the rate pair (3,1). Note that Ry cannot
be improved by letting transmitter 2 use the bit-pipes X ng) as they are not observed at
receiver 2. When channel-output feedback is available at least at transmitter-receiver pair 1

and the bit-pipe from transmitter 2 ending at 7547)1 is included in the feedback signal ?i,n, the
bit-pipe X2(27)L can be used by transmitter 2 as feedback provides a path between transmitter 2
and receiver 2: transmitter 2 — receiver 1 — transmitter 1 — receiver 2. For this alternative
path to become available at least the (722 + (711 — n12)+ + 1)—th (feedback) bit-pipe from

receiver 1 to transmitter 1 must be above the noise level, i.e., 111 > Waa + (711 - n12)+

Example 2. Consider an LDIC-NOF with parameters 711 =17, 722 =7, nig = 3,
not = 5, and T2 22 = 0. The capacity regions C(7,7,3,5,0,0) and C(7,7,3,5,6,0) are shown in
Figure [4.2h. In this case, channel-output feedback in the transmitter-receiver pair 1 enlarges
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4.1. Capacity Region

Figure 4.1.: (a) Capacity regions of C(5,1,3,4,0,0) (thick red line) and C(5,1,3,4,4,0) (thin
blue line). (b) Achievability of the rate pair (3,1) in an LDIC-NOF with param-
eters 711 =5, ng =1, nie =3, noy =4, %11 = 0 and sz = 0 (no feedback
links). (c) Achievability of the rate pair (3,2) in an LDIC-NOF with parameters
ﬁll = 5, ﬁgg = 1, nig = 3, no1 = 4, %11 =4 and %22 =0.

the capacity region only when $711 > max (’I’Lgl, (711 — n12)+) = 5. More specifically, for all

%11 € {0717"'75}7
C(7,7,3,5,%11,0)=C(7,7,3,5,0,0),
and for all vy, € {6,7,..., 00},

C(7,7,3,5,0,0) CC(7,7,3,5, % 11,0).

In Example in the absence of feedback, the sum-rate capacity can be achieved by
simultaneously using two groups of bit-pipes: (a) all bit-pipes starting at transmitter ¢ and
being exclusively observed by receiver i; and (b) all bit-pipes starting at transmitter ¢ that are
observed at receiver j but do not interfere with the first group of bit-pipes, with i € {1,2} and
j€{1,2}\ {i}. Figure shows an achievability scheme that uses this idea and achieves
the sum-rate capacity. Note that using other bit-pipes to increase any of the individual
rates produces interference that cannot be resolved and thus, impedes reliable decoding. In

particular note that X§27)L and Xéi)l must remain unused. When feedback is available at least
6)

at transmitter-receiver pair 1 and the bit-pipe from transmitter 2 ending at 7&71 is included

in the feedback signal ?1,717 the bit-pipe XQ(QT)L can be used for transmitting maximum-entropy

i.i.d. bits to increase the individual rate Ry and the sum-rate (see Figure ) This is mainly
because the bits XQ(QT)L can be decoded by transmitter 1 via feedback and be re-transmitted to
resolve interference at receiver 1. Interestingly, during the re-transmission by transmitter 1
these bits produce an interference that can be resolved by receiver 2, as these bits have been
received interference-free in the previous channel uses. Note that for this to be possible, at
least one of the bit-pipes of transmitter 2 that does not belong to either of the two groups
mentioned above, 7.e., Xé%}b and XQ(?,)L, must be observed above the noise level in the feedback
link of the transmitter-receiver pair 1, i.e., 711 > 5.

The exact thresholds for the feedback parameters WH or %22 beyond which the capacity

region is enlarged are strongly dependent on the parameters 711, 722, ni, and ngy. A
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Figure 4.2.: (a) Capacity regions of C(7,7,3,5,0,0) (thick red line) and C(7,7,3,5,6,0) (thin
blue line). (b) Achievability of the rate pair (3,5) in an LDIC-NOF with param-
eters 711 =7, 722 =7, nia = 3, ng1 = 5, %11 =0 and ng = 0 (no feedback
links). (c) Achievability of the rate pair (3,6) in an LDIC-NOF with parameters

77

ﬁll = 722 = 7, nig = 3, no1 = 5, %11 =6 and %22 =0.

characterization of these thresholds is presented in Section [£.2]

4.1.1. Comments on the Achievability Scheme

The achievable region is obtained using a coding scheme that combines classical tools such
as rate-splitting [23, 37|, block Markov superposition coding [14], 27], and backward de-
coding [98] |99]. This coding scheme is described in Appendix [Al In the following, a brief
description of this coding scheme is presented. Let the message index sent by transmitter
¢ during the t-th block be denoted by Wi(t) c {1,2,...,2VBi} " Following a rate-splitting
argument, assume that Wi(t) is represented by three sub-indices (Wz(tc)sz(gz,Wz(?D) €
{1,2,...,2NBicry x {1,2,... 2Nz} x {1,2,... 2NBir} where R;c1 + Rico + Rip = R;.
The codeword generation follows a four-level superposition coding scheme. The index Wi(le)
is assumed to be decoded at transmitter j via the feedback link of the transmitter-receiver
pair j at the end of the transmission of block ¢ — 1. Therefore, at the beginning of block ¢,

each transmitter possesses the knowledge of the indices Wl(tc_ll ) and WQ(tc_ll ). In the case of

the first block ¢ = 1, the indices Wl(f)c)vl and WQ(’OC)YI correspond to two indices assumed to be
known by all transmitters and receivers. Using these indices both transmitters are able to
identify the same codeword in the first code-layer. This first code-layer is a sub-codebook of
oN(Ric1tRz.c1) codewords (see Figure |A.1). Denote by u (Wl(tc_ll), W2(t0—11)) the corresponding
codeword in the first code-layer. The second codeword used by transmitter ¢ is selected using

Wz(tc)'l from the second code-layer, which is a sub-codebook of 2V Fi.c1 codewords associated

to u (Wl(tall),WQ(tgll)) as shown in Figure |A.1l Denote by wu; (Wl(tgll),WQ(tgll), Wz(2'1> the
corresponding codeword in the second code-layer. The third codeword used by transmit-

22 from the third code-layer, which is a sub-codebook of 2V fi.c2

codewords associated to wu; (Wl(tgll ),Wétgll ),Wt(21> as shown in Figure [A.1l Denote by

v; (Wl(tc_ll ), VV2(tC_11 ), W-Stc)yl, W(22> the corresponding codeword in the third code-layer. The

K3 (2

ter ¢ is selected using VVZ(
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4.1. Capacity Region

fourth codeword used by transmitter ¢ is selected using W() from the fourth code-layer,

which is a sub-codebook of 2V Fi.P codewords associated to v; (Wl(tgll ) , W2(tc—11 ), Wﬁgl, W-(tg@)

i, 7,
as shown in Figure [A.1l Denote by x; p (Wl(tml ), T/VQ(tC_l1 ), W-(gl, W-(22, Wfﬁl) the correspond-

2y 1y

ing codeword in the fourth code-layer. Finally, the generation of the codeword x; =
(i1, Tio,...,xiN) € Ci C XN during block ¢t € {1,2,...,T} is a simple concatenation of

the codewords u; (Wl(tc_ll), WQ( 01)7 W(t) ) (Wl( 01)7 W(tml), W.(gl, W(t) ) and x; p (Wl(tc_ll),

1,

7

WQ(tml), W(tc)vl, W(C)Q, W(t)), e, T; = (uT v] a:ZTP) , where the message indices have been
dropped for ease of notation.

The intuition to build this code structure follows from the identification of three types of
bit-pipes that start at transmitter i: (a) the set of bit-pipes that are observed by receiver j
and are above the (feedback) noise level; (b) the set of bit-pipes that are observed by receiver
j and are below the (feedback) noise level; and (c) the set of bit-pipes that are exclusively
observed by receiver i. The first set of bit-pipes can be used to convey message index Wz(gl
from transmitter ¢ to both receivers and transmitter j during block . The second set of
bit-pipes can be used to convey message index W( ) o from transmitter ¢ to both receivers but
not transmitter j during block ¢. The third set of blt—pipes can be used to convey message
index W( IZ from transmitter ¢ to receiver ¢ during block t.

These three types of bit-pipes justify the three code-layers superposed over a common layer,
which is justified by the fact that feedback allows both transmitters to decode part of the
message sent by each other. The decoder follows a classical backward decoding scheme. This
coding/decoding scheme is thoroughly described in Appendix [A]in the most general case.
Later, it is particularized for the case of the two-user LDIC-NOF and two-user GIC-NOF.

Other achievable schemes, as reported in [53], can also be obtained as special cases of the
more general scheme presented in [94]. However, in this more general case, the resulting
code for the IC-NOF counts with a handful of unnecessary superposing code-layers, which
demands further optimization. This observation becomes clearer in the analysis of the two-user
GIC-NOF in Chapter

4.1.2. Comments on the Converse Region

The outer bounds and are cut-set bounds and were first reported in [20] for the
case without feedback. These outer bounds are still useful in the case of POF [88]. The outer
bounds (4.1b)), (4.1c|) and (4.1d)) are new.

Consider the notation used in Appendix [Bf (See Figure and Figure [B.2)). The outer
bound on the individual rate 7 is a cut-set bound at the input of an enhanced version of
receiver ¢. More specifically, this outer bound is calculated considering that receiver ¢ possesses
the message index of transmitter j, i.e., W}, as side information and observes the channel

output 7 and the feedback signal ? of the transmitter-receiver pair j at each channel use.
A complete proof of (4.1b)) is presented in Appendix (B l

The intuition behind the outer bound follows from the observation that in the absence
of feedback, the sum-rate is upper-bounded by the sum of the bit-pipes from transmitter ¢ that
are exclusively observed by receiver i (denoted by X; p) and the bit-pipes from transmitter ¢
that are observed by receiver j and do not interfere with bit-pipes X ; p (denoted by X; 1),
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4. Linear Deterministic Interference Channel

with ¢ € {1,2} and j € {1,2} \ {i}. More specifically, in the absence of feedback:

2
Ry + R2<Z dim X@P + dim Xi,U- (4.2)
=1

When Ry + Ry = 212:1 dim X; p + dim X; ;7 is achievable without feedback, the bit-pipes
X, p and X,y can be used for sending maximum-entropy i.i.d. bits from transmitter ¢ to
receiver ¢, which maximizes the sum-rate. Interestingly, any attempt of using any of the other
bit-pipes creates interference that cannot be resolved and thus impedes reliable decoding.
This observation is formally proved in Appendix [B| (see proof of ) Note also that this
outer bound is not necessarily tight (see Example . When feedback is available at least at
transmitter-receiver pair ¢, other bit-pipes different from X; p and X might be used by
transmitter j for simultaneously increasing the rate R; and the sum-rate (see Example .
This simple observation suggests that there must exist an upper-bound on the sum-rate of the
form:

2
Ry + Ro<) dim X p + dim X,y + Fj, (4.3)
i=1
where, F; < dim X; ¢ + dim X; p represents the bit-pipes other than X; p and X; iy, whose
origin is at transmitter ¢, that can be used for sending maximum-entropy i.i.d. bits from
transmitter ¢ to receiver i, while generating an interference that can be resolved by the use
of feedback. Following this idea, the following outer bound is presented in Appendix [B| (see

proof of (4.1c))):

2
Ri+Ry<) dimX; p+dimX; y+dim X op, +dimX; pp, (4.4)
i=1

where dim (X i,OF;, Xi.D F) is the number of the bit-pipes whose origin is at transmitter ¢ and

are observed above the noise level in the feedback link of transmitter-receiver pair j. The

outer bound (4.4) is derived considering genie-aided receivers. More specifically, receiver i has
d

inputs Y; and Y, with ¢ € {1,2}.

A similar reasoning is followed to derive the outer bound considering three genie-aided
receivers. More specifically, receiver ¢ has inputs Y; and Y;, with ¢ € {1,2}, and a third
receiver has inputs 71‘7 j, and Wj for at most one i € {1,2}, with j € {1,2}\ {i}.

4.2. Cases in which Feedback Enlarges the Capacity Region
Let a; € Q, with ¢ € {1,2} and j € {1,2} \ {i} be defined as
ni]’
i = . 4.
For each transmitter-receiver pair i, there exist five possible interference regimes (IRs), as
suggested in [31]: the very weak IR (VWIR), i.e., ; < %, the weak IR (WIR), i.e., 3 < a; < 3,

the moderate IR (MIR), i.e., % < a < 1, the strong IR (SIR), i.e., 1 < oy < 2 and the very
strong IR (VSIR), i.e., a; > 2. The scenarios in which the desired signal is stronger than
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the interference (o; < 1), namely the VWIR, the WIR, and the MIR, are referred to as the
low-interference regimes (LIRs). Conversely, the scenarios in which the desired signal is weaker
than or equal to the interference (c; > 1), namely the SIR and the VSIR, are referred to as
the high-interference regimes (HIRs).

The main results of this section are presented using a set of events (Boolean variables) that
are determined by the parameters 711, 722, ni12, and no1. Given a fixed 4-tuple (711, 722,
ni2, n21), the events are defined below:

FEy: ar <1Aag <1, (46)
1
Eg’i : o; < 5 N1 < Q; < 2, (47)
1
Es; a; < - Aoy > 2, (4.8)
2
1 2
E4,i §<O£1<§/\OZJ>]., (49)
2
E5’i §<ai<1/\aj>1, (410)
1
Eg; 5 <o <1Aa; >1, (4.11)
E7,i : a; = 1A o < 1, (412)
Eg,i : ﬁ“ > M, (4.13)
Ey : %)11 + M99 > N9 + noy, (4.14)
Fio. Wu + ﬁjj > nij + 271]1, (4.15)
Ell,i W” + 155 < Ny (4.16)

In the following, in the case of Eg; : W“ > nj;, the notation E&i indicates ﬁ” < Ny
the notation E&i indicates W“ < nji (logical complement); and the notation Eg,i indicates
WZ-Z- > nj;. In the case F1 : oy < 1A az <1, the notation El indicates a3 > 1 A ag > 1; and
the notation F; indicates o > 1 A ag > 1. In the case Fy : 711 + 722 > nig + N9y, the
notation Eyg indicates 711 + 1022 < 112 + nai.

Combining the events (4.6])-(4.16)), five main scenarios are identified:

S (El VAN ES,i) \/(EQJJ A ES,i)\/ (E3,i/\E8,i/\E9> V <E4’Z‘/\Egyi/\Eg) V (E57i/\Eg7i/\Eg) , (417)

)

Sait (Esi N Esj ANEo) V (Eoi A EsjNEo) Vv (E1 A Esj), (4.18)
Ssit (B1 AN Es;) V (Eai ANEs;) V (Esi AEsj ABs;) V (Esi A Esj AEs;)

V(Bs; A Esj ANEs;) V (E1 A Esj)V (Ery), (4.19)
Sy :EyNEgq1 A Ega A Eigi A Eioo, (4.20)
Ss :E1 AN Eii A B . (4.21)

For all i € {1, 2}, the events Si;, S2, 53, S4 and S5 exhibit the properties stated by the
following corollaries:

Corollary 1. For all (ﬁ)n,ﬁ)gg,nu,ngl) € IN*, given a fixed i € {1,2}, only one of the
events 51, S2; and S3; holds true.

Corollary 2. For all (711, 722, ni2,M21) € IN?, when one of the events S, or Sy holds true,
then the other necessarily holds false.
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Note that Corollary [2| does not exclude the case in which both S4 and S5 simultaneously
hold false.

Corollary 3. For all (7711, 722,712, 721) € IN*, when Sy holds true, then both Sj ; and Sj o
hold true; and when S5 holds true, then both S31 and S22 hold true.

4.2.1. Rate Improvement Metrics

Given a fixed 4-tuple (711, 99, M9, na1), let C(ﬁn, ﬁgg) be the capacity region of an LDIC-
NOF with parameters %11 and %22. The maximum improvement of the individual rates R
and R, denoted by Al(%ll, %22) and Ag(%ll, %22)7 due to the effect of channel-output
feedback with respect to the case without feedback is:

A1 (5711, a2)= max {sup{R1 : (RI,RZ)ecmu,%z)}—sup{}z{:(R{,RQ)GC(O,O)}}

:0<R2<R;
and (4.22)
Ao(T11, %22):0<%?§ : {Sup { B (R1, Ry) € C(nr, o) f—sup {BY : (1, RY) € 0(0,0)}},
(4.23)
with
Ri=sup {1 : (r1,75) € C(0,0)} and (4.24)
Ri=sup {ry : (r1,r2) € C(0,0)}. (4.25)

Note that for a fixed i € {1,2}, A;(%11, a2) > 0 if and only if it is possible to achieve a rate
pair (R, Rg) € ]R?|r with channel-output feedback such that R; is greater than the maximum
rate achievable by transmitter-receiver ¢ without feedback when the rate of transmitter-receiver
pair j is fixed at R;. In the following, given fixed parameters $711 and 792, the statement
“the rate R; is improved by using feedback” is used to indicate that Ai(Wu, ng) > 0.

Alternatively, the maximum improvement of the sum-rate Z(%n, %22) with respect to the
case without feedback is:

E(%H, %Qg)zsup {R1 + R2 : (Rl,Rz) S C(%H, %22)} — sup {RJ{ + R; : (RJ{, R;) S C(O, 0)}
(4.26)

Note that E(%n, %22) > ( if and only if there exists a rate pair with feedback whose sum is
greater than the maximum sum-rate achievable without feedback. In the following, given fixed
parameters %711 and %22, the statement “the sum-rate is improved by using feedback” is used
to imply that Z(Wn, ng) > 0. When feedback is exclusively used by transmitter-receiver
pair i, i.e., s > 0 and Wjj = 0, then the maximum improvement of the individual rate of
transmitter-receiver k, with k € {1,2}, and the maximum improvement of the sum-rate are
denoted by Ay (%) and (W 4), respectively. Hence, this notation Ay (%) replaces either
Ak(Wu, 0) or Ag(0, $22), when i = 1 or i = 2, respectively. The same holds for the notation
> (%) that replaces (% 11,0) or £(0, 222), when i = 1 or i = 2, respectively.
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4.2. Cases in which Feedback Enlarges the Capacity Region

4.2.2. Enlargement of the Capacity Region

Given fixed parameters (7711, 92,712, n21), i € {1,2}, and j € {1,2} \ {i}, the capacity
region of a two-user LDIC-NOF, when feedback is available only at transmitter-receiver pair
i, i.e., Wi >0 and % ;; = 0, is denoted by C (%7;;) instead of C (%711,0) or C (0, 722), when
1 =1 or ¢ = 2, respectively. Following this notation, Theorem [2] identifies the exact values of
24 for which the strict inclusion C (0,0) c € (%24) holds for i € {1,2}.

Theorem 2. Enlargement of the Capacity Region

Let (7711, T 22, n12, 1) € IN* be a fixed 4-tuple. Let also i € {1,2}, j € {1,2} \ {i}
and % € IN be fixed integers, with

+ .
%;kz _ { max (nﬂ, (ﬁ” — Tl ) if S7; holds true (4.27)

ﬁjj + (ﬁ” = ’I’Ll‘j)Jr if S2,i holds true
Assume that S3; holds true. Then, for all i € IN, C(O, 0) = C(%”) Assume that
either Sy; holds true or S; holds true. Then, for all 71y < %3, c(o,o) - c(m)
and for all $7;; > f c(o,o) c c(%)

)

Proof: The proof of Theorem 2 is presented in Appendix [C] [
Theorem [2| shows that under event S3; in , implementing feedback in transmitter-
receiver pair ¢, with any % > 0 and %jj = 0, does not enlarge the capacity region. Note
that when both Eg; and Eg,j hold false, then both S1; and Sy ; hold false, which implies that
S3.; holds true (Corollary . The following remark is a consequence of this observation.

Remark 1: A necessary but not sufficient condition for enlarging the capacity region by
using feedback in transmitter-receiver pair i is: there exists at least one transmitter able to
send more information bits to receiver i than to receiver j, i.e., W“ > N (Event Es ;) or
ni; > ﬁjj (Event E&j).

Alternatively, under events Sj; in and Sa; in , the capacity region can be
enlarged when i > %;‘Z It is important to highlight that in the cases in which feedback
enlarges the capacity region of the two-user LDIC-NOF, that is, in events 511, S2.1, S12 or
Sa9, for all i € {1,2} and j € {1,2} \ {i}, the following always holds true:

g > (W —nyg)t (4.28)

Essentially, the inequality in unveils a necessary but not sufficient condition to enlarge
the capacity region using channel-output feedback. This condition is that for at least one
i € {1,2}, with j € {1,2}\ {¢}, transmitter 7 decodes a subset of the information bits sent by
transmitter j at each channel use.

Another interesting observation is that the threshold %; beyond which feedback is useful is
different under event Sy ; in and event So; in . In general when Si; holds true, the
enlargement of the capacity region is due to the fact that feedback allows transmitter-receiver
pair ¢ using interference as side information [86]. Alternatively, when Sy ; in holds true,
the enlargement of the capacity region occurs as a consequence of the fact that some of the
bits that cannot be transmitted directly from transmitter j to receiver j, can arrive to receiver
j via an alternative path: transmitter j - receiver i - transmitter ¢ - receiver j.
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4. Linear Deterministic Interference Channel

4.2.3. Improvement of the Individual Rate R; by Using Feedback in Link i

Given fixed parameters (Wll,ﬁgg,nlg, n21), and @ € {1,2}, implementing channel-output
feedback in transmitter-receiver pair ¢ increases the individual rate R;, i.e., Al(%u) > 0 for
some values of 77;;. Theorem [3]identifies the exact values of %7 ;; for which A,(%m) > 0.

Theorem 3. Improvement of R; by Using Feedback in Link ¢

Let (ﬁll,ﬁgg,mg,ngl) € IN* be a fixed 4-tuple. Let also i € {1,2}, j € {1,2} \ {i}
and %L € N be fixed integers, with

], = max (njz'> (R — nij)+) . (4.29)

Assume that either Sy ; holds true or S3; holds true. Then, for all 1. € NN, AZ(W”) =
0. Assume that Sj; holds true. Then, when i < %L, it holds that Al(ﬁ”) = 0; and
when ¥7;; > %1, it holds that Ay(%) > 0.

)

Proof: The proof of Theorem [3]is presented in Appendix [
Theorem (3| highlights that under events Sy; in (4.18)) and S3; in (4.19), the individual
rate R; cannot be improved by using feedback in transmitter-receiver pair i, i.e., Az(ﬁ“) =
0. Alternatively, under event Si; in (4.17)), the individual rate R; can be improved, i.e.,
A; (%”) > 0, whenever %7;; > max (nji, (Wu — nij)+). Hence, given the definition of S,
the following remark is relevant.
Remark 2: A necessary but not sufficient condition for A; (%“> > 0 is: the number of

bit-pipes from transmitter i to receiver i is greater than the number of bit-pipes from transmitter
1 to recefver j, i.e., i > nji (Event Eg;)

4.2.4. Improvement of the Individual Rate 1; by Using Feedback in Link i

Given fixed parameters (Wll,ﬁgg,nlg, na1), i € {1,2}, and j € {1,2} \ {¢}, implementing
channel-output feedback in transmitter-receiver pair 7 increases the individual rate R;, i.e.,
A](%“) > 0 for some values of % ;;. Theorem [ identifies the exact values of %m for which
A](%n) > 0.

Theorem 4. Improvement of R; by Using Feedback in Link i

Let (711, W2, n12,n21) € IN* be a fixed 4-tuple. Let also i € {1,2}, j € {1,2} \ {i}
and 773, € IN given in ([.27), be fixed integers. Assume that Ss; holds true. Then,
for all Wy € N, A](%m) = 0. Assume that either Sp; holds true or Sy; holds true.
Then, when %3 < %, it holds that A;(% ) = 0; and when %7;; > %%, it holds that
A](%m) > 0.

Proof: The proof of Theorem [ follows along the same lines as the proof of Theorem [3] in
Appendix [
Theorem |4| shows that under event S3; in , implementing feedback in transmitter-
receiver pair ¢ does not bring any improvement on the rate R;. This is in line with the results
of Theorem |2, In contrast, under events Sy ; in and So; in , the individual rate
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R; can be improved, i.e., AJ(%”) > 0 for all %“ > %;‘Z From the definition of events S ;
and Sy ;, the following remark holds:

Remark 3: A necessary but not sufficient condition for A; (%“) > 0 4s: there exists at

least one transmitter able to send more information bits to receiver i than to receiver j, i.e.,
ﬁii > N (Event E&i) or N > ﬁjj (Event Eg7j).

It is important to highlight that under event S ;, the threshold on W“ for increasing the
individual rate R;, i.e., %L, and Rj, i.e., %Z, are identical, see Theorem [3| and Theorem
This implies that in this case, the use of feedback in transmitter-receiver pair ¢, with
i > %L = ﬁ;‘l, benefits both transmitter-receiver pairs, i.e., Al(%n) > 0 and A](%”) > 0.
Under event S ;, using feedback in transmitter-receiver pair ¢, with v > %fl, exclusively
benefits transmitter-receiver pair j, i.e., A,(%u) =0 and AJ(%”) > 0.

4.2.5. Improvement of the Sum-Rate

Given fixed parameters (ﬁll,ﬁgg,nlg, n21), and @ € {1,2}, implementing channel-output
feedback in transmitter-receiver pair ¢ increases the sum-rate, i.e., E(ﬁ”) > 0 for some values
of %7;;. Theorem [5|identifies the exact values of ¥ for which E(%”) > 0.

Theorem 5. Improvement of the Sum-Capacity

Let (711,722,7“2,7121) € IN* be a fixed 4-tuple. Let also i € {1,2}, j € {1,2}\ {i}
and W;’; € IN be fixed integers, with

%Z _ { max (nji, (ﬁ)u — nij)Jr) if S; holds true (4.30)

ﬁ)jj + (ﬁ)u - nij)+ if S5 holds true
Assume that Sy holds false and S5 holds false. Then, E(WZZ) = 0 for all 7;; € N.
Assume that Sy holds true or S5 holds true. Then, when %“ < %Z, it holds that
E(%m) = 0; and when %“ > Wj,;, it holds that E(%“) > 0.

Proof: The proof of Theorem [f] is presented in Appendix [E] [

Theorem [5| introduces a necessary but not sufficient condition for improving the sum-rate
by implementing feedback in transmitter-receiver pair .

Remark 4: To observe E(%”) > 0, it is necessary but not sufficient to satisfy one of the
following conditions: (a) both transmitter-receiver pairs are in LIR (Event E;); or (b) both
transmitter-receiver pairs are in HIR (Event E1).

Finally, it follows from Corollary 3| that when Sy or S5 holds true, with i € {1,2} and
Sv, > W, in addition to E(%“) > 0, it also holds that Al(%ii) > 0 and Ag(ﬁii) > 0.

i1

4.2.6. Examples

—

Example 3. Consider an LDIC-NOF with parameters 711 = 7, 722 =7, nio = 3, and

no1 = 5.

In Example (3] both Si; and Si2 hold true. Hence, from Theorem [2, when %11 > 5 or
22 > 3, there always exists an enlargement of the capacity region. More specifically, it
follows from Theorem [3] and Theorem [ that using feedback in transmitter-receiver pair 1,
with 5711 > 5 or using feedback in transmitter-receiver pair 2, with S99 > 3, both individual
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R, (bits/channel use)

R, (bits/channel use)

Figure 4.3.: Capacity regions C(0,0) (thick red line) and C(6,0) (thin blue line), with 771, = 7,
Moy =7, n12 = 3, n21 = 5.

rates can be simultaneously improved, i.e., Al(%ii) > 0 and Ag(%ii) >0withi=1or¢=2
respectively. Alternatively, note that Sy holds true. Hence, it follows from Theorem [5] that
using feedback in transmitter-receiver pair 1, with 711 > 5 or using feedback in transmitter-
receiver pair 2, with %792 > 3, improves the sum-rate, i.e., E(%”) >0 withi=1o0ri=2,
respectively. These conclusions are observed in Figure for the case %11 =6 and ﬁgg =0,
where the capacity regions C(0,0) (thick red line) and C(6,0) (thin blue line) are plotted.
Note that, when 717 = 6, there always exists a rate pair (R}, Ry) € C(0,0) and a rate pair
(R1, R2) € C(6,0)\C(0,0) such that R{ < Ry and Ry = Ry (Theorem|3)). Simultaneously, there
always exists a rate pair (R}, R)) € C (0,0) and a rate pair (Ry, Rz) € C(6,0)\C(0,0) such that
Ry < Ry and R} = Ry (Theorem [4]). Finally, note that for all rate pairs (R}, R5) € C (0,0)
there always exists a rate pair (R1, Rg) € C(6,0), for which Ry + Ry > R} + R (Theorem [5)).

Example 4. Consider an LDIC-NOF with parameters 711 =7, 722 =38, ni2 = 6, and
no1 = 5.

In Example @, the events 51,1 and 512 hold true, and the events S4 and S5 hold false. Hence,
it follows from Theorem [5] that using feedback in either transmitter-receiver pair does not
improve the sum-rate, i.e., for all i € {1,2} and for all %7;; > 0, £(% ;) = 0. These conclusions
are observed in Figure for the case 7111 = 0 and $1 99 = 7, where the capacity regions
C(0,0) (thick red line) and C(0,7) (thin blue line) are plotted. From Example {4} it becomes
evident that when S 1 and 512 hold true, Sy and S5 do not necessarily hold true. That
is, the improvements on the individual rates, despite of the fact that they can be observed
simultaneously, are not enough to improve the sum-rate beyond what is already achievable
without feedback.

Example 5. Consider an LDIC-NOF with parameters 711 =5, ng =1, n12 = 3, and
no1 = 4.
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R, (bits/channel use)

R, (bits/channel use)

Figure 4.4.: Capacity regions C(0,0) (thick red line) and C(0,7) (thin blue line), with 771, = 7,
Moy = 8, n1g = 6, na1 = 5.

In Example both Sy in and S32 in hold true. Hence, it follows from
Theorem [2| that the capacity region can be enlarged by using feedback in transmitter-receiver
pair 1 when T > 3, whereas using feedback in transmitter-receiver pair 2 does not enlarge
the capacity region. More specifically, it follows from Theorem [3| and Theorem [4] that using
feedback in transmitter-receiver pair 1 does not improve the individual rate Ry but Rs, i.e.,
Al(?n) = 0 and Ag(%n) > 0. Note also that S; and S5 hold false. Hence, it follows
from Theorem [5| that using feedback in either transmitter-receiver pair does not improve the
sum-rate, i.e., (%7 11) = 0 and X(%2) = 0. These conclusions are observed in Figure for
the case 7711 = 4 and 7792 = 0, where the capacity regions C(0,0) (thick red line) and C(4,0)
(thin blue line) are plotted.

4.3. Generalized Degrees of Freedom

This section focuses on the analysis of the number of GDoF' of the two-user LDIC-NOF for
studying the case in which feedback is simultaneously implemented in both transmitter-receiver
pairs. Moreover, the analysis is only performed for the symmetric case, i.e., =T = o,
m = nis = Noi, and = %11 = %22, with (ﬁ,m,ﬁ) € IN3. The results in Theorem
provide a more general analysis of the number of GDoF, e.g., non-symmetric case. However,
the symmetric case captures some of the most important insights regarding how the capacity
region is enlarged when feedback is used in both transmitter-receiver pairs.

Essentially, given the parameters 7, mand 7, with a = Z and § = %, the number of
GDoF, denoted by D(a, ), is the ratio between the symmetric capacity, i.e., Csym(ﬁ, m, %) =
sup{R : (R, R) € c(w,,m,m,, ﬁ)}, and the individual interference-free point-to-point
capacity, i.e., 77, when (ﬁ, m, ﬁ) — (00, 00,00) at constant ratios « = Z and 3 = % More
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2.5

vs o N

R, (bits/channel use)
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Figure 4.5.: Capacity regions C(0,0) (thick red line) and C(4,0) (thin blue line), with 771 = 5,
Moo =1, n1g =3, noy = 4.

specifically, the number of GDoF is:

_>
D(a, B) = lim Coym( "%m ") (4.31)

(ﬁ),m,%)%(oo,oo,oo)

Theorem [6] determines the number of GDoF for the two-user symmetric LDIC-NOF.

Theorem 6. The number of GDoF

The number of GDoF for the two-user symmetric LDIC-NOF with parameters o and 3
is given by

D(«, f)=min (max(l, @), max (1,5 —(1- a)+) , é (max(l, a)+ (11— a)+) ,

max ((1 —a)",a,1 — (max(1,a) — B)+) ) (4.32)

Proof: The proof of Theorem [f] is presented in Appendix [F] |

The result in Theorem |§| can also be obtained from Theorem 1 in . The following
corollary is a direct consequence of Theorem [6]

Corollary 4. The number of GDoF for the two-user symmetric LDIC-NOF with parameters
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1.6
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Figure 4.6.: Generalized Degrees of Freedom as a function of the parameters o and 3, with
0<a<3and § € {g, %,g , of the two-user symmetric LDIC-NOF. The plot
without feedback is obtained from and the plot with perfect-output feedback
is obtained from .

a and B satisfies the following properties:

Ya € {O, ;} and B < 1, max (%,B) < D(e, B) <1, (4.33a)
va e |0, ;} and B> 1, D(a,f)=1-%, (4.33b)
Va € (; 2| and € [0,00), D(a0) = D(@. 8) = D(.max(La)),  (433¢c)
Va € (2,00) and B > 1, 1 < D(a, B) < min (% /3) : (4.33d)
Va € (2,00) and < 1, D(a, ) = 1. (4.33e)

Properties and highlight the fact that the existence of feedback links in
the two-user symmetric LDIC-NOF in the VWIR and WIR does not have any impact in the
number of GDoF when 8 < %, and the number of GDoF is equal to the case with perfect-output
feedback when 8 > 1. Property underlines that in the two-user symmetric LDIC-NOF
in MIR and SIR, the number of GDoF is identical in both extreme cases: without feedback
(8 = 0) and with perfect-output feedback (5 = max(1, a)). Finally, from and ,
it follows that for observing an improvement in the number of GDoF of the two-user symmetric
LDIC-NOF in VSIR, the following condition must be met: S > 1. That is, the number of
bit-pipes in the feedback links must be greater than the number of bit-pipes in the direct links.

Figure [4.6] shows the number of GDoF for the two-user symmetric LDIC-NOF for the case

inwhichOéaéBandﬁE{%,%,g .
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Gaussian Interference
Channel

HIS chapter presents the main results on the centralized GIC-NOF described in

I Section These include an achievable region (Theorem [7)) and a converse

region (Theorem [8), denoted by C and C respectively, for the two-user GIC-NOF

with fixed parameters Sﬁl, SNR,, INR 2, INRo, SNRl, and SNRQ. In general, the capacity

region of a given multi-user channel is said to be approximated to within a constant gap
according to the following definition:

Definition 6 (Approximation to within £ units).
A closed and convex set 7 C R is approximated to within ¢ units by the sets 7 and T if

T CTCT and forall t = (t1,to,...,t,) €T, ((t1 —O (-t (tm—8T)eT
Denote by C tlle capacity region of the 2-user GIC-NOF'. The achievable region C and the

converse region C approximate the capacity region C to within 4.4 bits (Theorem @)

5.1. An Achievable Region

The description of the achievable region C is presented using the constants a; ;; the functions
az; : [0,1] = Ry, ay; : [0,1]*> = Ry, with [ € {3,...,6}; and az,; : [0,1]*> — R4, which are
defined as follows, for all + € {1,2}, with j € {1,2} \ {i}:

1 log | 2 + SR ) _ 1 (5.1a)
a171_2 g INRJZ 27 .
1 1
az,i(p)=3 log (bu(p) + 1) -5 (5.1b)
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5. Gaussian Interference Channel

(5.1c)

(5.1d)
(5.1e)

(5.1)

as(p, )= log ﬁ‘(bzi )+2) +hl) +1 :
| 2 ﬁ( 1) b2i(p) +2) + bia(1) + 1
asqi(p, 1) % ( bgZ +2>—;,
as,i(p, pt %bg ( INRJZ M)b2,i(0)> - %,
ag i (p, 1) %log (INRJZ )bgj( )+ 1) —|—2> — %, and
ar,i(p, p1, p2) % (INR]Z Mz)b2y( )+ 1) + (1 - Mj)bzz(/)) + 2) % (5.1g)

where the functions b;; : [0,1] — Ry, with (,4) € {1,2}? are defined as follows:

bl’i(p):mi + 2py/ SﬁiINRij + INRij and

bz,z’(p)=<1 - P) INR;; — 1,

with j € {1,2}\ {i}.

Note that the functions in and . depend on SN ﬁl, SN ﬁz, INRj2, INRg;, § NRq,

and § NR», however as these parameters are fixed in this analysis, this dependence is not
emphasized in the definition of these functions. Finally, using this notation, Theorem [7] is

presented as follows:

Theorem 7. Achievable Region

achievable rate pairs (R, R2) € R? that satisfy:

R1 + Ra<min (az,l p) +aiz,a1,1 + az2(p),

(

az1(p, u2) + a1 + asz2(p, pa1) + ara(p, p1, p2),

as1(p, p2) + as1(p, p2) + as2(p, 1) + as2(p, 1),

az1(p, p2) + az1(p, p1, p2) + az2(p, p1) + a1,2)7
(p

2R + Ro<min (a2 1(p) + a11 + az2(p, p1) + ar2(p, p, p2),

az1(p) + av + asa(p, ) + asz(p, 1)),

The capacity region C contains the region C given by the closure of the set of all possible

Ry<min (a5,1(p), a6,1(p, 1) + as2(p, 1), av1 + ag2(p, i) + aa(p, i) )

Ry<min (azg(/?), az,1(p, p2) + as2(p, p2), az1(p, p2) + a1 (p, p2) + a1,2>7

az(p, u2) + a1 + a7,1(p, pa, p2) + 2a32(p, p1) + as2(p, p1),

(5.3a)

(5.3b)

(5.3c)

(5.3d)
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5.2. A Converse Region

Ri1 + 2Rp<min (@3,1(/), p2) + as.1(p, p2) + az2(p) + a1 2,
az1(p, p2) + az1(p, pa, p2) + a22(p) + ai 2,
2a3,1(p, p2) + as1(p, p2) + az2(p, p1) + ar,2 + ar2(p, p1, Mz)), (5.3e)

with (p, 1, i2) € [0, (1 — max (1, ks )) | % 0,1] % [0,1],

\. J

Proof: The proof of Theorem [7]is presented in Appendix [A] [ |

The achievability scheme presented in Appendix [A]is general and thus, it can be used for

both the two-user LDIC-NOF and the two-user GIC-NOF'. The special case of the two-user
GIC-NOF is derived in Appendix [A]

5.2. A Converse Region

The description of the converse region C is determined by two events denoted by S, 1 and
Si,.2, where (I1,13) € {1,...,5}2. The events are defined as follows:

Si:: SNR; < min (INRyj, INR;;) | (5.4a)
Spit INRy; < SNR; < INRy;, (5.4D)
Ss;1 INRy; < SNR; < INRy;, (5.4c)
Sy max (INR;,INRj;) < SNR, < INR;;INR (5.4d)
Ss.: SNR; > INRy;INR;. (5.4¢)

Note that for all ¢ € {1,2}, the events Sy, S24, S34, Sa4, and Ss; are mutually exclusive.
This observation shows that given any 4-tuple (SNRj,SNRg, INR2,INRg;), there always
exists one and only one pair of events (S, 1,5, 2), with (I1,12) € {1,...,5}?, that identifies a
unique scenario. Note also that the pairs of events (52,1, 52,2) and (53,1, 53,2) are not feasible.
In view of this, twenty-three different scenarios can be identified using the events in .
Once the exact scenario is identified, the converse region is described using the functions
ki [0,1] = Ry, with 1 € {1,...,3}; x;: [0,1] = Ry, with [ € {4,5}; kg, : [0,1] — R4, with
led{l,...,4}; and Ky, : [0,1] — R4, with [ € {1,2}. These functions are defined as follows,
for all i € {1,2}, with j € {1,2}\ {i}:

mﬂ-(p)zé log (br(p) +1). (5.50)

@,i(p):% log (1 + b5,j(p))+% log <1+%>, (5.5b)

ﬁgﬁi(p):élog <b4’i(p) Flsale) 1>%j +1 | +5log (biilp) + 1), (5.50)
(i) ()

/-:4(;)):% log<1 + %) +% log (b12(p) +1), (5.5d)
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5. Gaussian Interference Channel

k5(p)==log <1+m> +% log (bl,l(p)—kl), (5.5e)

1

2

ke1(p) 1f (S12V S22V S52) A(S1,1V 521V S51)
(p) if (S12V S22V S52) A (S31V Sa1)
(p) if (S32V Ss2)A(S11V S21V S51)
(p) if (S32V Si2) A (S31V Sa1)
{ ia(p) if (S1:V Sa;V S54)
rri2(p) 1f (93 V Say)

, (5.56)

7 (5.5g)

where

1 1 1 b § NR
ﬁ6,1(p):ilog(bu(p)+b5,1(p)INR21> ~3 log (1+INR12> + 3 log <1 + 2122( o 12) (5.6a)

1 1 1 bs.1( § NRy
+§ log (bl,g(p) + b571(p)INR21) ~3 log (1+INR21)+§ log <1+ bia(l) + 1 + log(2me),

1 bs,1(p)INRo; 1
Iﬁ:&g(p) =—log <bﬁ’2(p) + — SNRy + b3’2 — —log (14+INR12 (5.6b)
i (s + S 5, 1)) g (115,
110g<1+b51 § NR;

! 1
Z —1 b b IN _ | +IN
2 b11(1) +1 ) t3 og( 1,1(p)+05,1(p) Rgl) 5 Og( n R21)

b372§NR2 > ) 1 <1 b5,1(p)INR21
" S

1 b52()<
+=log |14+ ==~ [ INR2 +
( SNR

——lo
bia(1) + 1 298

2 ) + log(2me),

2

bs.1(p)INR 1
5673(;)):5 log (bm(p) N %ﬁ(sﬁl + b371>> ~ S log (1+INR1») (5.6¢)
1
L g<1+b52 )SNR;

2 bro(1) +
1 bs.1(p) ( by 1SNR, ) ) 1 ( bs 1(p)INR21>

+=log |1+ = INRo; + ———— ——log|1+ — + log(2me),
2 ( SNR 2 SNR (2me)

1 bll(l)—l-l 1

1 1
+ ) + 5 log (b1.2(p)+b5,1(p)INRo: ) — log (1+1NRa1 )

bs.1(p)INR2;

1 1
Foa(p) = 5 log (bﬁ,l(p) L (SNR1 + by 1)) — 5 log (1+1NRy,) (5.6d)
1

1 b5 2([)) ( b3 2§NR2 ) > 1 ( b5 1 (p)INRgl )
+=log |1+ = INRig + ———— ——log|1+4+ —
2 ( SNEQ b1,2(1) +1 2 SNEQ

1 b5 1(p)INR21> 1 < b5 1(/))1NR21
—flog <1+ ’ + flog b6’2(p) + — SNﬁQ +b372
2 SNE, 2 SNE, ( )

1 1 b5 1(p) bg 1§NR1
—=1 1+ 1IN =1 1 : IN —_ log(2
5 0g( + RQl) + 5 og ( + Sﬁ{? Ro1 + b171(1) T + Og( 7”3)7
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5.2. A Converse Region

and
1 1 1 bs.;(p)SNR,;
Kri1(p) = 5 log (blﬂ-(p) + 1) —5 log (1 + INRij) + 3 log (1 + M) (5.7a)
1 1 1
+5 108 (b1,5(p) + bs.s(P)INRy; ) +3 log (L+buip) +bs.5(p)) — 5 Lo (1+5,5(p)
+2log(2me),
1 1 1
K742(p) = 3 log (bu(P) + 1) -3 log (1 + INRij) 5 log (1 + b&j(P)) (5.7b)

INR; bs ;SNR; > )

1 1
+=log (14 bys(p) + bs,; +=log 1+ (1—p? INR;; +
5 g( 1i(p) 5,3(P)> 5 g( ( p >ﬁﬁ< It LM +1
1 b5i(p)INRjz‘> 1 ( bs.i(p)INR ;i (et
——log |1+ —= + —log|bs ;(p)+— SNR; + b3 ) | + 2log(2me),
2 ( SNE, 2 ’ SNE, (SNE, + )

where, the functions b;;, with (I,i) € {1,2}? are defined in (5.2); bs; are constants; and
the functions b, : [0,1] — R4, with (,7) € {4,5,6} x {1,2} are defined as follows, with
j e {12\ {i}:

bg,i:SNRi — 24/ SNﬁiINRﬁ + INR]'Z‘, (5.8&)
b4,z‘(P):<1 - PQ)SNRi, (5.8b)
bw(ﬂ):(l - PZ)INRz‘j, (5.8¢)
b6ﬂ-(p):SNﬁi+INRij—|—2p\/INRz-j <\/ SNK,; — \/INRJ-Z») (5.8d)

INR;;/INR;;
+R487_>ﬁ (W/INRﬁ—2 SN )
NR;

Note that the functions in , , , and depend on Sﬁil, Sﬁig, INR;2,
INRoy, WRL and SNRs. However, these parameters are fixed in this analysis, and therefore,
this dependence is not emphasized in the definition of these functions. Finally, using this
notation, Theorem [§] is presented below.

Theorem 8. Converse Region

The capacity region C is contained within the region C given by the closure of the set of
rate pairs (Ri, R2) € R2 that for all i € {1,2}, with j € {1,2}\ {i} satisfy:
Ri<min (k1,(p), k2,i(p)) , (5.9a)
Riglﬁi&i(p), (5.9b)
R 4+ Ro<min (k4(p), k5(p)) , (5.9¢)
Ry + R2<I€6(p), (5.9d)
2R; + Rjgl’izi(p), (5.96)
with p € [0, 1].
Proof: The proof of Theorem [§is presented in Appendix [G] [
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5. Gaussian Interference Channel

The outer bounds (5.9a)) and ((5.9¢) play the same role as the outer bounds (4.1a)) and (4.1c])
in the linear deterministic model and have been previously reported in [88] for the case of
POF. The bounds , , and correspond to new outer bounds. The intuition
for deriving these outer bounds follows along the same steps as those used to prove the outer
bounds (4.1b)), (4.1c), and , respectively. Note the duality between the Gaussian signals
Xic and X;p (in and , respectively) and the bit-pipes (X; ¢, X; p) and X,y (in
, and , respectively).

5.3. Gap between the Achievable Region and the Converse Region

Theorem |§| describes the gap between the achievable region C and the converse region C
(Definition [6]).

Theorem 9. Gap

The capacity region of the two-user GIC-NOF is approximated to within 4.4 bits by
the achievable region C and the converse region C.

Proof: The proof of Theorem []is presented in Appendix [H] [
Figure [5.1] presents the exact gap existing between the achievable region C and the con-
verse region C for the case in which SNR; = SNE, = SNP{, INR12 = INRy; = INR, and

_ _ . _ logINR _ log SNR . .
SNR; = SNR; = SNR as a function of o = log SNE and 8 = los SN Note that in this case,

the maximum gap is 1.1 bits and occurs when o = 1.05 and 5 = 1.2.

5.4. Cases in which Feedback Enlarges the Capacity Region

This section considers the application of the obtained results in Section [£.2.2]into the two-user
GIC-NOF. Therefore, this section defines for a given two-user GIC the approximate thresholds
for the feedback parameters beyond which its capacity region can be enlarged.

5.4.1. Rate Improvement Metrics

In order to quantify the benefits of channel-output feedback in enlarging the achievable region
C(SNR1, SNRy) or the converse region C(SNR1, SNRs), consider the following improvement
metrics, which are similar to those defined in Section [£.2.1] for the two-user LDIC-NOF. The
improvement metrics on the individual rates are defined as:

A?(%l,mg)zo max {sup {Rl . (Rl,RQ) S Q(ml,Mﬂ}

<Ra<R;

fsup{RJ{ . (Rl Ry) € 0(0,0)}}, (5.10)
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11
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Figure 5.1.: Gap between the converse region C and the achievable region C of the two-
user GIC-NOF under symmetric channel conditions, i.e., SNR; = SNRy = SNR,
INR15 = INRy; = INR, and SNR; = SNRy = SNR, as a function of o = 181NR

log SNE
_ log §NR
and 8 = .
/8 log SNE

A?(%l, WQ)ZOJII%EE( { sup {RQ : (Rl, RQ) S Q(ml, %2)}

Ry

— sup {R; . (Ry, Rl) € 0(0,0)}}, (5.11)

Ag(%l,mg:o I;laXRT { sup {Rl :(R1,Rg) € é(%l,mb)}
— sup {RI : (RI,RQ) € C(0,0)}}, and (5.12)

Ag(m{h mg)zo rEaXRT { sup {RQ . (Rl, RQ) € @(m{l, mﬂ}
—sup { R} : (i, R}) € C(0,0)}}, (5.13)

with

Ri=sup{r; : (r1,72) € C(0,0)}, (5.14)
R5=sup{rs : (r1,72) € C(0,0)}, (5.15)
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5. Gaussian Interference Channel

(0,0)}, and (5.16)
(0,0)} (5.17)

RJ{:sup{rl : (r1,m2) €C
R;ZSUP{TQ : (r1,m2) €C
Alternatively, the maximum improvements of the sum-rate EA(§NR1, §NR2) and X¢ (§NR1, §NR2)
with respect to the case without feedback are:

EA(m’q, m{g):sup {R1 + Ry : (Rl, RQ) € Q(mh %2)}
— sup {RI +R}: (R RD) e C(0,0)}, and (5.18)
Ec(m{l, W{Q):sup {Rl + Ry : (Rl, Rg) € é(%l, %2)}

_sup{RhR; . (R, R)) EC(0,0)}. (5.19)

5.4.2. Improvements

In Chapter the connections between the two-user LDIC-NOF and the two-user GIC-
NOF were discussed. Using these connections, a GIC with fixed parameters (SNﬁl, SNﬁg,

INR9, INR21) is approximated by an LDIC with parameters T = E log(SNﬁl)J, Moy =

E log(Sﬁg)J, Nnig = {% log(INRu)J and no; = {% log(INRgl)J. From this observation, the
results from Theorem [2 - Theorem [B] can be used to determine the feedback SNR thresholds
beyond which either an individual rate or the sum-rate is improved in the original GIC-NOF-.
The procedure consists in using the equalities = E log %Z)J, with ¢ € {1,2}. Hence,
the corresponding thresholds in the two-user GIC can be approximated by:

SNR» =227%, (5.20a)
SNRI =227l and (5.20D)
SNR;=2271. (5.20¢)

When the corresponding LDIC-NOF is such that its capacity region can be improved, i.e.,
when %2 > W% (Theorem [2) for a given i € {1,2}, it is expected that either the achievability
or converse regions of the original GIC-NOF become larger when WRZ > %f Similarly,
when the corresponding LDIC-NOF is such that A;(%75) > 0 or Ai(%jj) > 0, it is expected
to observe an improvement on the individual rate R; by either using feedback in transmitter-
receiver pair ¢, with %l > WRI or by using feedback in transmitter-receiver pair j,
with %j > WR;‘ When the corresponding LDIC-NOF is such that Z(%u) > 0 using
feedback in transmitter-receiver pair i, with ¥ > %:g (Theorem , it is expected to
observe an improvement on the sum-rate by using feedback in transmitter-receiver pair ¢, with

NR; > NRf. Finally, when no improvement in a given metric is observed in the two-user
LDIC-NOF, i.e., Ay(%n11) = 0, A1(Fra2) = 0, Ax(o11) = 0, Ax(ae) = 0, 2(%11) = 0,
or E(ng) = 0, only a negligible improvement (if any) is observed in the corresponding
metric of the two-user GIC-NOF. For instance, when Al(WH) = 0, it is expected that
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A{*(§NR1§ < e and AP(SNR)) < ¢, with ¢ > 0. Similarly, when Aq(711) = 0, it is expected
that A2 (SNR;) < € and Ag(gNRl) < e. Finally, when ©(%71;) = 0, it is expected that
ZA(§NR1) < € and ZC(§NR1) <e.

5.4.3. Examples

The following examples highlight the relevance of the approximations in (}5.20)).

Example 6. Consider a GIC with parameters SNﬁl = 44dB, SN§2 = 44dB, INR2 = 20dB,
and INR9; = 33dB.

The two-user GIC in Example [f] can be approximated by the LIDC presented in Example
. Hence, %, = %Il =t =5 and 5, = %;2 = %3, = 3. This implies that
SNR} = SNRI = SNR} = 30dB and SNRj = SNR} = SNR; = 18dB.

Figure m shows that significant improvements on the metrics AZ-A(§NR1, §NR2), AZ-C(§NR1,

§NR2), EA(§NR1, §NR2) and Ec(éNRl, §NR2) are obtained when the feedback SNRs are
beyond the corresponding thresholds. More importantly, negligible effects are observed when

SNR; < SNRj} and SNRy < SNRS.

Example 7. Consider a GIC with parameters SNﬁl = 45dB, SNﬁg = 50dB, INR12 = 40dB,
and INR21 = 33dB.

The two-user GIC in Example [7| can be approximated by the LIDC presented in Example
Hence, 1%, = %L =5and %, = %;2 = 6. This implies that %1‘ = %} = 30dB and
SNR; = SNR), = 36dB.

Figure ows that significant improvements on the metrics A?(%l,m{@, and
A?(ml, NR3) are obtained when the feedback SNRs are beyond the corresponding
thresholds. More importantly, negligible effects are observed when ml < W*{ and

%2 < %; Note also that using feedback in either transmitter-receiver pair does not
improve the sum-rate in the two-user LDIC-NOF, i.e., £(%711) = (%792) = 0. This is also
verified in the two-user GIC-NOF, and is illustrated by Figure and Figure [5.3d, where
$* (5NRy, ~100) < 045, 5¢ (5NR;, ~100dB) < 0.05, B4 (~1004B,5NR;) < 0.45, and

¢ (—1OOdB,m2) < 0.05.

Example 8. Consider a GIC with parameters SNﬁl = 33dB, SNﬁg = 9dB, INR 2 = 20dB,
and INR21 = 27dB.

The two-user GIC in Example [§| can be approximated by the LIDC presented in Example
Hence, 2%, = 3, which implies that SNR* = 18dB. It follows from the two-user LDIC-NOF
that using feedback in transmitter-receiver pair 1 exclusively increases the individual rate Rs.
This is observed in Figure [5.4c. Note that the improvement in the individual rate Ry for all

NR; < SNR] is negligible. Significant improvement is observed only beyond the threshold
SNR:.

Note also that using feedback in either transmitter-receiver pair does not improve the
rate Ry in the two-user LDIC-NOF, i.e., Al(%ll) = Al(%gg) = 0. This is also verified
in the GIC-NOF, and is illustrated by Figure [5.4h, Figure [5.4b, and Figure [5.4d, where
AM (—100dB,m2) <0.15 and A§ (~100dB, 5NRy) < 0.1.
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Figure 5.3.: Improvement metrics A%, Aic, YA and X€, with i € {1,2}, as functions of §NR1
and §NR2 for Example

Finally, note that using feedback in either transmitter-receiver pair does not increase the sum-
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Figure 5.4.: Improvement metrics A® AZC, ¥A and €, with i € {1,2}, as functions of §NR1

and %2 for Example

rate in the two-user LDIC-NOF, i.e., B(%11) = ©(22) = 0. This is also verified in the two-user
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GIC-NOF, and is illustrated by Figure and Figure , where X4 (ml, —100dB> < 0.15,
5C (%1, ~100dB) < 0.05, £* (~100dB, %g) <0.15, and ¢ (~100dB, %2) < 0.05.
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Linear Deterministic
Interference Channel

HIS chapter presents the main results on the two-user D-LDIC-NOF. This model

I was described in Section [2:2] and can be analyzed by a game as suggested in

Section Denote by C(ﬁn, 722, nig, Na1, %11, %22) the capacity region of

the two-user LDIC-NOF with parameters 711, ng, n12, N1, %11, and %22, characterized in
Theorem [1l

6.1. 7-Nash Equilibrium Region

This section characterizes the 7-NE region (Definition [5|) of the two-user D-LDIC-NOF.

The n-NE region of the two-user D-LDIC-NOF, given the fixed parameters (711, a2,
n 11, 2) € NG, § W, T i, i i

12, M21, W11, mo2) € IN®, is denoted by N, (7711, a2, n12, m21, 11, M 22). It is characterized
in terms of two regions: the capacity region, denoted by C(WU, 99, M12, N21, 111, ng),
and a convex region, denoted by Bn(ﬁu,722,n12,n21,%11,%22). This region was first
characterized in for the case without feedback, in for the case of POF, and in for
the case of NOF under symmetric conditions.

In the following, the analysis of these regions is presented for fixed parameters 711, 722,
n i d% d th - Wi, 11, ag) i ici

12, 21, N 11, and 'ngg, and thus, the 6-tuple ( 711, a2, n12, n21, N 11, N2z ) is explicited
only when needed. The capacity region C of the two-user LDIC-NOF is described in Theorem
which is a generalization of the cases with and without POF, studied respectively in
and . For all n > 0, the convex region B, is defined as follows:

Bn:{(R1,R2) €R? :L; <R; < Uy, foralli € K= {1, 2}}’ (6.1)
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6. Linear Deterministic Interference Channel

where,
Lz:((ﬁm —ny) " - 77)Jr and (6.2a)
Ui:max (ﬁm, nij) (6.2b)

+

+
- (min (7 5—nji) " mij) — (min (35 =nag) " mge) = (e (7 5, mge) = 35) ) ) o

with ¢ € {1,2} and j € {1,2} \ {i}. Theorem |10 uses the capacity region C (Theorem [1)) and
the region B, in (6.1 to describe the 7-NE region.

Theorem 10. 7-NE region

Let 7 > 0 be fixed. The n-NE region N, of the two-user D-LDIC-NOF with parameters
11, Moo, N2, na1, W1, oo, is:

Ny =CNBy,. (6.3)

Proof: The proof of Theorem [I0]is presented in Appendix [I} [ |

The following describes some interesting observations from Theorem Figure shows
the capacity region C and the n-NE region N, of a channel with parameters ;1 = 7,
722 = 6, ni2 = 4, no; = 4 and different values for %11 and %22, with 7 arbitrarily small.
Note that when f11; € {0,1,2,3,4} and o9 € {0,1,2,3,4} (Figure ), it follows that
N;(7,6,4,4, 11, %22) = N,(7,6,4,4,0,0). Thus, in this case the use of feedback in any of
the transmitter-receiver pairs does not enlarge the 7-NE region. Alternatively, when >4

and 1o € {0,1,2,3,4} (Figures , and ), the resulting -NE region is larger than
in the previous case. A similar effect is observed in Figures and [6.1f. This observation
implies the existence of a threshold on each feedback parameter %11 and %22 beyond which
the n-NE region is enlarged. The exact values of %11 and %22, given a fixed 4-tuple (711,
722, n12, no1), beyond which the n-NE region can be enlarged is presented in Section

Note that the bound R; < U; is not always active. For instance, when ﬁjj < min (n;, ngj),
then U; = max (%)u, n;;), which is redundant with the bounds given by the capacity region C
(see Theorem . When Wjj > max (n;i, n;;) and the condition

((ﬁjj > nij + nj; A max (nji, W“ — (max (ﬁ”, nij) - %n)+) > (W“ - nij)+ )\/

— — — - — +
(njj <nij+nji/\ Wi < Ngj +Nji N Mg > Ngjg Ang; > nn—(nm—%n) )\/

+
(ﬁjj < ngj +njgi A W}u < ng; +ng A ﬁ” > ng; Angg > (ﬁ” — %”) )\/
(7” < Ngj + ngg A ﬁ” < Ngj +ng A 7“ < g A ﬁ“ > ngj — ﬁjj + nﬂ)> (6.4)

holds, the bound R; < U; is active. In this case,

+

+
(min (T jj — nji, nij) — (min (75 — nijsngi) — (7 45 — %jj)Jr) ) > 0,
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Figure 6.1.: Capacity region C(7,6,4,4,0,0) (thin blue line) and n-NE region N, (7,6,4,4,0,0)

(thick black line) with n arbitrarily small. Fig. shows the capacity region
C(7,6,4,4, 11, T 22) (thick red line) and the 7-NE region N, (7,6,4,4, 11, g2)
(thin green line), with 711 € {0,1,2,3,4} and %90 € {0,1,2,3,4}. Fig. [6.1b
shows the capacity region C(7,6,4,4,5, ﬁgg) (thick red line) and the n-NE re-
gion /\/},(7,6,4,4,5,%22) (thin green line), with %299 € {0,1,2,3,4}. Fig.

shows the capacity region C(7,6,4,4,6, ﬁgg) (thick red line) and the n-NE re-
gion NV, (7,6,4,4,6, 5792) (thin green line), with 792 € {0,1,2,3,4}. Fig. [6.14
shows the capacity region C(7,6,4,4,7, ﬁgg) (thick red line) and the n-NE re-
gion N, (7,6,4,4,7, $292) (thin green line), with %220 € {0,1,2,3,4}. Fig. [6.1f
shows the capacity region C(7,6,4,4,7,5) (thick red line) and the n-NE re-
gion N;(7,6,4,4,7,5) (thin green line). Fig. shows the capacity region
C(7,6,4,4,7,6) (thick red line) and the -NE region NV, (7,6,4,4,7,6) (thin green
line). Fig. and Fig. ml illustrate the achievability scheme for the equilibrium
rate pair (3,4) and (5,4) in NV, (7,6,4,4,5,0).
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6. Linear Deterministic Interference Channel

and the following is a necessary condition to observe a larger n-NE region with respect to the
case in which feedback in transmitter-receiver j, i.e., Wjj, is not available:

ﬁjj > max (nij, ﬁjj — nji) . (65)

Note that condition is identical to the condition needed to observe an enlargement of
the capacity region in this case (see Section .

The n-NE region Nn without feedback, i.e., when %11 =0 and %22 = 0, is described by
Theorem 1 in [16]. This result is obtained as a corollary of Theorem

Corollary 5 (Theorem 1 in [16]). The n-NE region of the two-user decentralized linear
deterministic interference channel (D-LDIC) without channel-output feedback, with parameters
11, Moz, n2, and na1, is Ny (711, 7 22, 112, 21, 0, 0).

The n-NE region with POF, i.e., o1 > max(ﬁn,nlg) and $90 > max(ﬁgg,ngl), is
described by Theorem 1 in [66]. This result can also be obtained as a corollary of Theorem

Corollary 6 (Theorem 1 in [66]). The 7-NE region of the two-user D-LDIC with perfect
channel-output feedback, with parameters ﬁ)n, 722, n12, and naq, is Nn(ﬁu, ﬁ)gg, n12, Na1,
max(ﬁll, 7112), max(ﬁgg, ngl)).

The n-NE region with noisy feedback under symmetric conditions, i.e., T =T =1,
N2 = nNo1 = m, and %11 = %22 = %, is described by Theorem 1 in [68]. This result can also
be obtained as a corollary of Theorem [0}

Corollary 7 (Theorem 1 in [68]). The n-NE region of the two-user symmetric D-LDIC-NOF,
€.g., 711 = ﬁgg =N, NnNig =nN21 =M, and %11 = %22 = %, is Nn(ﬁ, W, m, m, %, %)

From the comments above, it is interesting to highlight the following inclusions:

- = —

Nn(nn, n22,n12,n21,0,0) QNn(nn,722,7112,”21,%11,%22) c (6.6)
— — —

Nn(nll, 7 92,M12,M21, max (1711, n12) ,maX(nm,an)),

for all n > 0. The inclusions above might appear trivial, however, enlarging the set of actions
often leads to paradoxes (Braess’ Paradox [19]) in which the new game possesses equilibria
at which players obtain smaller individual benefits and/or smaller total benefit. Nonetheless,
letting both transmitter-receiver pairs to use feedback does not induce this type of paradoxes
with respect to the case without feedback.

Consider again the example in which 711 =1, 722 =6, nia =4, nop =4, %11 =5 and
a2 =0 (see Figure ) In this case, the 7-NE region N, is the convex hull of the rate
pairs (3,2), (3,4), (5,4), and (5,2). The rate pair (3,4) is achieved at an 7-NE thanks to the
use of feedback in transmitter-receiver pair 1. Transmitter 1 uses the bit-pipes 2 and 3 of the
channel input X, to re-transmit during channel use n two bits that have been previously
transmitted by transmitter 2 and have produced interference at receiver 1 during channel use
n—1 (see Figure ) Note that there are four bit-pipes at receiver 1 impaired by interference
from transmitter 2, however, only two bits can be fed back due to the effect of noise in the
feedback channel. At channel use n, transmitter 1 re-transmits the interfering bits through
bit-pipes 2 and 3 that are simultaneously received by receiver 1 and receiver 2. At receiver 2,
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these bits are seen at bit-pipes 5 and 6. However, these bits do not represent any interference
for receiver 2 since they were received interference-free at channel use n — 1, and thus, they
can be cancelled at channel use n. At receiver 1, these bits are seen during channel use n at
bit-pipes 2 and 3 and thus, interference-free. Hence, at channel use n, receiver 1 can cancel the
interference produced during channel use n — 1. In this case, transmitter 1 and transmitter 2
are able to send three and four bits per channel use, respectively. Note that transmitter 2 also
sends randomly generated bits, denoted by 51,52, ... in Figure . These bits are assumed to
be known at both transmitter 2 and receiver 2 and thus, they do not increase the transmission
rate of transmitter-receiver 2, however, they produce interference at receiver 1. In this case,
the sole objective of transmitting randomly generated bits by transmitter 2 is to prevent the
transmitter 1 from sending new information bits and thus, from increasing its transmission
rate. Then, any attempt of transmitter ¢ to transmit additional information bits would bound
its probability of error away from zero. Thus, the rate pair (3,4) is achieved at an n-NE. The
use of common randomness is also observed in [16, 66} 68]. Common randomness reflects a
competitive behavior between both transmitter-receiver pairs.

The achievability of the rate pair (5,4) follows the same explanation of the achievability of
the n-NE rate pair (3,4) with the difference that for this rate pair, it is not necessary that
transmitter 2 sends randomly generated bits (see Figure ), and thus, transmitter-receiver
pair 1 achieves a greater rate at an 7-NE with respect to the previous example. This suggests
a more altruistic behavior. In this case, transmitter 1 and transmitter 2 are able to send
five and four bits per channel use, respectively. Any attempt of transmitter ¢ to transmit
additional information bits would bound its probability of error away from zero. Thus, the
rate pair (5,4) is achieved at an n-NE.

6.2. Enlargement of the 7-Nash Equilibrium Region with Feedback

The metrics, the conditions, and the values on the feedback parameters beyond which the
1n-NE region of the two-user LDIC-NOF can be enlarged are the same as in the centralized
case, taking into account that these are referred to the n-NE region instead of the capacity
region.

6.3. Efficiency of the 7-NE

This section characterizes the efficiency of the set of equilibria in the two-user D-LDIC-NOF
using two metrics: price of anarchy (PoA) and price of stability (PoS). The PoA measures the
loss of performance due to decentralization by comparing the maximum sum-rate achieved by
a centralized two-user LDIC-NOF with the minimum sum-rate achieved by a decentralized
two-user LDIC-NOF at an n-NE. That is, the ratio between the sum-rate capacity and the
smallest sum-rate at an 1-NE region. Alternatively, the PoS measures the loss of performance
due to decentralization by comparing the maximum sum-rate achieved by a centralized two-user
LDIC-NOF with the maximum sum-rate achieved by a decentralized two-user LDIC-NOF at
an 7-NE region. That is, the ratio between the sum-rate capacity and the biggest sum-rate at
an 7-NE region [67].
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6. Linear Deterministic Interference Channel

6.3.1. Definitions

The results of this section are presented using a list of events (Boolean variables) that are
determined by the parameters 711, 7 22, 12, and n9q. Let i € {1,2} and j € {1,2} \ {i}, and
define the following events:

Aq;ie i — Nij = Nji, (6.7a)
At Ty =i, (6.7b)
Bi: AigNAip, (6.7¢)
Boi: A1 NAij A Asy, (6.7d)
Bsi: A1 NAjj A Ay, (6.7¢)
By: AjaANAioNAxg A Ago, (6.7f)
Bs;: AigANAig ANAg; A Asj, (6.7¢)
Bg: AjnANAioNAxg A Agg, (6.7h)
B7: Aia, (6.71)
Bg: Aj1ANAgq A Agp, (6.7j)
By: Ay AAgq A Asp, (6.7k)
Bio: Aig A Az (6.71)

When both transmitter-receiver pairs are in LIR, i.e., 711 > ni2 and 722 > noy, the events
Bl, Bgyl, B272, Bg,l, 3372, B4, B5’1, B5’2, and Bﬁ exhibit the property stated by:
Lemma 19. For a fized 4-tuple (ﬁll,ﬁgg,nlg,ngl) € IN* with W11 > nia and o > not,
only one of the events B1, Ba1, Baa, B3, B3a, B, Bs1, Bs2, and Bg holds true.

Proof: The proof follows from verifying that when both transmitter-receiver pairs are in

LIR, i.e., W11 > nis and Tag > naj, the events (6.7¢])-(6.7h)) are mutually exclusive. This

completes the proof. [
When transmitter-receiver pair 1 is in LIR and transmitter-receiver pair 2 is in HIR, i.e.,
711 > nio and 722 < ngi1, the events By, Bg, Bg, and Bjy exhibit the property stated by:

Lemma 20. For a ﬁxed 4-tuple (711, 722,1112,1121) S IN4 with ﬁll > ni9 and 722 < no1,
only one of the events By, Bs, Bg, and Big holds true.

Proof: The proof of Lemma [20] follows along the same lines as the proof of Lemma [ |

6.3.2. Price of Anarchy

Let A = Ay x A be the set of all possible configuration pairs and A, _ng C A be the set of
n-NE configuration pairs of the game in (3.3)) (Definition [4]).

Definition 7 (Price of Anarchy [45]). Let n > 0. The PoA of the game G in (3.3), denoted
by PoA (n,G), is given by:

2

a R;(sq,
oy 2 Bl o)
(6.8)

5 .
min ZRi(s”{, s5)

(s1:83)€A,NE [

PoA (n,G) =
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6.3. Efficiency of the n-NE

Let ¥¢ denote the solution to the optimization problem in the numerator of , which
corresponds to the maximum sum-rate in the centralized case. Let also X denote the
solution to the optimization problem in the denominator of . Closed-form expressions of
the maximum sum-rate in the centralized case, i.e., ¢ and the minimum sum-rate in the
decentralized case, i.e., Xy, are presented in Appendix

The following theorems describe the PoA (7, G) in particular interference regimes of the two-
user D-LDIC-NOF. In all the cases, it is assumed that %74 < max (ﬁ”, n;j) for all i € {1,2}
and j € {1,2}\ {¢}. If g > max(ﬁn,nlg) or M o9 > max (ng,ngl), the results are the
same as those in the case of POF, i.e., 771 = max (ﬁll,nlg) or 99 = max (ﬁzg,ngl).

Theorem 11. Both transmitter-receiver pairs in LIR

Let »n > 0 be fixed. For all i € {1,2}, j € {1,2} \ {i} and for all
(711,%}22,7112,7%21,%11,%22) € IN6 with 711 > N9 and oo > Moy, the PoA (U,g)
satisfies:

Sct
W11 — nig + Moz — nay — 21

if  Bjp holds true

Yoo
_>
W11 — nig + Mg — Nag — 2n

if  Bs; holds true

%

o
PoA (n,G) = -~ if Bs;V Bs; holds true , (6.9
m,6) 11 — 12 + oz — nap — 21 ' A Y g SRS RS (6.9)
Yes
if By holds true
W11 — nig + Moz — gy — 21
R
min( 7 11, 7 22) )
if  Bg holds true
11 — iz + Moz — Ny — 21
where,
icqzmin (ﬁm + %}11 — ni9, ﬁll + 722 — n21, (6.10&)

— —
maX(” 11 — N12, %11) + max(n 22 — N21, %22)>

— — — —
2711 —n12+max(n22—7121,%22),27222—n21+max(n11 —n12,%11)>,
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6. Linear Deterministic Interference Channel

i .= — —
Y c2,s=min <n 99 + T 11 — N1z, W11 + T 22 — Nat, (6.10b)
— —
m&X(n 11 — N12, %11) + HlaX(n 22 — N1, %22),
— — —
21 — N5 + max (nij, %jj),?ﬂjj — Njj + max <n“ — Nij, %m)> , and
= .= — — —
Y c3=min <n 22 + W11 —ni12, W11 + W22 — N21, Max (7121, %11> + max (7112, ﬁm)»

2#11 — N1z + max (nlg, %22), 2722 — N21 + max (77,21, %11)) . (61OC)

Proof: The proof is presented in Appendix ]
From Theorem the following conclusions can be drawn. When both transmitter-receiver
pairs are in LIR, and at least one of the conditions Bs ;, Bs;, or Bg holds true, with i € {1, 2},
then the PoA (n,G) does not depend on the feedback parameters %11 and %22. However,
under other conditions, i.e., By, Ba;, or By, this is not always the case as shown in the
following corollaries:

Corollary 8. For any (711, 722,77]12,%21, %11, %22) € INC with ﬁll > nyg and ﬁgg > noi,
such that By holds true, it follows that:

11+ TWag — n1z — nay 11 + T2 — max (n12, n21)
1< = <PoA (n,9)<= - . (6.11)
11 — g + Mo — N1 — 21 11 —ni2 + a2 — na1 — 27

The lower bound in (6.11)) is obtained assuming that %11 =0 and %22 =0in . That
is, when feedback is not available. The upper bound in is obtained assuming that
%11 = max (ﬁ]_l?n]_Q) = 711 and %22 = max (722,77,21) = N 22 in . That iS, when POF
is available at both transmitter-receiver pairs.

Note also that for any 7, when both transmitter-receiver pairs are in LIR, condition B
holds true, %11 < 711 —n12, and %22 < ﬁgg — ng1, the sum-rate capacity approaches to the
minimum sum-rate at an 7-NE region (PoA (n,G) ~ 1). Alternatively, when both transmitter-
receiver pairs are in LIR, condition B; holds true, and at least one the following conditions:
Wll > 711 — nqg Or ﬁgg > 722 — no1 holds true, the use of feedback in transmitter-receiver
pair 1 or transmitter-receiver pair 2, respectively, enlarges both the capacity region and the
1n-NE region. Nonetheless, the PoA increases as the smallest sum-rate at an n-NE region
remains unchanged with respect to the case without feedback.

Corollary 9. For any (ﬁ117 ﬁgg,nm,nm, WH, WQQ) € INS with ﬁll > nio and 722 > nai,
such that Ba; holds true for alli € {1,2} and j € {1,2}\ {i}, it follows that:

— — —
i 7 199 — max (nia,n
W11 —ni2 + Moz —nap — 27 M11 — N1z + W2 — ngp — 21

Note that when both transmitter-receiver pairs are in LIR and for a given ¢ € {1,2} condition
Bs; holds true, i < Wi — n;;; and %jj < n;j, the use of feedback in either transmitter-
receiver pair does not enlarge the capacity region or the 7-NE region. Then, the PoA (1, G) is
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_>
e
equal to the lower bound in (6.12)), 7.e., PoA (n,G) = ~ . Conversel
4 613, ice. (n.9) 11 — 1o + oz — nay — 21 ¥
when both transmitter-receiver pairs are in LIR and for a given i € {1,2} condition Bs; holds
true, and at least one of the following conditions: %“ > ﬁ“ — nyj or %jj > n;; holds true,

the use of feedback enlarges both the capacity region and the n-NE region.
The lower and upper bounds in (6.12) are obtained as in the case of (6.11)).

Corollary 10. For any (%}11, %)22,7112, nai, %11, %22) € ]N6 with ﬁll > ni2 and %)22 > N9y,
such that By holds true, it follows that:

(= —
min (n 11 + o2 — max (n12,m21) ,n12 + nzl) 11 + oo — max (12, noy)
gPOA (777 g)<—)

11— ni2 + Moy — ngp — 21 11 — 1o + oo —noy — 210
(6.13)

1<

Note that when both transmitter-receiver pairs are in LIR, condition B4 holds true, and
Yes < nig + nag, then the PoA (1, G) does not depend on the feedback parameters %711 and
%22. When both transmitter-receiver pairs are in LIR, condition B4 holds true, 711 + 722 —

max (ni2,no1) > nia + noi; 711 < nai, and a9 < ni2, then the PoA (n,G) is equal to the
. . nig +n
lower bound in (6.13)), 7.e., PoA (1,G) = = 12_) 21 . Conversely, when both
M1 — 12+ 7a2 — N~ 277_>
transmitter-receiver pairs are in LIR, condition By holds true, 711 + 122 — max (nj2, noy) >
ni2 + no1, and at least one of the following conditions: %11 > ng1 Or %22 > nq19 holds true,
the use of feedback in transmitter-receiver pair 1 or transmitter-receiver pair 2, respectively,

enlarges the capacity region and the n-NE region.

Theorem 12. Transmitter-receiver pair 1 in LIR and transmitter-receiver

pair 2 in HIR

Let 7 > 0 be fixed. For all (711,ﬁgg,nlg,ngl,%ll,%gg) € IN® with ﬁll > nq9 and
Moo < na1, the PoA (1, G) satisfies:

w
;# if Br7V BgV Bjp holds true
ni1 — N2 — 1N
PoA (n,G) = o . . (6.14)
min nf 1 = M na) if  Bg holds true
ni1— N2 — 1N

Proof: The proof is presented in Appendix [ |

Note that in the cases in which transmitter-receiver pair 1 is in LIR and transmitter-receiver
pair 2 is in HIR, the PoA (n,G) does not depend on the feedback parameters. This follows
since the use of feedback in this scenario can enlarge the capacity region but it does not
increase the sum-rate capacity (Theorem .

In the case in which transmitter-receiver pair 1 is in HIR and transmitter-receiver pair 2
is in LIR, i.e., 11 < nio and oo > na1, the PoA (n,G) for the two-user D-LDIC-NOF is
characterized as in Theorem [12] interchanging the indices of the parameters.
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Theorem 13. Both transmitter-receiver pairs in HIR

Let n > 0 be fixed. For all (ﬁllu 722, n12, N21, %11, %22) € IN® with %}11 < nqp2 and
Mo < na1, the PoA (1, G) satisfies:

PoA (n,G) = oc. (6.15)

The result in Theoremis due to the fact that ((711 —n12)+—77> ++ ((ﬁzg—n21)+—r])+ =

0. That is, when ﬁ)n < ni1g2 and 722 < no91, none of the transmitter-receiver pairs is able
to transmit at a strictly positive rate at the worst 7-NE (the smallest sum-rate at the n-NE
region).

In general, in any interference regime in which the PoA (n,G) depends on the feedback
parameters %11 or ﬁQQ, there exists a value in the feedback parameter %11 or the feedback
parameter 5 9 beyond which the PoA (n,G) increases. These values correspond to those
values beyond which the sum-capacity can be enlarged (Theorem .

6.3.3. Price of Stability
In this section, the efficiency of the n-NE of the game G in (3.3) is analyzed by using the PoS.

Definition 8 (Price of stability [4]). Let n > 0. The PoS of the game G in (3.3)), denoted by
PoS (n,G), is given by:

2

max Ri(s1,s
(81,82)6.;4; Z( 1, 2)

2
* *
_ ax Z Ri(s1,53)
(s7,55)€EA,_NE Pt

PoS (n,G)=

(6.16)

Let ¥ denote the solution to the optimization problem in the denominator of .
A closed-form expression of the maximum sum-rate in the decentralized case, i.e., Ly is
presented in Appendix [O] and it can be obtained from Theorem

The following proposition characterizes the PoS of the game G in for the two-user
D-LDIC-NOF.

Proposition 2 (PoS). For all (711, Mg, N1, N21, W11, ng) € NS and for all n > 0
arbitrary small, the PoS in the game G of the two-user D-LDIC-NOF is:

PoS (n,G)=1. (6.17)

Proof: The proof of Proposition [2|is obtained from Lemma [34] and Lemma [35in Appendix
(0] [ |
Note that the fact that the price of stability is equal to one, independently of the parameters
711, W)gg, N12, N1, Wn and ng, implies that despite the anarchical behavior of both
transmitter-receiver pairs, the largest n-NE sum-rate is equal to the sum-rate capacity, i.e.,
3¢ = 3. This implies that in all interference regimes, there always exists an n-NE that is
sum-rate optimal (Pareto optimal 7-NE). The thresholds on the feedback parameters beyond
which the sum-capacity and the maximum sum-rate in the n-NE region can be improved can
be obtained from Theorem [B
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6.3. Efficiency of the n-NE

In conclusion, with 7 > 0 and when both transmitter-receiver pairs are in LIR, the PoA
can be made arbitrarily close to one as n approaches zero, subject to a particular condition.
This immediately implies that in this regime even the worst 7-NE (in terms of sum-rate) is
arbitrarily close to the Pareto boundary of the capacity region. The use of feedback increases
the PoA in some interference regimes. This is basically because in these regimes, the use of
feedback increases the sum-capacity, whereas the smallest sum-rate at an n-NE region is not
changed. In some cases the PoA can be infinite due to the fact that when both transmitter-
receiver pairs are in HIR, the smallest sum-rate at an n-NE region is zero bit per channel use.
In other regimes, the use of feedback does not have any impact on the PoA as it does not
increase the sum-capacity. Finally, the PoS is shown to be equal to one in all interference
regimes. This implies that there always exists an n-NE in the Pareto boundary of the capacity
region. These results highlight the relevance of designing equilibrium selection methods such
that decentralized networks can operate at efficient 7-NE points. The need of these methods

becomes more relevant when channel-output feedback is available as it might increase the
PoA.
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Gaussian Interference
Channel

HIS chapter presents the main results on the two-user D-GIC-NOF. This model

I was described in Section [2.1] and can be modeled by a game as suggested in

Section Denote by C the capacity region of the two-user GIC-NOF with fixed

parameters ml, SNRs, INR;2, INRoq, SNRl, and SNRQ. The achievable capacity region C

and the converse region C approximate the capacity region C to within 4.4 bits (Theorem E[)

The achievable capacity region C and the converse region C are defined by Theorem [7] and
Theorem [§], respectively.

7.1. Achievable n-Nash Equilibrium Region

Let the n-NE region (Definition |5) of the two-user D-GIC-NOF be denoted by N. This
section introduces a region A n C N, that is achievable using the randomized Han-Kobayashi
scheme with noisy channel-output feedback (RHK-NOF). This coding scheme is presented in
Appendix [M]and Appendix [N The RHK-NOF is proved to be an 7-NE configuration pair with
1 = 1. That is, any unilateral deviation from the RHK-NOF by any of the transmitter-receiver
pairs might lead to an individual rate improvement that is at most one bit per channel use.
The description of the achievable n-NE region N n is presented using the constants ay ;; the
functions ag; : [0,1] — Ry, az; : [0,1]2 — Ry, with [ € {3,...,6}; and a7, : [0,13 — R,
defined in (5.1), for all i € {1,2}, with j € {1,2} \ {i}, and the functions b;; : [0,1] — R,
with (1,4) € {1,2}?, defined in (5.2).

Note that the functions in and depend on Sﬁl, mQ, INR;2, INRoq, m{l,

and §NR2. However, as these parameters are fixed in this analysis, this dependence is not
emphasized in the definition of these functions. Finally, using this notation, the main result is
presented in Theorem
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Figure 7.1.: Achievable capacity regions (dashed-lines) and achievable n-NE regions (solid lines)
of the two-user GIC-NOF and two-user D-GIC-NOF with parameters SNR; = 24
dB, SNE = 18 dB, INRy» = 16 dB, INRa; = 10 dB, SNR; € {—100, 18,50} dB,
m2 € {-100, 12,50} dB and n = 1.
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Figure 7.2.: Achievable capacity regions (dashed-lines) and achievable 7-NE regions (solid lines)
of thﬂo—user GIC-NOF and two-user D-GIC-NOF with parameters Sﬁl =24
dB, SNE, = 18 dB, INRy» = 48 dB, INRs; = 30 dB, SNR; € {—100, 18,50} dB,
SNR, € {~100,12,50} dB and 7 = 1.
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Figure 7.3.: Achievable capacity regions (dashed-lines) and achievable 7-NE regions (solid lines)
of the two-user GIC-NOF and two-user D-GIC-NOF with parameters Sﬁl =24
dB, SNR» = 3 dB, INR;2 = 16 dB, INRy; = 9 dB, SNR; € {-100, 18,50} dB,
SNRs € {~100,8,50} dB and 7 = 1.

Theorem 14. Achievable 7-NE region

Let 7 > 1. The achievable n-NE region N , is given by the closure of all possible
achievable rate pairs (Ry, R2) € C that satisfy, for all ¢ € {1,2} and j € {1,2} \ {i}, the
following conditions:

+
R;> <a2,i(/7) — a3,i(p, pj) — ai(p, pj) — n) : (7.1a)
Ry<min (az,i(p) + asj(p, ) + 05,3 (p, ) — a2,3(p) + 1, (7.1b)
az,i(ps i) + azi(p, pa, p2) + 2a3,5(p, i) + as5(p; i) — az,5(p) + 1,

ag,i(p)+a3,i(p, 1g) +2a3,5(ps i) +s,5(p, i) +-az,5(p, s p2) =2a2,5(p) + 277) 7
R1 + Ro<ayi+as;i(p, pj)+ari(p, pi, p2)+az;(p)+asj(p, p1)—azi(p) + 1, (7.1c)

for all (p, 1, p2) € [07 (1 — mmax (INll%lg’ INll{zl))Jr} x [0, 1] x [0, 1].

Proof: The proof of Theorem [14] is presented in Appendix [J} [
The following describes some interesting observations from Theorem Figure [7.1] shows an
inner bound on the capacity region (Theorem [§)) and the achievable 7-NE region in Theorem

for a two-user D-GIC-NOF with parameters SNﬁl =24 dB, SNR, = 18 dB, INR1s = 16 dB,
INRs; = 10 dB, §NR1 € {-100, 18,50} dB and §NR2 € {-100,12,50} dB. At low values of

§NR1 and §NR2, the achievable 7-NE region approaches the region reported in for the case
of the two-user decentralized GIC (D-GIC) without channel-output feedback. Alternatively,
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Figure 7.4.: Converse regions (dashed-lines) and non-equilibrium regions with 7 > 1 (solid lines)
of the two-user GIC-NOF and two-user D-GIC-NOF with parameters ml =3
dB, SNy = 8 dB, INRy» = 16 dB, INRy; = 5 dB, SNR; € {—100,9,50} dB and
SNRs € {~100,6,50} dB.

for high values of SNR; and SNRg, the achievable 7-NE region approaches the region reported
in [66] for the case of the two-user D-GIC with POF.

Denote by N, .. the achievable 7-NE region of the two-user GIC-POF presented in [66].
Figure shows an inner bound on the capacity region (Theorem @ and the achievable
1n-NE region in Theorem |14{ for a two-user D-GIC-NOF channel with parameters sﬁl =24
dB, SNRy, = 18 dB, INRj2 = 48 dB, INRy; = 30 dB, %1 € {-100,18,50} dB and
mg € {-100,12,50} dB. In this case, the achievable n-NE region and the inner bound on
the capacity region (Theorem @ are almost identical, which implies that in the cases in which
SNR; < INR;j, for both i € {1, 2}, with j € {1,2} \ {¢}, the #-NE region is almost the same
as the achievable region in the centralized case (Theorem [7)).

Figure shows an inner bound on the capacity region (Theorem (7)) and the achievable
7-NE region in Theorem |14{ for a two-user D-GIC-NOF channel with parameters Sﬁl =24
dB, SNRs = 3 dB, INRy» = 16 dB, INRy; = 9 dB, SNR; € {-100,18,50} dB and SNR, €
{—100,8,50} dB. Note that in this case, the feedback parameter WR,Q does not have an
effect on the achievable 7-NE region and the inner bound on the capacity region (Theorem
7). This is due to the fact that when one transmitter-receiver pair is in LIR and the other
transmitter-receiver pair is in HIR, feedback is useless on the transmitter-receiver pair in HIR.

7.2. Non-Equilibrium Region

Let the n-NE region (Def. [5)) of the two-user D-GIC-NOF be denoted by N,. This section

introduces a region N, D N, which is given in terms of the convex region Bn- Here, for the
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case of the two-user D-GIC-NOF, the convex region B, is given by the closure of non-negative
rate pairs (R, Re) that satisfy for all ¢ € {1,2}, with j € {1,2}\ {i}:

Bn:{(Rth) €RL L <R <Uj, forallic K= {1’2}}’ (72)
where
+
1 SNRi
(2 og ( + 1 ¥ INRU> 77> an (7 3)
— 1 —= 3

L mj+2(p—pxivjﬁ)\/m+mfiﬁ+l

—Zlog

2 ( —’yj) Sﬁj—FQ(p—pXivj\/’Tj)\/mﬁ-INRﬁﬁ-l

log (INRj; (1—p?) +1) + %log (INRji (1= (p = pxov,v35)°) +1)

log (ﬁ + 2,0\/% +INRj; + 1)

(SNﬁj =73 )+ 295 (= pxiv;v/5) VS V/SNE,INR ; + 7 INRy; (1= rkr;) +%‘>
(

1- _>—flog(INRw (1-p%) +1)

,_.
o
o]

— [\.')M—t [\:}M—l [\.')M—t[o\»a
—
o
o

—i—2 log <fyj INRW 1 —p ) + 1) — pg(iVj’Yj (INR;; + 1) 4+ 12INR;; (QpXiVjp\/’Tj — 'yj) >
(7.4)

with

. SNﬁj 1 .
min INRZ']‘INR]'Z‘7 INRJ‘Z‘ if Cljj V (CQJ‘ A 037]‘) holds true

1 INR,;
min , Rij it  Cy; holds true
INR;i" INR;;SNR;
v = . INRij> . :
min | 1, it s A Cs,; holds true
< SﬁN j J J

NE, INR;

( SNR; Rij 1) if C7;V Cg; holds true
SNR,INR;; SNR,INR;;

0

(7.5)

otherwise

1, INR;; < SNR; < INRyj, (
Cy; - max (INR;;, INR;;, SNR; ) < SNR;; < INR;;INR (7.6b
5, : SNR; < INRy;, (
Cyj - INRj; < INRy; < Sﬁj < mj, (
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Figure 7.5.: Converse region (blue dashed-line), non-equilibrium region with n > 1 (blue
solid lines), achievable capacity regions (red dashed-line), and achievable n-NE
regions (red solid lines) of the two-user GIC-NOF and two-user D-GIC-NOF with
parameters ﬁl =24 dB, Sﬁg = 18 dB, INR13 = 16 dB, INRg; = 10 dB, (a)
SNR; = —100 dB and SNR, = —100 dB, (b) SNR; = 18 dB and SNR; = 12dB,
and (c) %1 =50 dB and %2 = 50dB.

Cs; SN, > max (INRy;, INR;, 5NR; ) (7.6¢)
Cs; SNR; > max (INRj;INR;, §NRjINRji) : (7.6f)
SR SNR,INR ; SNE. < §NR SNR,;SNE,
C7j :max INRZ‘J’,INRJ‘Z', NRj, — ) <8N i < NR]‘INRJ'Z‘ < #, (76g)
’ INR;; INR;;
SNR,INR
Cs j :max <INRij,INRji, §NRj, Il\?RJ> < SNE ; < INR;;INR;; < §NRjINRj,~, (7.6h)
]

0 €[0,1], and px,v; € [0,1).

Note that L; is the rate achieved by the transmitter-receiver pair ¢ when it saturates
the power constraint in and treats interference as noise. Following this notation, the
non-equilibrium region of the two-user GIC-NOF, i.e., N,;, can be described as follows.

Theorem 15. The non-equilibrium region

Given 1 > 1, the non-equilibrium region N n of the two-user D-GIC-NOF is the closure
of all possible non-negative rate pairs (R, R2) € C N B, for all p € [0, 1].

Proof: The proof of Theorem [I5]is presented in Appendix [K] |
It is worth noting that Theorem [T5] has a strong connection with Theorem [I0] The relevance
of Theorem (15| relies on two important implications: (a) if the pair of configurations (s1, s2) is
an n-NE, then transmitter-receiver pair 1 and transmitter-receiver pair 2 always achieve a
rate equal to or larger than Li and Lo, with L; and Lo as in , respectively; and (b) there
always exists an 7-NE transmit-receive configuration pair (s1, s2) that achieves a rate pair
(Ri1(s1,52), Ra(s1,s2)) that is at most n bits per channel use per user away from the outer
bound on the converse region.
Figure shows an outer bound on the capacity region (Theorem [8)) and the non-equilibrium

region A, with > 1 in Theorem |15|for a two-user D-GIC-NOF channel with parameters
SNﬁl =3 dB, SNﬁg =8 dB, INR;2 = 16 dB, INRy; =5 dB, §NR1 € {-100,9,50} dB and
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Figure 7.6.: Converse region (blue dashed-line), non-equilibrium region with n > 1 (blue
solid lines), achievable capacity regions (red dashed-line), and achievable n-NE
regions (red solid lines) of the two-user GIC-NOF and two-user D-GIC-NOF with

arameters SNR; — 24 dB, SNRo — 18 dB, INRy2 = 48 dB, INRo; = 30 dB, (a)
gNRl — 100 dB and SNR» = —100 dB, (b) SNR; = 18 dB and SNR» = 12dB,
and (c) SNR; = 50 dB and SNRs = 50dB.
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Figure 7.7.: Converse region (blue dashed-line), non-equilibrium region with n > 1 (blue
solid lines), achievable capacity regions (red dashed-line), and achievable n-NE
regions (red solid lines) of the two-user GIC-NOF and two-user D-GIC-NOF with
parameters SNR; = 24 dB, SNRy = 3 dB, INRy» = 16 dB, INRe; = 9 dB, (a)
SNR; = —100 dB and SNRo = —100 dB, (b) SNR; = 18 dB and SNRy — 8dB,
and (¢) SNR; = 50 dB and SNR, = 50dB.

SNRs € {~100,6,50} dB.

Figure shows an inner bound (Theorem , an outer bound on the capacity region
(Theorem the achievable 7-NE region N, (Theorem 14), the non-equilibrium region N,
with 7 > 1 (Theorem | for a two-user D-GIC-NOF channel with parameters Sﬁl =24
dB, SNRy; = 18 dB, INRj2 = 16 dB, INRy; = 10 dB, %1 € {-100,18,50} dB and
SNRs € {~100,12,50} dB.

Figure shows an inner bound (Theorem , an outer bound on the capacity region
(Theorem the achievable 7-NE region \V,, (Theorem , the non-equilibrium region A,
with 7 > 1 (Theorem } for a two-user D-GIC-NOF channel with parameters Sﬁl =24
dB, SNRy, = 18 dB, INR;s = 48 dB, INRg; = 30 dB, %1 € {-100,18,50} dB and
WRQ € {-100,12,50} dB.
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Figure 7.8.: Converse region (blue dashed-line), non-equilibrium region with n > 1 (blue
solid lines), achievable capacity regions (red dashed-line), and achievable n-NE
regions (red solid lines) of the two-user GIC-NOF and two-user D-GIC-NOF with

parameters SNﬁl = 3 dB, SNﬁg = 8 dB, INRj2 = 16 dB, INRg; = 5 dB, (a)
§NR1 = —100 dB and §NR2 = —100 dB, (b) §NR1 =9 dB and §NR2 = 6dB,
and (c) §NR1 = 50 dB and §NR2 = 50dB.

Figure [7.7] shows an inner bound (Theorem , an outer bound on the capacity region
(Theorem the achievable 7)-NE region N, (Theorem , the non-equilibrium region A,
with 7 > 1 (Theorem for a two-user D-GIC-NOF channel with parameters ml =24
dB, SNR» = 3 dB, INRy» = 16 dB, INRy; = 9 dB, SNR, € {-100,18,50} dB and SNR, €
{-100, 8,50} dB.

Figure shows an inner bound (Theorem , an outer bound on the capacity region
(Theorem the achievable n-NE region N , (Theorem , the non-equilibrium region N,
with n > 1 (Theorem i for a two-user D-GIC-NOF channel with parameters Sﬁl =3
dB, SNR» — 8 dB, INRy» = 16 dB, INRg; = 5 dB, SNR; € {—100,9,50} dB and SNR» €
{-100, 6,50} dB.
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Conclusions

HIS thesis presented the fundamental limits in the asymptotic regime of the
I two-user IC with channel-output feedback using tools of information theory and
network information theory. More specifically, the focus of this thesis was on the
effect of the noise in the feedback links on these fundamental limits under asymmetric conditions
on the IC-NOF. The results obtained in this thesis can be seen as a generalization of the
results on the two-user IC for the cases without channel-output feedback, with POF, and with
NOF under symmetric conditions. To the best of the author’s knowledge, this approximation
is the most general with respect to existing literature and the one that guarantees the smallest
gap between the achievable and converse regions on the GIC when feedback links are subject
to Gaussian additive noise. Additionally, the results of this work brought information about
the identification of the scenarios in which the use of only one channel-output feedback can
bring benefits in terms of rate improvements in a two-user IC despite of the effect of the
noise in the feedback link. Particularly, in the case in which one transmitter-receiver pair is
in HIR and the other is in LIR, the use of feedback in the transmitter-receiver in HIR does
not enlarge the capacity region, even in the case of POF. Additionally, a necessary but no
sufficient condition on the GIC for improving the sum-rate is that both transmitter-receiver
pairs must be in LIR or in HIR. These improvements were observed and analyzed from the
perspective of centralized and decentralized networks.

An achievable region for the two-user LDIC-NOF and an achievable region for the two-user
GIC-NOF were obtained using well-known techniques on information theory: rate-splitting,
block-Markov superposition coding, and backward decoding. The converse region was the
result of using genie-aided models. The genie-aided models and the insights that were used
in the Gaussian case were obtained from the analysis of the linear deterministic model. The
linear deterministic model is an approximation to the Gaussian case in a very high SNR
regime. Therefore, it allowed the analysis of the IC as an interference-limited network focusing
more the attention on the interactions of the signals. The achievable and converse regions
coincided for the two-user LDIC-NOF'. Thus, the capacity region of the two-user LDIC-NOF
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8. Conclusions

was characterized. The achievable and converse regions for the two-user GIC-NOF were also
characterized and they did not coincide. Nonetheless, It was shown that the capacity region
is at most 4.4 bits away from the achievable region, which is a very good approximation
given that the capacity region of the two-user GIC is only known in certain specific cases.
The capacity regions of the two-user LDIC-NOF and the two-user LDIC were compared to
identify the values in the feedback parameters of the two-user LDIC-NOF beyond which the
capacity region can be enlarged. This provided the identification of the scenarios in which the
capacity region can be enlarged, and more specifically the scenarios in which both individual
transmission rates can be improved and not the sum-rate capacity, the scenarios in which
the sum-capacity can be improved, and the scenarios in which the use of feedback in one
transmitter-receiver pair allows any of the transmitter-receiver pairs to improve the individual
transmission rate. The scenarios in which feedback does not enlarge the capacity region
were also identified. Given the established connection between the Gaussian and the linear
deterministic models, an approximate value in the feedback parameter beyond which the
approximate capacity region can be enlarged is also identified. This is a very important result
from an engineering point of view, because it establishes the scenarios or the conditions in
which to implement channel-output feedback at least in one transmitter-receiver pair of the
two-user GIC is useful. These results confirmed the fact that the interference regimes are not
the only factor determining the effect of feedback. Indeed, the quality of the feedback links
turns out to be another relevant factor.

An achievable n-NE region for the two-user LDIC-NOF and an achievable n-NE region for
the two-user GIC-NOF were obtained including common randomness in the coding schemes
introduced in the centralized part. This common randomness allowed both transmitter-
receiver pairs to limit the rate improvement of each other when either of them deviates from
an equilibrium rate pair. A non-equilibrium region was obtained for the two-user LDIC-NOF
and a non-equilibrium region was also obtained for the two-user GIC-NOF based on the
insights from the analysis in the linear deterministic model. This provided a definition of an
1-NE region for the two-user LDIC-NOF with 1 > 0 and an approximate n-NE region for the
two-user GIC-NOF with n > 1. The efficiency of the n-NE region of the two-user LDIC-NOF
was characterized using well-known metrics in game theory: price of anarchy (PoA) and price
of stability (PoS). These metrics compare the sum-capacity of the two-user LDIC-NOF with
the smallest and the best sum-rate at an n-NE region. The PoS is equal to one in all the
interference regimes which implies that there always exists an n-NE in the Pareto boundary of
the capacity region. It is worth noting here that feedback plays a key role in increasing the
PoA in the interference regimes in which feedback can enlarge the sum-rate capacity.

The scenarios, conditions, and values in the feedback parameters beyond which the capacity
region of the two-user LDIC-NOF can be enlarged are the same scenarios, conditions, and
values to enlarge its n-NE region. In the decentralized case, despite of the anarchical behavior
of each transmitter-receiver pair, feedback can be seen as an altruistic technique. The latter is
because implementing feedback in one transmitter-receiver pair can enlarge the n-NE region
improving the individual rate of the other transmitter-receiver pair.

Future works in this area must consider the cost of feedback. This implies the definition
of metrics to analyze if the improvements on the individual rates justify feedback and the
additional functionalities that must be implemented overall in the transmitters. This also
implies the analysis in case the use of feedback allows the transmitter-receiver pairs to use
less transmission power to achieve the same rate pairs as in the case without feedback. The
analysis of the effect of feedback in the capacity region when fading is considered into the
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system model is also an important future work. These studies can be complemented with
a real implementation of a basic network using channel-output feedback. Another step to
go to a more general model will be the analysis of the two-user GIC in which feedback can
also be implemented between each receiver and the non-corresponding transmitter. In the
decentralized part, a future work will be the analysis of equilibrium selection methods to
reduce the effect of anarchical behavior in a network with channel-output feedback.

Interference is increasing due to the massive use of wireless devices operating in licensed and
unlicensed bands. Thus, channel-output feedback might be an effective technique to manage
the interference by taking advantage of its structure.
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Achievability Proof of
Theorem 1 and Proof
of Theorem

HIS appendix describes an achievability scheme for the two-user LDIC-NOF and
I two-user GIC-NOF based on a three-part message splitting, superposition coding,
and backward decoding.

Codebook Generation: Fix a strictly positive joint probability distribution

Py vy Uy Vi Va Xy p X p (U U1, U2, V1,02, T1,p, T2, p) = Py (u) Py, o (ui]u) Pry)p (uz|w)
PVI\UUl (v1u, UI)PV2|UU2 (v2lu, u2>PX17p|U o, v (21,p|u, ur, v1)
u, uz, v2), (A1)

PX2,P|U Uz V2 <$27P

for all (u, w1, ug,vi,v2,21,p, 22, p) € (X1 N AX2) x (X X 2(2)3.
Let Ry c1, Ri,02, Ra2,c1, Ro,c2, R1,p, and Ry p be non-negative real numbers. Define also
Ric=Ric1+ Ric2, Roc = Roo1 + Rac2, R = Ric + Ry p, and Ry = Ry o + Rz p.
Generate 2V(F1.c1+H2.01) i j d. N-length codewords u(s, ) = (ul(s, r),ua(s,r),. .., un(s, r))
according to the product distribution

N
Py(u(s,r)) = [ Pu(un(s,r)), (A.2)

n=1

with s € {1,2,...,2NfLe1} and r € {1,2,..., 2V 201},
For encoder 1, generate for each codeword w(s,r), 2¥f1.c1 iid. N-length codewords
ui(s,r k) = (ulyl(s,r, k),ui2(s,7,k),...,u1 n(s,T, k:)) according to the conditional distribu-
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tion N
PUl‘U<u1(s,7', k)|u(s,7’)) = H PU1|U(u1,n(s,7’, k)|un(s,r)>, (A.3)

n=1
with k € {1,2,...,2Nf1.c1} For each pair of codewords (u(s, r),u1(s,r, k)), generate 2NV F1.02

iid. N-length codewords vi(s,r k,l) = (Ul’l(s,T’,k‘,l),vl’g(s,?”,k‘,l),...,1}17]\[(8,7’,]6,[)) ac-
cording to

N
Py . vu, (vl(s,r,krjl)|u(s,r),u1(s,7“, k)) = H Py v, (vlm(s,r,k,l)|un(s,r),u17n(s,r, k)),

"~ (A.4)

with 1 € {1,2,...,2NfL02} For each triplet of codewords (u(s,r), ui(s,r k), vl(s,r,k,l)>,
generate 2V#1.P 1i.d. N-length codewords z1 p(s,r,k,l,q) = (:L‘Lp,l(s,r,k,l,q), z1,p2(s,r.k,lq),
e x17p7N(s,r,k,l,q)) according to the conditional distribution

PXLplUUl Vi (331713(8, r kL, Q)‘u(sv T)’ul (57 T, k)v ’Ul(S, Tk, l))
N
= H PXLP\U U1 V1 <$1,P,n(5, T, k> la Q)|un(87 ’I"), ul,n(sa r, k)a Ul,n(sv T, ka l))v (A5)

n=1

with ¢ € {1,2,...,2NFur}

For encoder 2, generate for each codeword wu(s,r), 2VR2.¢1 iid. N-length codewords
ua(s,r,j) = <UQ’1(S, r,7),u2,2(8,7,7), ..., uz N (s, r,j)) according to the conditional distribu-

tion
N

PU2|U<U’2(37 7,7]')|'u’(877')) = H PU2|U(U’2,71(87 r,j)|un(s,r)>, (A6)

n=1
with j € {1,2,...,2V%2.01}, For each pair of codewords (u(s, ), ua(s, r,j)), generate 2N 2,02

ii.d. N-length codewords vo(s,r,j,m) = (vg,l(s, r,j,m),v22(s,r,j,m),...,van(s,7,7, m))
according to the conditional distribution

N
PV2|UU2 (UQ(‘S?T’j’ m)|u(s,r),u2(s,7“,j)) = H PV2|UU2(U27TL(S7T?jvm)|un(svr))u2,n(sarvj))7
n=1
(A7)
with m € {1,2,...,2N¥f2.02} For each triplet of codewords (u(s,r), ua(s,r, ), va(s,r, 7, m)),

generate 2V 2.7 ii.d. N-length codewords 2 p(s,r,j,m,b) = (ZL‘Q,PJ(S,T‘,].,’ITL,Z)), x2.p2(s,r,j,m,b),
e x27p7N(s,r,j,m,b)> according to

PXQ,P'UUQVQ (mZ,P(Sar)j)m7 b)|U(s,T),uz(s,r,j),vg(s,r,j,m))
N
= H PX27P‘UU2 Va ($2,P,n(5,7“,j, m, b)|un(s,r), U27n(8,7“,]'), U2,n(5; T, Js m)>7 (AS)
n=1

with b € {1,2,... ,2NR27P}. The resulting code structure is shown in Figure

Encoding: Denote by Wi(t) e W; = {1,2,...,2V%i} the message index of transmitter
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i € {1,2} during block t € {1,2,...,T}, with T € IN the total number of blocks. Let
W( ) be composed of the message index W( ) € Wic=1{1,2,... ,2NR1¥C} and the message

index W(ll eWip=1{1,2, .., 2NEiPY That is, w = (W(& Wz(zl) The message index

) %,
WZ(?, must be reliably decoded at receiver ¢. Let also W-(t)
indices W2, € Wicr = {1,2,...,2V%c1} and WD, € Wico = {1,2,...,2Vic2}. That is,

WZ(g = (W'(tc)*l»w/z’(22)' The message index I/VZ(C)Y1 must be reliably decoded by transmitter j,

1y

be composed of the message

with j € {1,2} \ {i} (via feedback), and by both receivers. The message index W((}Q must be
reliably decoded by both receivers but not by transmitter j.

Consider Markov encoding over T blocks. At encoding step ¢, with ¢t € {1,2,...,T},
transmitter 1 sends the codeword:

t t—1 t—1 t—1 t—1 t t—1 t t
=06, (u<wf,m>,w;,m>>,ul (VLD WD WL oy (WD, WD, it wit,),
t—1 t t t
ml,p(wfcs,w;mxwfgl,wfgg,wf,;)), (4.9)

where, ©1 : (X1 N X2)N x XN — AV is a function that transforms the codewords u(Wl(t(;ll),

t—1 t—1 1 1 t—1
Wied ). w (Wil Wied Wit ). or (Wied Wole! W{s, Wigs) . and @1 p(Wc),

Wz( 011 ), 1(%1, Wl(%z, Wl( 1)3) into the N-dimensional vector :cg) of channel inputs. The indices
Wl(%l = Wl(jgl = s* and WQ(?C)YI = W2(TC)1 = r*, and the pair (s*,7%) € {1,2,..., 2NV i1} x
{1,2,...,2NR201} are pre-defined and known by both receivers and transmitters. It is worth

noting that the message index WZ(tc_ll ) is obtained by transmitter 1 from the feedback signal
Y(lt_l) at the end of the previous encoding step ¢ — 1.
Transmitter 2 follows a similar encoding scheme.

Decoding: Both receivers decode their message indices at the end of block 7" in a backward

decoding fashion. At each decoding step ¢, with ¢ € {1,2,...,T}, receiver 1 obtains the

message indices (I//I\/l(%_lt), I//I\/2(Tc_lt), Wf%;(t—l)) I//I\/l(j;,_(t_l)), 17[\/2(2_2@_1))) € Wi c1 X Wa o1 X

Wi c2 X Wi p X Wa c2 from the channel output 7 (= (- 1)) The 5-tuple (Wl(%lt), WQ( 1 ),

Wl(?;m(t 1)), (T (¢=1) 171\/( (t 1))> is the unique 5-tuple that satisfies

(o (WG W) (W0, W0, W)

wor (W0 A0 Wi, 0 T ),

o (L0, T WL, 070, ),

s (WG WS Wity ) g (WG, WA w0 Wi,y

(T—(t-1)) < N AL
£k ) < T[U Uy Vi X1.p Us Va ?1]’ (4.10)

where Wl(TCI( D) and WQ(T (t=1) are assumed to be perfectly decoded in the previous decoding
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- - ¢ -1 1) () 1 (t=1) 1rr(t=1) 11-(t) (t t)
wr (WD WD Wi, ) o (WG Wil Wi wils) wae (WEGD Wie! Wiy, Wi, W)

g’

(t—1) (t—1) (t) t—1 t—1 F(t At t—1 t—1 t t t
U2 (VVI.CL Waen vwz,cl) v2 <Wl(,01)vW2(,01>swz£,g:1=w2§,é2> Z2,p (LV£01)JV§,01)-,W§,2-1,Wé,éz-,Wé,L)

(t=1) pr(t=1)
“(Wl,CL Wa o )

Figure A.1.: Structure of the superposition code. The codewords corresponding to the message
indices W,'o)), Wi, W w0, W) with i € {1,2} as well as the block

index t are both highlighted. The (approximate) number of codewords for each
code layer is also highlighted.

step t — 1. The set ’T(N’e) represents the set of jointly typical sequences of
[U Ui Vi X1,p U2 V2 ?1]

the random variables U, U1, V1, X1 p, Us, V2, and ?1, with € > 0. Receiver 2 follows a similar
decoding scheme.

Error Probability Analysis: An error might occur during encoding step t if the message
index WQ(t(;ll ) is not correctly decoded at transmitter 1 at the end of the step ¢ — 1. From the

AEP , it follows that the message index WQ(tgll ) can be reliably decoded at transmitter 1
during encoding step ¢, under the condition:

Roer<I (Y 3 02|U, U1, Vi, X))
=1 (Y 00|V, X1 ) . (A.11)

An error might occur during the (backward) decoding step ¢ if the message indices Wl(gzt),

T—t T—(t—-1 T—(t—1 T—(t—-1
WAL, WU W ), and WD

message indices Wl(TC*l(t*l)) and Wé%fl(tfl)) were correctly decoded in the previous decoding
step t — 1. These errors might arise for two reasons: (i) there does not exist a 5-tuple
( 1(77(“;11‘,)7 WQ(?(;t), W1(7T072(t71)), Wl(?;;(tfl)), WQ(?;TQ(FU)) that satisfies (A.10)), or (i¢) there exist

several 5-tuples (ﬁ\/l(:g;t),ﬁ\/g(%zt),W(:‘FC;(FD),Wf;f(tfl)),ﬁ\/é%;(tfl)m that simultaneously
satisfy (A.10). From the AEP [28], the probability of an error due to (i) tends to zero

when N grows to infinity. Consider the error due to (i7) and define the event 2% ) that

(s,m,1,q,m

are not decoded correctly given that the
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describes the case in which the codewords w(s,r), ui(s,r, W(Ez(t_l))), vi(s,r, W(:‘Fc_l(t_l)), 0),

x1,p(s,, Wl(,Tc_l(t_l)), l,q), ua(s,r, Wz(,:g_l(t_l))), and vo(s, r, WQ(?FCI(t_I)),m) are jointly typical
with ?gT_(t_l)) during decoding step t. Without loss of generality assume that the codeword
to be decoded at decoding step t corresponds to the indices (s,r,l,q,m) = (1,1,1,1,1) due
to the symmetry of the code. Then, during decoding step t, Boole’s inequality yields the

following upper-bound on the probability of error due to (i4):

(t) (t)
Pr U Erigm |S 2 P[EQqm)] - (A12)
(s,rl,q,m)#(1,1,1,1,1) (s,ml,q,m)ET

with 7 = {WI,CI X W2701 X Wl,cg X Wl,p X W2702} \ {(1, 1,1,1, 1)}

From the AEP [2§], it follows that

Pe(llt)(N) < 2N(R2,c271(?1;V2|U,U1,U2,V17X1)+26) + 2N(R1,p—1(71;X1|U,U1,U2,V1,V2)+26)

N (Ra,co+ R p—1(¥ 1:Va, X1 [UU1,U2, Vi) 426) | oN(Raco—I(Y 13V, X1[U,U1 Uz, Va)+2¢)

+

9N (Ry,co+Ra,c2—1(Y 1VA,Va, X1 |UULU2)+26) | 9N (Ry,cotBap—I(V 131, X1 UU1,Un Vo) +2¢)

+

oN R1,02+R1,p+32,02—1(?1;‘/1,Vz,Xl\U7U1,U2)+2€) + QN(R2,C1—I(?1;U,U17U27V17V27X1)+26)

+

N (Ro,c—I(V 15U,U1,U2, Vi, Vo, X1)42€) | 9N (Ro.c1+Ry,p—1(Y 1;UU1,Uz, Vi, V2, X1)+2¢)

_|_

9N (Ra,o+R1,p—I(YV 15001 U2 Vi, V2, X1)+2€) | 9N (Ra, 01+ Ry, co— (Y 15U,U1,U2,V4, V2, X1)+2¢)

+

9N (Ro,c+ Ry 02— 1(Y 1;UULU2, ViV, X1)4+26) | oN(Ra,c1+Ra oo+ Re, p—1(Y 1UULU2, Vi, Ve, X1)+2¢)

+

9N (Rz,c+R1,cotRi,p—1(Y 1UULU2 VAV, X1)+26) | 9N (Ry,on—1(V 15U,U1,U2,V4, V2, X1)+2¢)

+ +

oN R1,01+R1,P+R2,C2*I(?1?U»Ul,UQ,Vl7V27X1)+26) + 2N(R1,C*I(?1§U7U17U27V17V2’X1)+25)

_|_

oN R1,c+R2,02*1(71;U7U17U27V1,V2,X1)+2€) + 2N(lef(?1;U,U1,Uz,V17V2,X1)+2€)

+

oN R1+R2,02—I(?1;U,U1,U2,V1,V27X1)+26) + QN(R1,01+R2,C1—I(?1;U,U17U2,V17V27X1)+2€)

+

ON (R o1+ Ra,0~1(Y UULU2,Vi Ve, X1)426) | oN(Rycr+Ra o1+ Ry, p—1(Y 1;UULU2 Vi Ve, X1)+2¢)

_I_

(
(
(
(
(
(
(
2N(R1,01+R2,02—1(?1;U,U1,UQ,Vl,VQ,X1)+2e) n 2N(R1,01+R1,p—1(71;U,Ul,Ug,Vth,Xl)JFQe)
(
(
(
(
ON (R c1+Ra, o+ Ry p—1(Y 5UULU2 VA Ve, X1)+26) | oN(Ry,c+Ra,cr—1(Y 13U,U1,U2,V1,Va, X1)+2¢)
(
(

+
+2N R1,0+R2,C*I(?l;U;UI;UZ;V1,V27X1)+2€) + 2N(R1+R2,01*1(?1;U7U17U27V1,V2,X1)+26)
42N R1+R2,c—1(?1;U,Ul,Uz,V1,V27X1)+2€). (A.13)

The same analysis of the probability of error holds for transmitter-receiver pair 2. Hence, in
general, from (A.11)) and (A.13)), reliable decoding holds under the following conditions for
transmitter ¢ € {1,2}, with j € {1,2} \ {i}:

Rjc1<01
21 (Y3 U,|U. U3 Vi, X3
—T (?i; Uj[U. X (A.14a)
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R; + Rj c<02;
21(Y U, U, Uy, Vi, Vi, Xy)

—1(Y:;U,U;,V;, X)), (A.14b)
Rjc2<03,
21(Y 1V, |U, Ui, Uy, Vi, Xi)
=I(Y : V;{U.U;, X0), (A-14c)
R; p<04;
21(Y 3 XilU, Ui, Uy, Vi, Vi), (A.14d)
Rip+ Rjc2<05,
21(Y Vi, X|U, Ui, Uy, Vi), (A.1de)

R;co+ R; p<0q;
é-7(71; Vi, X;|U, U;, U;, V)
—I(Y:; X;|U,U;, U}, V;), and (A.14f)
Rico+ Rip+ Rjca<07;
21(Y Vi, Vi, Xi|U, UL U;)
—I(Y:; Vi, X;|U, Uy, U). (A.14g)

Taking into account that R; = R; c1 + R; c2 + R; p, a Fourier-Motzkin elimination process in

(KT9) yields:

Ri<min (021,061 + 612,041 + 012+ 032), (A.15a)
Ro<min (9272, 01,1 +aez2,01,1 + 031 + 9472) , (A.15b)
Ry + Ro<min(ba1 + 042,021 + a6,2,04,1 + 022,061 + 622,011 + 031 + 041 + 012 + 05 2,

O11+071+012+ 052,011+ 041 +012+072,001+051+012+ 032+ 042,
011+051+012+052,001+6071+612+042), (A.15¢)
2R1 4+ Ro<min(f2,1 + 041 + 012+ 072,011 + 041 + 071 + 2012+ 052,021 + 041 + 012+ 052),
(A.15d)
Ry +2Ro<min(611 + 051 + 622+ 042,011 + 6071+ 022+ 042,201 1+ 051+ 012+ 012+ 072),
(A.15¢e)

where 6;; are defined in (A.14) with ({,7) € {1,...,7} x {1,2}.

A.1. An Achievable Region for the Two-User Linear Deterministic
Interference Channel with Noisy Channel-Output Feedback

In the two-user LDIC-NOF, the channel input of transmitter ¢ at each channel use is a
g-dimensional binary vector X; € {0,1}7 with i € {1,2} and ¢ as defined in (2.29). Following
this observation, the random variables U, U;, V;, and X; p described in in the codebook
generation are also vectors, and thus, in this subsection, they are denoted by U, U;, V;
and X; p, respectively. The random variables U;, V;, and X; p are assumed to be mutu-

104



A.1. An Achievable Region for the Two-User Linear Deterministic Interference Channel with
Noisy Channel-Output Feedback

(i~ (max(32 15.my0)~%75) ")
ally independent and uniformly distributed over the sets {0,1}\"” I 77 ,

i y G- SRS +
{0, 1}<mm(nj“(ma (Fismis)=3i) )) and {0, 1}(7“7’”1') , respectively. Note that the random
variables U;, V;, and X; p have the following dimensions:

dim U,‘ :<nji — (max (ﬁjj, nji) — %]‘j)-i_)—‘r N (A.16a)
dim Vl =min (TLJ‘Z’, (max (Wjj, njl-) - %jj)+> y and (A16b)
dim Xl’p:(ﬁ“ - nﬂ-)+ . (A16C)

These dimensions satisfy the following condition:

dimU; +dim V; + dim X@p = max (ﬁm, nji) <q. (Al?)

Note that the random variable U in is not used, and therefore, is a constant. The
input symbol of transmitter ¢ during channel use n is X; = (UZ»T, VZ-T, XIP, o,..., O))T, where
(0,...,0) is appended to meet the dimension constraint dim X; = ¢q. Hence, during block
t € {1,2,...,T}, the codeword Xl(t) in the two-user LDIC-NOF is a ¢ x N matrix, i.e.,
XY = (X1, Xi0,..., Xin) € {0, 1}V,

The intuition behind this choice is based on the following observations: (a) the vector U;
represents the bits in X; that can be observed by transmitter j via feedback but no necessarily
by receiver i; (b) the vector V; represents the bits in X; that can be observed by receiver
J but no necessarily by receiver i; and finally, (¢) the vector X; p is a notational artefact
to denote the bits of X; that are neither in U; nor V;. In particular, the bits in X; p are
only observed by receiver 4, as shown in Figure [A:2] This intuition justifies the dimensions

described in (A.16]).

Considering this particular code structure, the following holds for the terms 6;;, with

(i) € {L,....7} x {1,2}, in (K19):

0::=1(Y::U,U. X))

@ g (<17i|U, X;)

=H (U;)

= (nij — (max (ﬁ“, nij) — %ii)Jr)Jr y (A18a)
02’1' :I(7i; U, Uj, Vj, XZ)

Vi (¥)

=maXx (Wu, nij) s (A.18b)
03:=1(Y5 V,[U.U;. X))

Yu (Yiu.u;. X,)

=H (V)

=min (ni]’, (max (ﬁ”, TLZ'j) - %“)+> y (A]_SC)
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X

X

Figure A.2.: The auxiliary random variables and their relation with signals when channel-
output feedback is considered in (a) very weak interference regime, (b) weak
interference regime, (¢) moderate interference regime, (d) strong interference
regime and (e) very strong interference regime.

04,i:1(7i; Xi|U,U;,U;, Vi, Vj)

5 (YU, U U,V V)
=H (X, p)
05,121(?27 V]a X1|U7 Ul’ U]) Vz)

+

n (YViu.U.U;. V)
=max (dim X; p,dim V' )
=maXx ((ﬁ“ — nji)+ ,min (nij, (max (Wu, nzj) — %”)J’_) ), (A.18e)

where (a) follows from the fact that H (?AU, Uj; X 1) = 0; and (b) follows from the fact
that H(Y:|U,U;,V;, X;) = 0.

For the calculation of the last two mutual information terms in inequalities and
(A.14g)), special notation is used. Let the vector V'; be the concatenation of the vectors X; g4
and X; gp, t.e., V; = (X; na, Xinup). The vector X; 4 is the part of V; that is available
in both receivers. The vector X; ;7 is the part of V/; that is exclusively available in receiver
j (see Figure[A.2). Note that H (V) = H (X;,54) + H (X, zB). Note also that the vectors
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A.2. An Achievable Region for the Two-User Gaussian Interference Channel with Noisy
Channel-Output Feedback

X na and X; gp possess the following dimensions:

dim Xi7HA:miIl (nji, (max (ﬁjj, lez‘) — %jj)—‘r) —min ( (nji_ﬁii)+ y (max (ﬁjj, nji)—W]‘j)-i_ )
dim X,L'jHB:IIliIl ( (nji — ﬁ“)Jr s (max (ﬁj]’, nji) - %jj)Jr )
Using this notation, the following holds:
96,i=-7(7i;Xi\U, Ui7Uj>Vj)
95 (Y(U.U,U;.V;)
=H (Xina, Xip)
=dim X; ga +dim X; p
=min (nj;, (max (7 j;,m5:) — ;) ") — min ((ng — W)™, (max (7 5,n5:) — 7 ,5) ")
+ (ﬁu — nji)+ and (A18f)
97,1:1(71‘; V. Xi|U, Uian>
=1 (7“ X1|U, Ui, U]) + I (?l, Vj|U, Ui, Uj, XZ>
=1 (7“ X1|U, Ui, U]) +1 (7“ Vj|U, Uj, Xl>
9n (YiU.U.U;)
=max (H (V;),H (Xima)+ H (X, p))
=max (dim V;,dim X; g4 + dim X; p)
—=max (min (nij, (max (ﬁ“, nij) — %”)4_ ), min (nji, (max (ﬁjj, nji) — %]’j)—i_ )

— min ( (nji - ﬁ)u)-i_ X (maX (ﬁjj, nji) — %]‘j)-i_ ) + (ﬁ“ — njz-)+ >, (A.ng)

where (c) follows from the fact that H(?ﬂU, U;,V; X;)=0.

Plugging (A.18)) into (A.15)) (after some algebraic manipulations) yields the system of
inequalities in Theorem

The sum-rate bound in (A.15c) can be simplified as follows:
Ry + Ro<min(6a1 + 042,041 + 622,611 + 051 + 012+ 052). (A.19)

Note that this follows from the fact that max (621 + 042,041 + 622,611 + 651+ 612+ 652) <
min(fa1 +ae2,061+6022,6011+631+6011+612+6052,6011+6071+6012+6052,6011+0s1+6012+
072,011+ 051 +6012+6032+6042,011+071+012+042).

This completes the proof of the achievability in Theorem

A.2. An Achievable Region for the Two-User Gaussian Interference
Channel with Noisy Channel-Output Feedback

Consider that transmitter ¢ uses the following random variable:

Xi=U+U;+V;+ X, p, (A.20)

107



A. Achievability Proof of Theorem |I| and Proof of Theorem EI

where U, Uy, Ua, V1, Va, X p, and X3 p in (A.20) are mutually independent and distributed
as follows:

UNN( p) . (A.21a)
N (0, pidic) (A.21b)
N (O, (1= pi)hic) (A21c)
zPNN(O i), (A.21d)
with

p+Aic+Nip=1and (A.22a)
Nop=min (| —— 1 (A.22b)

i, P=11111 INR]Z ’ ) .

where u; € [0,1] and p € [0, (1 — max (ﬁ, ﬁ))w The random variables U, Uy, Us,
Vi, Va, X1 p, and X2 p can be interpreted as components of the signals X; and X5 following
the insights described in this appendix. The random variable U, which is used in this case,

represents the common component of the channel inputs of transmitter 1 and transmitter 2.

The parameters p, p;, and \; p define a particular coding scheme for transmitter . The
assignment in (A.22b)) is based on the intuition obtained from the linear deterministic model,
in which the power of the signal X; p from transmitter 7 to receiver j must be observed at the

noise level. From (2.5, (2.6)), and (A.20)), the right-hand side of the inequalities in (A.14]) can
be written in terms of SNR1, SNRo, INR12, INRsy;, SNR1, §NR2, p, i1, and po as follows:

I (?Z,U]‘U,Xl)

11 ﬁ{‘(bm —1-2) +b1,i(1) +1

— Og

2 ﬁ( 1—11;) bai(p )+2)+b1,i(1)+1

=az,i(p, 15), (A.23a)

02:=1 (Y 5;U,U;.V;. X;)

:% log <b1,i(P) + 1) -
=ag (p), (A23b)
0s.:=1 (Y :V;|U.U;. X;)

1 1
=5 log <(1 = Mj)bQ,i(P) + 2) ~3
=as,;(p; 1j), (A.23c)
61,=1 (Y 12 Xi[U. U3, U3, Vi, V5 )

g (SN o) L
2 %\ INR;;

=ai,i, (A23d)

N
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A.2. An Achievable Region for the Two-User Gaussian Interference Channel with Noisy
Channel-Output Feedback

05.=1 (Y i: Vi, XilU, U3, U}, V)
s
1 SNR; 1
=5 log <2 toms T (1 - Mj)bzz'(P)) 5
i
=asi(p, 1j), (A.23e)
06,i=1 (?iSXi’Ua Ui,Uj,V}‘)

oy
1. (SNE, 1
- log (INRﬁ ((1 i )ba.j(p) + 1) + ) 5

=ag,i(p, i), and (A.23f)
O7.=1I (?iSijXi’Ua UhUj)
1 SNﬁi
=5log (INPW((:L —Mz‘)sz(P) +1) + (1 —Mj) b2,i(p) +2> -
=ar,i(p, 1, 12)- (A.23g)

Finally, plugging (A.23]) into (A.15)) (after some algebraic manipulations) yields the system of
inequalities in Theorem |7l The sum-rate bound in (A.15c|) can be simplified as follows:

N

Ry + Ry<min <a271(0) +a1,2,a1,1 + az22(p), az1(p, p2) + a1, + az2(p, p1) + ar2(p, p1, p2),
az,1(p, p2)+as1(p, p2)+az2(p, p1)+asz2(p, p1),
as.1(p, 12) + a7,1(p, i1, p12) + as2(p, 1) + a1) (A.24)

Note that this follows from the fact that max(as1(p) + a12,a1,1 + a22(p),as1(p, p2) +
ary +azz2(p, 1) +az2(p, 1, p2), a31(p, p2) +as1(p, p2) +as2(p, 1) +as2(p, 1), az 1 (p, p2) +
a71(ps p1, p2) + az2(p, 1) + a12) < min(az1 + ae2(p, 12), as1(p, 1) + az2(p), az1(p, p2) +
as1(p, p2) + a1 +as2(p, 1) +as 2(p, p1), as 1 (p, p2) +az1(p, 1, p2) +as2(p, pa) + as 2(p, 1),
as1(p, p2) +as.1(p, t2) +az2(p, p1) + 032+ a1 2). Therefore, the inequalities in (A.15)) simplify
into and this completes the proof of Theorem
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Converse Proof of
Theorem (1

HIS appendix provides a converse proof of Theorem [l} Inequalities and
correspond to the minimum cut-set bound and the sum-rate bound
for the case of the two-user LDIC with POF. The proofs of these bounds are

presented in [88]. The rest of this appendix provides a proof of the inequalities ,

and (4.1d).

Notation. For all ¢ € {1, 2}, the channel input X ,, of the two-user LDIC-NOF in (2.31))
for any channel use n € {1,2,..., N} is a ¢g-dimensional binary vector, with ¢ in (2.29), that
can be written as the concatenation of four vectors: X; cn, X; pn, Xipn, and X; g n, i.c.,

T
Xin = (X7 XTp XT s X1 g.) » s shown in Figure[B.1| Note that this notation is

independent of the feedback parameters $711 and %22, and it holds for all n € {1,2,..., N}.
More specifically,

X cn represents the bits of X;,, that are observed by both receivers. Then,

dim X; ¢ ,,=min (Wm, nji) ; (B.1a)

X pn represents the bits of X; , that are observed only at receiver ¢. Then,
dim X p=(1 i — nji) " (B.1b)

X pn represents the bits of X;,, that are observed only at receiver j. Then,

dim Xi,D,n:(nji — ﬁii)—i_; and (BlC)

111



B. Converse Proof of Theorem

Xi.con4X, cran{
X1.pnJXrora{

X1.060{
X0, ,,{x;.m {

X Dw{xz Da. ”{

Xiccun]
Xipndg

/
n RRR
Xocom {X“T, { /'
v,

" Xz.u.n{Xz DG,n{
0L

Figure B.1.: Example of the notation of the channel inputs and the channel outputs when
channel-output feedback is considered.

Xion=1(0,... ,0)" is included for dimensional matching of the model in (2.32). Then,
dim X; g n=¢ — max (Wu, nji) - (B.1d)
The bits X; g, are fixed and thus do not carry any information. Hence, the following holds:

H(Xin)=H(Xicn Xipn: Xipns Xiun)
:H(Xi,C,na XiPn, Xz',D,n)
<dim Xi,C,n + dim X@p’n + dim Xi,D,n- (B.le)

Note that the vectors X; p, and X; p , do not exist simultaneously. The former exists when
ﬁ)ii > nj;, while the latter exists when Wu < nj;. Moreover, the dimension of X; ,, satisfies

dim X; ,=dim X; ¢, + dim X; p,, + dim X; p , +dim X; o
=q. (B.1f)

For the case in which feedback is taken into account an alternative notation is adopted. Let
T

X pn be written in terms of X; pr, and X; pgn, @€, X;pn = (XIDF’n, XIDG’H) . The

vector X; pr, represents the bits of X; p , that are above the noise level in the feedback link

from receiver j to transmitter j; and X; pg,, represents the bits of X; p, that are below the
noise level in the feedback link from receiver j to transmitter j, as shown in Figure The

dimension of the vectors X; pr, and X; pg,, are given by
+
: : pod pod : pod + — +
dim Xi,DF,n:mm((nji— T i ,(ﬁjj— nii—mm((njj—nji) ,nij)—((njj—nij) —nji> )
and (B.2
dim Xi,DG,n:dim Xi,D,n — dim Xi,DF,n- (B2

+

)+

N———

)
b)

5]

T
Let X; ¢, be written in terms of XicFn and XicGjn, -6, Xion = (XZCFj,m XZCG]-,n) .
The vector X i,C’F; n TEpresents the bits of X; ¢, that are above the noise level in the feedback
link from receiver j to transmitter j; and X i,CG;n Tepresents the bits of X; ¢, that are below
the noise level in the feedback link from receiver j to transmitter j, as shown in Figure
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Let also, the dimension of the vector (X ZC Fno X ID Fn) be defined as follows:

: : — — +\ T
dim ((X{cr; e X1 prn) )= (min (755, max (7 j5,n50)) — (W g5 = nji) ") " (B.3)
The dimension of the vectors X i,cr;n and X cg; n can be obtained as follows:

dim X; ¢, =dim ((XZCFj,m X;I—DFn» —dim X; prp and (B.4a)
dim Xi,CGj 7n:diﬂl Xi,C,n — dim Xi,CFj,n- (B4b)

More generally, when needed, the vector X;r, , is used to represent the bits of X, that
are above the noise level in the feedback link from receiver k to transmitter k, with & € {1,2}.
The vector Xq, » is used to represent the bits of X;,, that are below the noise level in the
feedback link from receiver k to transmitter k.

The vector X; 1, is used to represent the bits of the vector X, that interfere with bits of
X j.cn at receiver j and the bits of X;,, that are observed by receiver j and do not interfere
any bits from transmitter j. An alternative definition of the vector Xy, is the following:
the bits of the vector X, that are observed by receiver j and do not interfere with any bit
corresponding to the vector X; p,,. An example is shown in Figure

Therefore, the dimension of the vector X 1, is

dim X; ¢/, =min (ﬁjj, nij) — min ((ﬁjj — nji)+ ,nij) + (lei — ﬁjj)+ . (B.5)

Finally, for all + € {1,2}, with j € {1,2} \ {i}, the channel output ?m of the two-user
LDIC-NOF in (2.31) for any channel use n € {1,2,..., N} is a ¢g-dimensional binary vector,
with ¢ in (2.29)), that can be written as the concatenation of three vectors: Y ; g, Yin, and

72-7@”, i.e., ?m = ( ;I,-QW ?T ?ZGW)T, as shown in Figure [B.1l More specifically, the

i,m

vector ?i,n contains the bits that are above the noise level in the feedback link from receiver 4
to transmitter ¢. Then,

dim ?Ln:min (%“, max (ﬁm, nij) ) . (BG&)

The vector ?an contains the bits that are below the noise level in the feedback link from
receiver ¢ to transmitter ¢. Then,

dim 7i,G,n: ( max (ﬁ)“, nij) — %“) +. (B6b)

The vector ?i,Q,n = (0,...,0) is included for dimensional matching with the model in
(2.32). Then,

H (?%n) =H<7i,Q,n7 ?i,m ?i,G,n)
:H<?i,n7 ?i,Gm)

<dim ?i,n + dim 71-,@,”. (B.6¢)

The dimension of ?m satisfies dim ?m =q.
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B. Converse Proof of Theorem

Using this notation, the proof continues as follows.

Proof of (4.1b)): First, consider nj; < W“', i.e., the vector X; p,, exists and the vector
X pn does not exist. From the assumption that the message index Wj is i.i.d. following a
uniform distribution over the set W;, the following holds for any k € {1,2,..., N}:

NR;=H (W;)
O (wilw;)
=1 (Y. Y,|W;) + Ns(V)

iH(?ZH,?m\W]Y roe1) ¥ ey, X ») + N6(N)

2

< Z H<Xi,n; ?j,n’Xj,n) + N(S(N)

/

2

/

<ZH(Xi,n) +N6(N)
_NH (X.0) + N3(V)

<N (dim X; ¢ +dim X; pj) + No(N), (B.7)

where, (a) follows from the fact that Wy and Wy are mutually independent; (b) follows from
Fano’s inequality with 6 : IN — R, a positive monotonically decreasing function (Lemma
; and (c) follows from the fact that X, = fj(n) (Wj, ?j’(1:”_1)> with f;”) a deterministic
injective function.

Second, consider the case in which nj; > Wu In this case the vector X; p, does not exist
and the vector X; p ,, exists. From the assumption that the message index Wj isi.i.d. following
a uniform distribution over the set W;, hence the following holds for any k € {1,2,...,N}:

NR;=H (W;)

(a)
= H (W;|W;)

(21 (Wi§ Y., ?jle) + N4(N)
—H (?i,?j\wj) + NS§(N)

H(Y i Y 50l Wi ¥t ¥ g i X ) + N6(N)

p”q!

3
Il
_

N
™=

H(Xi,C,m Xi.CF;m, Xi,DF,n) + N6(N)

3
Il
—

M-

H(X@Qm Xi,DF,n) + N5(N)

3
Il
_

22

H(XiCImXi DFk) + N&(N)
(dim X o + dim X; ppi) + NO(V). (B.8)
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Figure B.2.: Xy, in different combinations of interference regimes.

Then, (B.7) and (B.8]) can be expressed as one inequality in the asymptotic block-length
regime as follows:

R;<dim Xi,C,k + dim Xi,P,k + dim Xi,DF,Im (Bg)
which holds for any k € {1,2,...,N}.

Plugging (B.1a)), (B.1b), and (B.2a]) into (B.9), and after some algebraic manipulations the
following holds:

Rigmin(max(ﬁii, nji) ,max (ﬁu, %jj - (ﬁjj —nji)+ )) . (B.lO)

This completes the proof of (4.1b)).

Proof of (4.1c): From the assumption that the message indices W; and Ws are i.i.d.
following a uniform distribution over the sets W; and W, respectively, the following holds for
any k € {1,2,...,N}:

N (Ry + Ro)=H (W) + H (W2)
< (Wi Y0 ¥0) + 1 (We: ¥, Vo) + N(N)
<H(Y)) - H (ViAW) ~ H (Xa0lW1. Y1 X0) + H (Y2) — H (VW)
~H (X1,0|Wa, Y2, X5) + N6(N)
=8 (Y1) -8 (YA W) - B (Xz0. X10[W1. Y1, X)) + H (V)
B (Va[Wo) — H (X 10, Xo0|Wa, Y2, X5) + N6(N)
=H (V1) + [ (Xoc. Xo0: W Y) — H (Xo0. X10) | + H (V)

+ [I (Xl,C,X2,U§W2a?2) - H(X1,07X2,U)} - H (?1|W1) -H (?2|W2)
+NS(N)
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B. Converse Proof of Theorem

D1 (Vi X 10, Xov) — H(X10. Xo0[Y1) + H (Yl Xac, X10)
~H (X200, X10[¥2) +1(Xoo. Xa0: W0, Y1) + 1 (X 10, X We, V)

8 (Y1[w1) - H (Yo W2) + Ns(N)

<H(Y1[X10, Xop) + H (Yol Xo0. X10) + 1 (Xa0. X10W, V)

I (X 10 Xop:Wo, ¥a) — H (Yo[Wh) — H (V[W2) + N3(N)

<H (Yi[X10, Xop) + H (Yol Xo0. Xo0) + 1 (Xo0. X100 Wo, Yo, W, V1)
1 (X1 Xop Wi, Y i W2, ¥a) — H (YoWh) — H (Va[W2) + N3(N)

=0 (Y1 X10. Xop) + H (Yol Xoo. X1p) + 1 (Wa W1, Y1)

1 (X0 X0 p Yo, Y |W2) 4+ T (Wa: W, ¥ ) 4+ T (X0, Xop, Vo Wa, Yol W)
8 (Y1) — H (Y2 W2) + Ns()

DH (Vi X10. Xo0) + H (Yol Xoo, Xop) + H W)+ H(Ya[Wh) - H (Wi Wa)
~H (Vo[ Wo, W1) + H (X0, X0, Yol Wa) + H (W) + H (Vo We) — H (W[ W)
~H (VoW Wa) + H (X 1.0, X, Yo |W1) — H (Y101 — H (Vo[ W2) + N6(N)

<H(Yi|X.c, Xoy)+ H (72|X2,C, Xo0)+ H (Xz0. X100, ?2|W2)
+H (X 1.0, X20. Y1[W1) + N3(N)

:i\f: [H <?1,n|X1,CaX2,Ua?1,(1:71—1)) +H <?2,H|X2,07X1,U>?2,(1:71—1))

N
Il
—

(:)iv: [H (?17H|X1,CvX27U771,(1:n—1)) +H (72,n|X2,CaXl,U772,(1:n—1))

(XQ,C,n,Xl Upns <17zn|W2 X2.0,(1:n-1), X1,U,(1:n-1)> ?2,(1:%1)7)(2%)
+H(X1,C,n,X2 U ?1n|Wl X1.01m— 1)5X2,U,(1:n—1)a?1,(1:n—1)7X1,n)} + NO(N)

SN|H (X1pp) +H(Xopp)+H(X 1 ur) +H <?2,k|X2,k7X1,U,kz) + H (X2uk)
+H (vm\Xuﬂ X2Uk)] + NO(N)
=N|H (X1pr)+H (Xopr)+H(X1vr)+H (X1cmk X105k X2k X1,0k)

+H (Xouk) ‘|‘H(X2,CF1,I<:7XQ,DF,k’Xl,IwXZ,U,k)} + NG6(N)
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<N{H (X1pk)+H (Xopr)+ H(X1vx)+H (X10mp X10rk X1uk) + H(X2uk)
+H (XQ,CFLk"X2,DF,I<:|X2,U,I<;)} + N§(N)
+
<N[dim X1 p + dim X5 p + dim X1 5 + (dim (X101, X1,prx) — dimn X 5)

+

+dim X oy + (dim (Xo.cr 0 Xoprk) — dim XQ,UJC) ] + N§(N). (B.11)
where, (a) follows from Fano’s inequality with § : IN — R4 a positive monotonically decreasing
function (Lemma [58)); (b) follows from the fact that H(Y) — H(X) = H(Y|X) — H(X|Y);
(c) follows from the fact that H(Xijc, X;u, ?Z\WZ, w;, ?3) = 0; (d) follows from the fact
that X;, = fi(n) (W,-, ?L(lm_l)) from the definition of the encoding function in (2.1) and
(Wi»?i,(lzn—l)) — Xin — 7”“ and (e) follows from the fact that conditioning does not
increase entropy (Lemma [40]).

Plugging (B.1b)), (B.3)), and (B.5|) into (B.11)) and after some algebraic manipulations, the
following holds in the asymptotic block-length regime:

Rl + R2<max ( (ﬁ)ll - n12)+ y 121, ﬁll - (max (ﬁlla 7’L12) - %11)4_ )

+ max ( (Wzg — n21)+ ,NnN12, %)22 — (max (722, 77,21) — %22)—’— ) . (B.12)

This completes the proof of (4.1c)).

Proof of (4.1d): From the assumption that the message indices W; and W; are i.i.d.
following a uniform distribution over the sets W; and W; respectively, for all ¢ € {1,2} and
Jj € {1,2}\ {i}, the following holds for any k € {1,2,...,N}:

N(2R;+R;) = 2H (W;) + H (W;)

< (Wi ¥, Vo) + 1 (W ¥ X0y +1 (Wi ¥, ¥)) + Ns(v)

Ou (V)-8 (VW) -1 (Yiw. Y +H (YW, ¥,) + 1 (V)
—H (YW, Y;) + N6(V)

=8 (Y:) - H (Y W)~ H (X;0. X;p/W:. ¥:) + H (YW, ¥,) + B (V)
~H (X0, X p|W;. ¥;) + NS(N)

<H(Y) - H(YW) ~ H (X;0. X:0|W.. Y)
+H (YW, Y5) + 1 (V) — H (Xic[W;. Y ;) + NS(V)

<H(Y:) -8 (VW) + [I(X;0. Xirn Wi Y) — H(X; 0, X
+H (Y0, X clW;, Y¥) + B (V) — H (Xio[W;.Y;) + N6(V)

=1 (Y) - 8 (VW) + [1(Xj0. X Wi ¥i) — H (X0, Xi0) |
+H (YW, Y. Xic) + H (Y;) + N6(N)
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B. Converse Proof of Theorem

<H (?2) - H (?JWO + {I (Xj,c7Xi,U;Wi,<17z‘) - H(Xj,Cin,U)}
+H (YW, Y. Xic) + H (Y, X ;0. X00) + N3(N)
OH (V) -1 (VW) + 1 (X0 X W Vi) + H (YW, Y ), Xoc)
+H (VX 0. X)) + NS(N)
<H(Y:) B (VW) +1(Xj0. X0 W, YW V) + B (YW, ¥, X )
+H (VX 0. X)) + NS(N)
D (V) - 1 (ViAW W) + H (X0, Xow, Vi W)+ H (YW, ¥, X 0)
+H (Y1 X 0. Xivr) + NS(N)
< H(?) +H(X 0. X0, VW) + B (YW, Y. Xo) + H(Y )X 0. Xo) + NS(V)
S Z [ ( ) + H<Xj,amXi,U,nv ?j,n‘Wj;Xj,C,(l:n—l)yXi,U,(l:n—l): ?J}(lin—l))
(YinlW3. Y5 X0, Y o)) + H (Y5l X0 X0 ¥y aeyy) | + N6(N)

[H (7177,) + H(Xj,c,n,Xi,U,m ?j,n|ij X .0, (1m=1) Xi,U,(1:n—1)s ?j,(mfl)a ij)

MZES\

Il
—

n

+H (YinlW3, Y X0, Y i) X)) + H (Y50l X0, Xav, ¥y ) | + NS(V)

< il (17 (Yin) + H(Xi0nlX ) + H (Y0l X0 Xivn) + H (Y10 Xicn X0
+H (?jnyxjc,L,Xwn)} + NS(N)
<N{ ( ) X,uk) +H (?j,k|Xj,kaXi7U,kz) + H (X pr) +H(Xj,P,k:)} + NO(N)
=N[H ( i) HH( ZU]g)-i-H(Xi cry b Xiprkl Xi ) +H (X pi) +H (X pi) | +NO(N)
<N[dim ¥ + dim ¥ 6 + dim X + (dim (X e, X prs) — dim X ) *
+dim X; py, + dim X p,| + N3(N), (B.13)

where, (a) follows from Fano’s inequality with § : IN — R4 a positive monotonically decreasing

function (Lemma ; (b) follows from the fact that H (7,, ?j]Wi, Wj) = 0; (c) follows from
the fact that H(Y|X) = H(X,Y) — H(X); and (d) follows from the fact that H(ij, Xiv,
Y, iw;, wi, ﬁ_fi) —0.

Plugging (B.1b), (B.3), (B.5), (B.6a)), and (B.6b)) into (B.13) and after some algebraic
manipulations, the following holds in the asymptotic block-length regime:

2R; + Rj <max (ﬁu, nji) + (Wu — nij)—i_

+ max ( (ﬁjj — lez‘)+ ,nij, ﬁjj — (max (ﬁjj,nﬁ) — Wjj)—‘r). (B.14)

This completes the proof of (4.1d)).
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Proof of Theorem 2

HE proof of Theorem [2|is obtained by comparing C (%11, 0) (resp. C(0, %22)) and

I C(0,0), with fixed parameters 711, 722, ni2, and ng;. More specifically, for

each 4-tuple (711, ﬁgg, nia, n21>, the exact value W{l (resp W§2) for which

any 11 > %, (resp a2 > W3y) ensures C(0,0) € C(%11,0) (resp. C(0,0) C C(0, 92))

is calculated. This procedure is so long and repetitive. Then, in this appendix only one
combination of interference regimes is studied, namely, VWIR - VWIR.

Proof:
Consider that both transmitter-receiver pairs are in VWIR, that is,

ni2 1 n91 1
- <= and ag = < - C.1
M, S, S ”

When the conditions in (C.1|) are fulfilled, it follows from Theorem (1| that C(0,0) is the set
of rate pairs (R1, R2) € R? that satisfy:

Ri<01 2 711, (C.2a)
Ro<0z 2 790, (C.2b)

R1 + Ry<f3 £ min (max (722, nig) + 11 — ny2, max (711, no1) + o9 — na1),(C.2¢)
Ri + Ry<f4 £ max (711 — nj2,n91) + max (ng — no1,n12), (C.2d)
2R) + Ro<0s £ max (711, n21) + 711 — ni2 + max (7 as — na1, n1a) (C.2e)
Ri 4 2Ry<bs 2 max (192, n12) + T2 — na1 +max (ng1, 711 — n12) - (C.2f)

Note that for all (711, ﬁgg,nlg,nm, %22) € IN® and %11 > max (Wll,nlg), it follows that
C(%ll, %22) = C(max(ﬁll, ni2), %22). Hence, in the following, the analysis is restricted to

the following condition:
%11 < max (711, 77,12) . (03)

Under conditions (C.1)) and (C.3), it follows from Theorem [I] that C(%211,0) is the set of
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C. Proof of Theorem @

rate pairs (Rq, R2) € R% that satisfy:

ngﬁu, (C.4a)

Ro< 9, (C.4b)

R; + Ry<min (max (722, ni2) + 11 — ny2, max (711, na1) + oy — no1), (C.dc)
Ri + Ry<67 £ max (711 — N2, N91, %11) + max (ﬁgg — n21,M12) , (C.4d)
2R; + Ro<max (711, na1) + 11 — nio + max (722 — no1,N12) , (C.4e)
R + 2Ry<fs = max (ﬁgg, nia) + 99 — N9y + max (ﬁn — N2, N1, WH) . (C4h)

When comparing C(0,0) and C(%11,0), note that (C.2a)), (C.2B), (C.2d), and (C.2¢) are
equivalent to (C.4a)), (C.4b)), (C.4d), and (C.4€)), respectively. That being the case, the region
C(%11,0) is larger than the region C(0,0) if at least one of the following conditions holds true:

min (03, 04, 61 + 02, 05, 0) <07 <min(03, 61 + 2, 05, 63), (C.5a)
min(96, 01 + 205,05 + 03,04 + 02)<08<min (91 + 205,09 + 03,09 + 97) . (C5b)

Condition ((C.bal) implies that the active sum-rate bound in C(%H, 0) is greater than the active
sum-rate bound in C(0,0). Condition (C.5b)) implies that the active weighted sum-rate bound
on R +2Ry in C (%11, 0) is greater than the active weighted sum-rate bound on Ry + 2Rs in
C(0,0).

To simplify the inequalities containing the operator max(-, -) in (C.4]) and (C.2)), the following
4 cases are identified:

Case 1 2711 —ni2 < N9 and ﬁgg —n21 < N2, (CG)
Case 2 2?11 —ni2 < N921 and ﬁgg — nN21 = N12; (07)
Case 3: ﬁn —Ni2 = N9j and WQQ —ng1 < Ni12; and (CS)
Case 4: 711 — N12 2 no1 and 722 — N9t 2 nig. (Cg)
Case 1: Under condition (C.1]), the Case 1, i.e., (C.6]), is not possible.
Case 2: Under condition (C.1]), the Case 2, i.e., (C.7)), is possible.
Plugging (C.7)) into (C.4)) yields:
Ry + Ro<min (92 + 711 — nig, max (711, n21) + 29 — na1) (C.10a)
R; + Re<max (nay, %11) + 722 — noai, (C.10b)
R, + 2R2§2ﬁ>22 — N1 + max (ngl, %11) . (C.lOC)
Plugging (C.7)) into (C.2)) yields:
Ry + Ry< 92, (C.11a)
Ry + 2Ro<27 9. (C.11b)

To simplify the inequalities containing the operator max(-,-) in (C.10)), the following 2 cases
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are identified:

Case 2a : 711 > noq and (C.12)
Case 2b 711 < nay. (C.13)
Case 2a: Plugging (C.12)) into (C.10)) yields:
R + Rggﬁn + %}22 — noaq, (C.14a)
Ry 4 Ro<max (ng1, 7 11) + 192 — nau, (C.14b)
Ry + 2R2§2ﬁ>22 — N2 + max (ngl, %11) . (C.14C)

Comparing inequalities (C.14a) and (C.14b) with inequality (C.11a]), it can be verified that
min (711 + ﬁQQ — Nn21, Max (n21, %11) + 722 - ngl) > WQQ, i.e., condition hOldS,
when %11 > noj. Comparing inequalities and , it can be verified that
2722 — N9l +max (ngl, %11) > 2722, i.e., condition holds, when %11 > noy. Therefore,
2%, = ng1 under conditions (C.1)), (C.3), (C.7), and (C.12).

Case 2b: Plugging into yields:

Ry + Ro< a2, (C.15a)
R1 + Ry<max (’I’Lgl, %11) + 722 — na2i, (C15b)
Rl + 2R2<2ﬁ>22 — N1 + max (7121, %11) . (Cl5C)

Comparing inequalities ((C.15a)) and (C.15b)) with inequality (C.11al), it can be verified that
min (722, max (ngl, %11) + ﬁgg — 77,21) = 722, i.e., condition " does not hold, for

all 71, € IN. Comparing inequalities (C.15d) and (C.11D) it can be verified that 2779y —
No1 + max (ngl,%n) > 2#22, when %11 > N9y, which implies that ﬁn > max (ﬁn,nm).

However, under the conditions (C.1)), :C.3), (C.7), and (C.13]), the bounds (C.11b)) and (C.15¢)

are not active. Hence, condition ((C.5b)) does not hold. Therefore, for all i1 € IN, the capacity

region cannot be enlarged under conditions (C.1 ), (C.3)), (C.7), and (C.13).
Case 3: Under condition (C.1)), the Case 3, i.e., (C.8)), is possible.

Plugging (C.8)) into (C.4)) yields:

R + Roy<min (max (722, n12) + 711 — nio9, 711 + 722 — ngl) , (C.16a)
R + Ry<max (ﬁn — Ny, ﬁn) + n12, (C.16b)
— — =
R, +2R2<max(n22,n12) + M99 — N9t +max(n11 nig, 11) . (C.l6C)
Plugging (C.8)) into (C.2)) yields:
Ry + Rggﬁn, (C.17a)
Ry 4 2Ry<max (792, n12) + Moz — na1 + 111 — 2. (C.17b)

To simplify the inequalities containing the operator max(-, ) in (C.16|) and (C.17)), the following
2 cases are identified:

Case 3a : 729 > ny2 and (C.18)
Case 3b Zﬁgg < ni9. (019)
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Case 3a: Plugging (C.18)) into (C.16|) yields:

Ri+ Ro<Ti 0 + 111 — Nz, (C.20a)
Ry + Ry<max (11 — n1g, 1) + maa, (C.20b)
Ry + 2R2<2ﬁ>22 — No1 + max (711 — n1i2, %11) . (CQOC)

Plugging (C.18]) into (C.17)) yields:

Ry + Ro< 11, (C.21a)
Ry + 2R2<2ﬁ>22 —no21 + 711 —nN12. (Cle)

Comparing inequalities (C.20a) and (C.20b]) with inequality (C.21a)), it can be verified that
min (722 + 711 — N2, Max (ﬁu — N1, ﬁn) + ’I’L12) > 711, i.e., condition holds
when 711 > 711 — nia. Comparing inequalities (C.20c) and (C.21b)), it can be verified that
2722 — n21 + max (711 — ni2, %11) > 2#22 — N9l + 711 —ni2, i.e., condition holds
when %11 > 711 — n1s. Therefore, %’{1 = 11 — n1o under conditions (C.1)), (C.3), (C.9),
and .

Case 3b: Plugging into yields:

Ry + Ro< 11, (C.22a)
R1 + Ry<max (711 — ni2, %11) + ni2, (C.QQb)
Ry + 2Ro<nyg + a9 — ngy + max (711 — 12, 11) - (C.22¢)
Plugging (C.18]) into (C.17)) yields:
Ry + Rggﬁu, (C.23a)
Ry + 2R2<ﬁ>22 — N9y + 711. (C.23b)

Comparing inequalities ((C.22al) and (C.22b|) with inequality (C.23a)), it can be verified that
min (711, max (711 — Nqo, %11) + nlg) = 711, i.e., condition ((C.5a)) does not hold, for all

$711 € IN. Comparing inequalities (C.22¢]) and (C.23b)), it can be verified that n12—+ T 92 —no1 +
max (ﬁn — N9, Wn) > 99 —nay + 7711, i.e., condition (C.5b)) holds when U1 > 11— nia.
Therefore, 7%, = 711 — n12 under conditions (C.1)), (C.3), (C.8), and (C.19).

Case 4: Under condition (C.1]), the Case 4, i.e., (C.9), is possible.

Plugging (C.9)) into (C.4)) yields:

Ry + Ro<min (729 + W11 — n12, W11 + Taz — na1), (C.24a)
Ri + Ry<max (711 — Nio2, %11) + 722 — noai, (0.24b)
R + 2R2<2W22 — No1 + max (711 — Nni9, %11) . (0.240)
Plugging (C.9)) into (C.2)) yields:
Ry + Ro< 11 — nia + oz — nat, (C.25a)
Rl + 2R2<2ﬁ>22 —n91 + 711 — N192. (025b)

Comparing inequalities ((C.24a)) and (C.24b)) with inequality (C.25al), it can be verified that
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min(min (W22 +711 — ma2, W11 + Moz — n21>, max (711 — n12, Wn) + Mo — n21> >

711 —nig + ﬁgg — N9y, t.e., condition holds when %11 > ﬁ)H — ny1s. Comparing

inequalities and , it can be verified that: 2722 — n91 + max (711 — N9,

%11) > 2?22 —n921 + 711 — N9, t.e., condition holds when %11 > ﬁll — N12.
Therefore, Wfl = Wu — n19 under conditions , , and .

From all the observations above, when both transmitter-receiver pairs are in VWIR (event
Fqin holds true), it follows that when 01 > W’{l and 711 > noy (event Eg; in
with 7 = 1 holds true) with 2%, = max (711 — n12, na1), then C(0,0) € C(%11,0). Otherwise,
C(0,0) = C(%11,0). Note that when events F; and Eg; hold simultaneously true, then the
event Sp1 in with ¢ = 1 holds true, which verifies the statement of Theorem [2l The
same procedure can be applied for all the other combinations of interference regimes. This
completes the proof. |
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Proof of Theorem 3

HE proof of Theorem [3|is obtained by comparing C(%H, 0) (resp. C(0, %22))
I and C(0,0), for all possible parameters 11, oo, nis2, Na1, and 711 (resp. 11,
722, n12, No1, and %22). More specifically, for each 4-tuple (711, 1 99, N12,

ngl), the exact value 71, (resp %73,) for which any %71, > W1, (resp 722 > %1l,) ensures
an improvement on Ry (resp. Ry), i.e., Ai(Tr11,0) > 0 (resp. Ag(0, Tr92) > 0), is calculated.
This procedure is so long and repetitive. Then, in this appendix only one combination of
interference regimes is studied, namely, VWIR - VWIR.

Proof:

Consider that both transmitter-receiver pairs are in VWIR, i.e., conditions hold.
Under these conditions, the capacity regions C(0,0) and C (%11, 0) are given by and
, respectively. When comparing C(0,0) and C(%H,O), note that (C.2al), (C.2b)), (C.2d),
and are equivalent to (C.4a)), (C.4Db)), (C.4d), and (C.4e), respectively. In this case any
improvement on R; is produced by an improvement on R; + Ry (condition ) or 2R + Ry
(condition ), and thus, the proof of Theorem [3|in these particular interference regimes
follows exactly the same steps as in Theorem [2l This completes the proof. ]
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Proof of Theorem 5

He proof of Theorem |5|is obtained by comparing C (WH, 0) (resp. C(0, %22)) and
I C(0,0), for all possible parameters 711, 99, N2, n21, and 11 (resp. ﬁ)n,
722, n12, N21, and %22). More specifically, for each 4-tuple (711, ﬁgg, n12,

ngl), the exact value 7], (resp $25,) for which any %11 > ], (resp 22 > 05;) ensures
an improvement on Ry + Ry, i.e., Z(ﬁn,()) > 0 (resp. Z(O,ﬁm) > 0), is calculated. This
procedure is so long and repetitive. Then, in this appendix only one combination of interference
regimes is studied, namely, VWIR - VWIR.
Proof:

Consider that both transmitter-receiver pairs are in VWIR, i.e., conditions hold.
Under these conditions, the capacity regions C(0,0) and C (?11, 0) are given by and
(C.4)), respectively. When comparing C(0,0) and C(11,0), note that (C.2a), (C.2b), (C.2d),

and (C.2e) are equivalent to (C.4a)), (C.4b)), (C.4c), and (C.4€]), respectively.
In this case, the proof is focused on any improvement on R; + Ry (condition (C.5a))), and

thus, the proof of Theorem [5]in these particular interference regimes follows exactly the same
steps as in Theorem [2]

From the analysis presented in Appendix [C] it follows that:
Case 2a: condition holds true, when %211 > ng; under conditions (C.1), (C.3), (C.7),
and .
Case 2b: condition does not hold true, under conditions , , and .
Case 3a: condition holds true, when %11 > 711 — n12 under conditions , ,
(€3, and ([C19.
Case 3b: condition does not hold true, when %11 > 711 — n12 under conditions ,
(C.3), (C.g8), and (C.19).
Case 4: condition holds true, when ﬁll > 711 — nq2 under conditions , ,
and .

From all the observations above, when both transmitter-receiver pairs are in VWIR (event Ey
in (4.6) holds true), it follows that when 011 > %ﬁ, 11 > no (event Eg; in (4.13) withi =1
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holds true), 722 > nyg (event Eggo in with ¢ = 2 holds true), ﬁn + 722 > ni2 + 2ng1
(event Eqp in with ¢ = 1 holds true), and 11+ Moo > not +2n19 (event E1g 2 in (4.15)
with ¢ = 2 holds true) with ?ﬁ = max (711 —n12,n21), then E(%H,O) > 0. Otherwise,
Z(%H, 0) = 0. Note that when events Ei, Eg i, Ega, Ei01, and Ejp2 hold simultaneously
true, then the event Sy in holds true, which verifies the statement of Theorem |5l The
same procedure can be applied for all the other combinations of interference regimes. This
completes the proof. ]
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Proof of Theorem

THIS appendix provides a proof to Theorem [f] for the two-user LDIC-NOF.

Proof:

Under symmetric conditions, 7.e., = 711 = 722, m = nis = ng1 and = WH = %22,
from (4.1a) and (4.1b) with ¢ € {1,2} and j € {1,2}\ {i}, it follows that:

R; < a1 £ min (max (7, m) , max (ﬁ, o — (7 — m)+)) , (F.1)
Ry < a1 £ min (max (7, m) , max (ﬁ), (7 - m)+)) ; (F.2)

from (4.1c) and (4.1¢)), it follows that:
Ri+Rs < as (F.3)

£Lmin (max (7, m)+ (7 —m)", 2max ((ﬁ> —m)" ,m, "W — (max (7, m) — )" )) ;

and from (4.1d)), it follows that:

2R1+Ry < as (F4)
Lmax (7, m) + (7 —m)" + max ( (7 —m)*,m, 7 — (max (7, m) — ﬁ)Jr),
R1+2Ry < as (F5)

Lmax (7, m) + (7 —m) " + max ((ﬁ> —m)",m, W — (max (7, m) — ﬁ)Jr)

The sum-capacity can be obtained considering the sum of (F.1)) and (F.2)); (F.3); and the sum-

rate bound that can be obtained from (F.4) and (F.5) with R1 > 0 and R2 > 0, respectively.
Then,
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F. Proof of Theorem @

Ry + Ry<min (2a1, az, a3)
=min (2a1, a2) , (F.6)
given that ag > as.

The symmetric capacity, C’Sym(ﬁ,m,%) =sup{R € Ry : (R,R) € C(7, 7, m, m, ',

%)}, can be obtained from (F.6)), (F.1), and (F.3) as follows:

a
Csym=min (al, 52)

=min (max (7, m) , max (ﬁ, - (W — m)Jr) , (max (7, m)+ (7 — m)+) )

N |

max (7 —m)",m, 7 — (max (7, m) - %)*)). (F.7)

Plugging (F.7) into (4.31]) yields:

1
Dgym (v, f)=min (max (1, ) , max (1,ﬁ —(1- a)+) '3 (max (La)+ (1 — oz)+> ,
max ((1-a)",0,1- (max(l,a)ﬁ)+>>, (F.8)
where o = = and 3 = % This completes the proof. |
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Proof of Theorem

THE outer bounds ((5.9a) and ([5.9¢) correspond to the outer bounds of the case of

POF derived in [88]. The bounds (5.9b)), (5.9d)) and (5.9¢) correspond to new
outer bounds. Before presenting the proof, consider the parameter hj; 7, with
i €{1,2} and j € {1,2} \ {i}, defined as follows:

0 if (S1V S2,V Ss;)
= \/% if (Sa,; V S5,:) ’ (ED
J

where, the events S1;, S24, 53, Sa4, and Ss; are defined in (5.4). Consider also the following
signals:

Xi,cn=v/INR;i X;n + 7j,n and (G.2)
Xiun=hjivXin + 7j,na (G.3)
where, X; , and 7]-,” are the channel input of transmitter ¢ and the noise observed at receiver
j during a given channel use n € {1,2,..., N}, as described by (2.5). The following lemma is

instrumental in the present proof of Theorem [8]

Lemma 21. For alli € {1,2} and j € {1,2}\ {i}, the following holds:
N
1(Xi0. X0, Vi W Y5 W) <h (YV5005) + 30 [ (X0l Xscn) + B (Vinl Xin X0
n=1
3
3 log (2me) } . (G.4)

Proof: The proof of Lemma [21] is presented in appendix [[} [ |
Proof of (5.9b): From the assumption that the message index W; is i.i.d. following a
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Figure G.1.: Genie-Aided GIC-NOF models for channel use n. (a) Model used to calculate
the outer bound on Ry; (b) Model used to calculate the outer bound on Ry + Ro;
and (¢) Model used to calculate the outer bound on 2R; + Ra

uniform distribution over the set W;, the following holds for any k € {1,2,...,N}:

NR;=H (W;)
=H (W;|W;)

< (Wi Y0, Y5 W5 ) + No()

N

<> [h<?i,na ?j,n’Wja 71’,(1%—1), ?J;(lzn—l), Xj,n) —h (7“1) —h (§3n> }

n=1

+NG§(N)

< % 0 (Vin Vil Xn) = 0(Zin) — 1 (Z;0) | + N6(N)

n=1

N (0(Vir: ¥ j01X0) — log (2me) | + No(NV), (G.5)

where (a) follows from Fano’s inequality with ¢ : N — R, a positive monotonically decreasing

function (Lemma (see Figure [G.1h).
From (G.5)), the following holds in the asymptotic block-length regime:

Rzgh <?i7k7 ?j,k‘Xj,k) - log (271'6)
| 1 (bS,i + by 5(p) + 1)%%
log (b3,z + 1) + ilog <b1,j(p) N 1) (bg’@' o ,02))

< +1). (G.6)

N |

This completes the proof of (5.9b)).
Proof of ((5.9d):

From the assumption that the message indices W7 and Ws are i.i.d. following a uniform
distribution over the sets WW; and W respectively, the following holds for any k € {1,2,...,N}:

N (By+ Ry) =H (Wh) + H (W)

(%)I (Wl;?h?l) + I (W2;72,?2) +N5(N)

132



+h (Z0Y) 1 (Va i) - 0 (Va W, Y0 X0) + 1 (Vo) + 1 (22 V)
) = 1 (YalW, Yo, X5) + N6(N)
(@ > (7)1 (F10) (X200 5.0 +1(72) £ (7
)~ b (X1clW2. Yo, Xa) + No(N)
( \W1> (XQ,C’,?Q‘WI,?,X1>+h(72’W17?17X1’X2,C')
(7) h(? W) — <X170,71]WQ,?2,X2>+h<71|W2,?2,X2,X17C)
)+
(

+N log (2me) + NJ(N)

_h(7) n(Y, W) - (XZC,XLUle,?l,Xl) +h<72|Wl,?1,X1,X27C)
+4(V2) — 1 (ValWa) — (X100 Xo0Wa, Yo, Xo ) 4+ 1 (Z1Wa, ¥V, X2, X1 )
+N log (2me) + N§(N)

=1 (V1) ~h (Vo2 + [T (Xo0. X00s W1, Y1) — b (Xa0. Xap) |+ 1 (V)

—h (?Z‘WQ) + [I (Xl,C7X2,U5W27?2> — h(XLC?XQ,U)}
4 (Z1[We, Y2, X0, X1.0) + b (Z2W1, Y1, X1, X.0) + Nlog (2me) + N6(N)

Y1) -h (Vo) + [T (Xoc, X100, Y1) = b (Xae, Xi0) | + 1 (V)

?2‘W2) + [I (X1,C,X2,U;W2,?2) - h(Xl,CyX2,U)} + {h <X2,CaX1,U|?2)

Z1|Wo, Y2, X5, X10) + 1 (Z2|W, ¥, X1, Xa.0) + Nlog (2me) + N3(N)
©), 71\X1,C,X2,U> —h (?1\W1> +1 <X27CaX1,U; Wh, ?1) +h <?2\X2,C,X1,U)
(?Q‘WQ) +1 (XLC,XQ,U; W, ?2) —h (71,72|?2,X1,X2)
1 (22, Z1Y 1, X, X0 )+ 1 (20|, Vo, X0, X1 0) 4 (221, ¥ 1, X0, X0
+Nlog (2me) + NJ(N)
(gh (71|X1,C, X2,U> —h (?1|W1> +1
1 (Vo[ Wa) +1 (X100, X0 Wa, ¥a) + Nlog (2me) + NS(N)
<h (71|X1,C, X2,U> —h (?1|W1) +1(Xoc, X1,u, Wa, ?27 Wi, ?1>

+h (?Q\Xw, X))~ h (ﬁ\Wg) +1(Xyc, Xop, Wi, Y. W, 372) + Nlog (2re)

+NS(N)
@
<> [h (?1,n|X1707 Xou, 71,(1;7171)) +h (X1unlXocn) +h <?27n|X2,n7 X1,U,n)

<h(
—h(
h (X2.0. X1 0¥, X1, Xo) |+ [1 (X0, Xop|¥) b (X0, Xou[ V1, Xo, X1 )|
+h (
(
—h

X0, X1,u; Wi, 1% ) +h(?2\X2,C,X1,U)

/'\\ N

+h (?lez,C, Xl,U72,(1:n—1)) +h (Xoun|X1,0m) + 1 (?l,n‘leu X2,U,n) —3log (27T€)}
+N log (2me) + NS(N)
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Mz

< [ ( 1n|X1,C,n,X2,U,n) +h (X1,unlX2,0n) +h (YQ,n|X2,nu Xl,U,n)

Il
—

n

+h (Yon Xa.cm X1.0m) +h (KXol X1.00) + 1 (V10| X1 Xo ) = 3log (27¢) |
+N log (2me) + NS§(N)
=N [h (71,k\X1,c,k, X2,U,k) +h (X1uk| Xocx) +h (?M’XM, Xl,U,k;)
+h (72,k|X2,0,k, X1,U,k:> +h( k) +h (? , Xz,U,k;) —3log (2776)]
N log (2¢) + NS(N), (G.7)

where (a) follows from Fano’s inequality with § : N — R, a positive monotonically de-
creasing function (Lemma (see Figure |G.1p); (b) follows from the fact that h (71) -

h(Xic, Xju) + h (Xi,c,Xj,Uy?i) = h(YilX;c, X;0); (c) follows from the fact that
h (7¢]Wj,?j,Xj,Xi7c> —h (71, Zj\?j,Xi,Xj) < 0; and (d) follows from Lemma

From (G.7), the following holds in the asymptotic block-length regime for any k €
{1,2,...,N}:

Ry + Ro<h (71,k\X1,C,k, Xz,U,k) +h(X1ukl Xecr) + R (ylk’XQ,kn Xl,U,k)
+h (?2,k|X2,C,k7 Xl,U,k) +h (Xourl X1,0k) + 1 (?1,k|X1,k7 X2,U,k> — 2log (2me)
g% log (det (Var (?1,k7 Xi,0k, XQ’U,]{;>)) — %log (INRj2 + 1)
—l—% log (det <Var (sz, X2,k7 Xl,U,k))) — %log det Var (XQ ky X1 Uk)))
+% log (det <Var (72,1@, X2.C ks Xl,Uk))) — = log (INRg; + 1)

1
—|-§ log (det <Var (Yl,ku Xl,k7 XQ’U,k))) — = log det Var (X1 ks X9 Uk)))
+ log (2me) , (G-8)

where, for all ¢ € {1,2} and j € {1,2} \ {i}, the following holds for any k € {1,2,...,N}:
det (Var (?ng, Xj.Ck Xi,U,k:)) = SNﬁ] + INRj; + h]zi,U — 2hj1'7U\/INRjZ' (G.9a)

+(1-p%) (INRZJINR i+ hy (SNRj + INRZ-j) - 2hji,UINRijJWTﬂ>

+2p\/ Sﬁj ( INRjZ' — hji,U) y

det (Var (V5 X0 Xiwa) ) =1+ 1%, (1 p2) (G.9b)
ﬁ (1—p?) (h? ﬂ v — 2hjiu/INRj; + INRj; )
(ﬁ +2p\/SNE,INR; + INR;; + 1) ’

det (Var (X5, Xiu))=1+ (1= p?) b3, . (G.9¢)

and

The expressions in (G.9) depend on Sy, S2i, S3,, Sa, and Ss; via the parameter hj; y in
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(G.1)). Hence, the following cases are identified:
Case 1: (Sl 9V Sy 2V Sx 2) (Sl 1V SQ 1V S5 1) FI‘OHI , it follows that h127U =0 and

ho1,u = 0. Therefore, plugging the expression mto G.8]) yields (5.6a)).
Case 2: (Sl 2V 522 V Sy 2) (53 1V Sy 1) FI“OHI , it follows that his U = 0 and

hot1.u =4/ %1\% Therefore, plugging the expression into ( - yields -
Case 3: (S39V S12)A(S11V S2.1V Ss51). From , it follows that hi2 1/ %1\%
and hgy = 0. Therefore, plugging the expression (G.9) into (G.8|) yields (5.6¢] .
Case 4: (S32V S12) A (S31V Sy1). From , it follows that hio = ,/%I\% and
ho1,u = ,/%1\% Therefore, plugging the expression into ( - yields ([5.6d]

This completes the proof of -

Proof of : From the assumption that the message indices W; and W; are i.i.d.
following a uniform distribution over the sets W; and W; respectively, for all ¢ € {1,2} and
j € {1,2}\ {i}, the following holds for any k € {1,2,...,N}:

N (2R; + Rj) = 2H (Wi) + H (W)

“”H (W) + H (Wi|W;) + H (W;)
<I (Wi§ ?i, ?z> +1 (VVZ, ?i, ?J’WV]') + 1 (Wj; ?J’, ?J) + N5(N)

(W YWy, Y5) +0(Y) +0(Z5) — 0 (Y1w)) = 0 (F50,.Y5) + N6(V)
=1 (¥3) —h (Yawi) = 0 (VW Vi X)) — b (Y Wi ;) + 1 (W YW, )
4 (¥;) — n (Y5[W;. Y. X;) + Nlog (2re) + N6(N)

)

<h(¥3) = n(Yaws) —n (Yawi Yo, X)) +1 (W Yaw,. ¥5) + (V)

~h (Y|, ¥}, X;) + Nlog (2me) + N§(N)

D (Y) —n (VW) = (X Yo X0) +1 (W Yow,. ¥5) + 1 (V)
~h (X}, Y5, X;) + Nlog (2me) + N§(N)

=1 (¥3) —h (VW) 0 (X0, 2, Wi Y0, X)) +0(Z WY1 X0 X 0
+1 (WY, ¥5) + 1 (¥)) = b (Xi0/W;, ¥, X)) + Nlog (2me) + N6(N)
D (V) (VW) = n (X0 XiwWe. Vi X3) + 0 (Wi, Vi X1, X )
+1 (W Yl ¥5) + 1 (¥)) = b (Xi0/W;, ¥, X;) + Nlog (2me) + N6(N)
<k (¥3) — 1 (ViW) = 0 (X0, Xo0oIWe, V) + 0 (2,0, Y0 X0, X0

1 (W Y0 X e[ W3, ¥5) + 1 (V5) = 1 (XiolW5.¥5) + Nlog (2me) + NS(N)
=1 (¥2) 1 (ViW:) — b (X0, Xou Wi Y3) + 1 (2,03, Y1, X0 X0

4 (YW, Y. Xic) — b (Vi Xl Wi, W3, ¥5) + 1 (V) + Nlog (2me) + NS(N)
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“h (V) 0(YiWi) — b (X0, XiplWi Y3) + 1 (2,03, Y1 X0 X0
(YW, Y. Xic) — b (Vi Xiol Wi, W, Y. X0, X)) + 1 (Y) + Nlog (2re)
+TN§(N)
=h (? ) (? |W> (Xj,C,Xi,U|Wi7§i> +h (7j|Wi7?iaXi7Xj,C)
+h (? |WJ,?J,XZ C’) h (7ia7j‘WiaI/Vja?jaXian) +h (?J>
+N log (2me) + N§(N)
Dn (7)1 (Vi) = b (Xso XaolWe, V) + 1 (0, %5, Xoc) + 1 (7))
+N log (2me) + N§(N)
<h(¥3) = n (VW) +1(Xj0 Xiw: Wa ¥i) = h(Xj0. Xiw) + 1 (YW, ¥, X )
+4(¥;) + 1 (X0, Xiu[¥;) + Nlog (2me) + N6(N)
D (V3) — 1 (VW) + 1 (X0, Xow:Wa, ¥i) + 0 (YW, ¥ X0
+h(7 | X ¢, 1U)+Nlog 2me) + NJ(N)
<h(¥3) = n (VW) +1(Xj0. Xiw W ¥V W Vo) 41 (Vw3 ¥, X))
+h(7 | X, 1U)+Nlog 2me) + NJ(N)
(¥ )+z[ Xial X )+ b (Vi Xy Xegin) — 5 log (2c) |
+h (¥, |WJ,§7J,XZ ¢) + 1 (Yi1X ¢, Xin) + Nlog (2me) + N§(N)
(7 (V) + Z [0 (Xs 0l X cn) + B (Vg X X ) — glog (2re) | + 1 (Vi X1 0. X))

+n (Y <|ch, Xiy) + Nlog(2re) + N3(N)
U

N
T; (Vin) +h Kl Xjen) + 0 (Yl Xy Xorn) - glog (2me)

4 (Y il Xicon Xgin) + b (¥ 50l Xj e Xivim ) | + Nlog (2me) + NS(N)

= N1 (Vik) + 0 KewalXien) + 0 (V il X Xows) 2 log (2me) + b (Virl Koo Xi)
+h( k| Xs ok Xik) + 2log (2me) + 3(N)] (G.10)

where, (a) follows from the fact that W and W5 are mutually independent; (b) follows from
Fano’s inequality with 6 : IN — R a positive monotonically decreasing function (Lemma

(see Figure [G.1k); (c) follows from (2.5) and (G.2); (d) follows from (G.3); (e) follows from
(2.1) and the fact that conditioning does not increase entropy (Lemma [40)); (f) follows from the

fact that h (7j|Wj> ?MX@', Xj,C) —h (71, 7j|Wi7 Wj, ?J’, Xi, XJ> < O; (g) follows from
the fact that h (V) ~h (X0, Xi0) +h (X0, X001 ¥ ;) = b (V51X 0. Xi0); (b) follows
from Lemma and (i) follows from the fact that conditioning does not increase entropy

(Lemma [40)).
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From (G.10]), the following holds in the asymptotic block-length regime for any k €
{1,2,...N}:

2R; + Rj<h <?zk> +h(XsuklXjor) +h (?j,k’Xj,ka Xi,U,k) +h (7z‘,k|Xz',C,k7 Xj,lc)
+h (7j,k:|X Coks Xi,U,k) - % log (2e)

1 ﬁ ﬁ 1
<§ log (SN i+ 2p SN Z’INRU + INRZ']' + 1) - 5 log (INRij + 1)

+% log (det (Var (?M, X ks XZU/C))) — %log (det (Var (Xjx, Xivk)))

% log (1+ (1 - ?) (SNE; + INRy;) ) - %log (14 (1— p?) INR;;)

-l-%log (det (Var (?j,ka X0k lek») +2log (2me) . (G.11)

The outer bound on (G.11)) depends on Sy, S24, 534, Sa4, and Ss; via the parameter hj; 7
in (G.1). Hence, as in the previous part, the following cases are identified:
Case 1: (S1,;V S2,;V S5;). From (G.1)), it follows that h;; 7 = 0. Therefore, plugging the
expressions (G.9) into (G.11)) yields (5.7a]).
. INR,,;INR ; .
Case 2: (S3;V S4;). From (G.1), it follows that hj; ; = ’/ﬁlzwjij' Therefore, plugging

the expressions (G.9) into (G.11)) yields ([5.7b]).
This completes the proof of (5.9¢) and the proof of Theorem
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Proof of Theorem 9|

HIs appendix presents a proof of the Theorem [9] The gap, denoted by d, between
I the sets C and C (Definition @ is approximated as follows:

5= max (531,632, %R 53;1 : 5:";) , (H.1)
where,
d g, =min (H1,1(P ), k2,1 (p'), k3,1(p") ) min (az 1(p), a6 1(p, 1) + as2(p, p1),
ary +aza2(p, p1) + as2(p, 1) ) (H.2a)
dRr,=min (%1,2(p ) k2,2(p"), k3,2( ) min (a2 2(p), az,1(p, p2) + ae2(p, p2),
as1(p, p2) + as1(p, p2) + a1,2>, (H.2b)

dop=min (m(p’), /‘55(0/); HG(PI)) — min (GQ 1(p) + a1 2,011+ a2,2(ﬂ),
az1(ps p2) + a1 + az2(p, p1) + ar2(p, pa, p2),
az,1(ps p2) + as,1(p; p2) + az2(p; 1) + as2(p; ),
az1(ps p2) + az,1(p; 1, p2) + az2(p; 1) + a1,2), (H.2c)

az1(p, u2) + a1 + a71(p, pa, p2) + 2a32(p, p1) + as2(p, p1),

(
(
(
d3r,=k7,1(p') — min (az 1(p) +a1,1 +az2(p, 1) + ar2(p; 1, p2),
(
a2,1(p) + a1 + asz2(p, ) + as2(p, o)), (H.2d)
(p

3R, =r72(p') — min <a3,1(07 p2) + as1(p, p2) + az2(p) + a1 2,
a3,1(p7 MQ) + a7,1(p7 M1, /-‘2) + a2’2(,0) + ai,2,
23,1(p, i2) + as,1 (p, p2) + Az 2(p, jun) + @12 + aza(p, 1, pi2) ), (H.2e)
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where, p' € [0,1] and (p, u1, u2) € [O, (1 — max (ﬁ, ﬁ))w x [0,1] x [0, 1].

Note that dr, and g, represent the gap between the active achievable single-rate bound
and the active converse single-rate bound; dop represents the gap between the active achievable
sum-rate bound and the active converse sum-rate bound; and, dsr, and dsr, represent the
gap between the active achievable weighted sum-rate bound and the active converse weighted
sum-rate bound.

It is important to highlight that, as suggested in |31, 53, [88], the gap between C and C
can be calculated more precisely. However, the choice in eases the calculations at the
expense of less precision. Note also that whether or not the bounds are active (achievable
or converse) in either of the equalities in depend on the exact values of Sﬁl, Sﬁg,
INR 2, INRo1, éﬁal, and %2. Hence, a key point in order to find the gap between the
achievable region and the converse region is to choose a convenient coding scheme parameters
for the achievable region, i.e., the values of p, p1, and ps, according to the definitions in
for all 7 € {1,2}. These particular coding scheme parameters are chosen such that the
expressions in become simpler to obtain an upper bound at the expense of a looser outer
bound. These particular coding scheme parameters are different for each interference regime.
The following describes all the key cases and the corresponding coding scheme parameters.

Case 1: INRj9 > Sﬁl and INRgy; > Sﬁg. This case corresponds to the scenario in which
both transmitter-receiver pairs are in HIR. Three subcases follow considering the SNR in the
feedback links. .

Case 1.1: SNRy < SNR; and SNR; < SNR,. In this case the coding scheme has parameters:
p=0, 41 =0, and pug =0.

Case 1.2: SNRy > SNE; and SNR; > SNRs. In this case the coding scheme has parameters:
p=0,u1 =1, and us = 1.

Case 1.3: SNRQ < SNR; and SNRl > SNRQ. In this case the coding scheme has parameters:
p=0,pu =0,and pus = 1.

— —

Case 2: INR12 < SNR; and INRy; < SNRy. This case corresponds to the scenario in which
both transmitter-receiver pairs are in LIR. There are twelve subcases that must be studied
separately.

In the following four subcases, the achievability scheme presented above is used considering
the following parameters: p =0, p; =0, and pg = 0.

Case 2.1: SNRy < INRa;, SNRy < INRys, INR1oINRo; > SNR; and INR1oINRy; > SNRs.

Case 2.2: SNR; < INRy;, SNRoINRy; < SNKa, INRppINRs; > SNE; and INR15INRyy <
SNRs.

Case 2.3: SNR,INR,, < SNK;, SNRy < INRy2, INR12TNRs, < SNR, and INR;5TNRy; >
SNRo.

Case 2.4: SNR;INRy; < SNR;, SNRyINRy < SNHy, INRyINRy < SNH,; and
INR12INRs; < SNR».

In the following four subcases, the achievability scheme presented above is used con-
INR2,SNR,

(INRy; — 1) (INR5; SNR + SNE»)

sidering the following parameters: p = 0, pu; = , and

INR%2§NR1
(INRy3 — 1) (INR1oSNRy + SNE; )
Case 2.5: §NR1 > INRo1, §NR2 > INR12, INR12INRo; > SNﬁl and INR12INRg; > SNﬁQ
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Case 2.6: §NR1 > INRQl, §NR21NR21 > SNRQ, INR12INR9; > SNR1 and INR15INRy; <
SNRos.

Case 2.7: §NR11NR12 > SNﬁl, §NR2 > INR127 INR12INR9; < SNﬁl and INR15INRy; >
SNR».
Case 2.8: §NR11NR12 > SNﬁl, §NR21NR21 > SNﬁQ, INR2INRg; < SNﬁl and
INR12INR9; < SNﬁQ.
In the following four subcases, the achievability scheme presented above is used considering
1NR%2§NR1
(INRps — 1) (INR12§NR1 + SNﬁl) '

the following parameters: p =0, p; = 0, and pg =

Case 2.9: §NR1 > INRQl, §NR2 < INRlQ, INR15INR9y; > SNﬁ1 and INR;12INR9; > SNﬁg

Case 2.10: §NR1 > INRQl, §NRQINR21 < SNﬁQ, INR12INR9; > SNﬁl and INR12INR9; <
SNRos.

Case 2.11: §NR11NR12 > SNﬁl, §NR2 < INng, INR2INR9; < SNﬁl and INR2INR9; >
SNRs.

Case 2.12: §NR INRi2 > SNﬁl, §NR21NR21 < SNﬁQ, INR12INR9; < SNﬁl and
INR12INR5; < SNRo.

—
Case 3: INR9 > SNﬁl and INRg; < SNRjy. This case corresponds to the scenario in which
transmitter-receiver pair 1 is in HIR and transmitter-receiver pair 2 is in LIR. There are four
subcases that must be studied separately.

In the following two subcases, the achievability scheme presented above is used considering
the following parameters: p =0, g1 = 0, and ps = 0.

Case 3.1: §NR2 < INR;j2 and INR13INR9; > SNﬁ\Q.
Case 3.2: gNRQINRgl < SNﬁQ and INRlZINRgl < SNﬁg.

In the following two subcases, the achievability scheme presented above is used considering
the following parameters: p =0, u; = 1, and ugs = 0.

Case 3.3: §NR2 > INR;2 and INR12INRg; > SNﬁQ.
Case 3.4: §NRQINR21 > SNﬁQ and INR12INR9; < SNﬁQ
The following is the calculation of the gap § in Case 1.1.

1. Calculation of g, .

From (H.2a) and considering the corresponding coding scheme parameters for the
achievable region (p = 0, p1 = 0 and pg = 0), it follows that

0R, <min (IiLl(pl), R271(pl), R371(,0/)) — min (a6,1(0, 0), a;q+ a472(0, 0)), (H.3)

where the exact value of p’ is chosen to provide at least an outer bound for (H.3)).
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Note that in this case:

1
K11(p) 5 log (511( ’)+1)
21 ;5 log (S NE; + 2V/SNE,INRy5 + INRys + 1)
<3 Lo (28 NE, + 2INR ;s + 1)
1 e 1
5 log (SNR1 + INR12 + 1) + 3 (H.4a)
1
K2, 1 5 10g (1 + b4,1 + b5 2( ))
%log (SNE, + INRay + 1), (HL.4b)
1 1 § NRs b41 +b52( )+1)
— Zlog (b +-1o 1
K3,1(p 20g(41 ) 5 ( (12(1) + 1) (bar(7) + 1) +
©1 SNR, (SNﬁ1 +INRo; +1)
< log (SN ﬁ1+1) 5 log +1
2 (S NRj + INRg, + 1) (SNﬁ1 + 1)
SNRo (SNE, + INRoy + 1
:}log 2< ' - )+S §1+1 , (H.4c)
2 SNRs + INRo; + 1

where, (a) follows from the fact that 0 < p’ < 1; (b) follows from the fact that

(V/sNE, - \/INRH)Z > 0: (HL.5)

and (c) follows from the fact that k3 1(p’) is a monotonically decreasing function of p'.

Note also that the achievable bound a1, + a42(0,0) admits the following lower-bound:

1. (SNR, 1
a1,1+a42(0,0)= 21 (INRQ ) +35 log (INR21—|—1) -1

1. (SNR, 1

>01 2]+ Z1log (INRa;) —
2 Og(INR T ) 2 og(INR»)
1

=5 log (SNE, + 2INR5 )
L (o

=5 log g (SNE; + INRyy + INRy; ) — 1
1

>3 lo (SNR1 +INRy; +1) -1 (HL.6)

From (H.3), (H.4) and (H.6)), assuming that a; 1 + a4,2(0,0) < as,1(0,0), it follows that

0p, <min (Hl,l(pl), k21(p'), H3,1(p)> — (a1,1 + a472(0,0)>

<r21(p) — (al,l + a4,2(070))
<. (HL.7)
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Now, assuming that ag 1(0,0) < a1,1 + a4,2(0,0), the following holds:

ory <min (k11(p), K2,1(p'), 3.1(p)) = a6,1(0,0). (HL8)

To calculate an upper-bound for , the following cases are considered:
Case 1.1.1: SNR, > INRy; A SNRy < INRyq:

Case 1.1.2: SNR; < INRy; A SNKy > INR;2; and

Case 1.1.3: SNR; < INRy; A SNR, < INRys.

In Case 1.1.1, from and , it follows that

Op,<k2,1(p") — as,1(0,0)

1 — 1 — 1
<5 log (SNR1 +INRy; + 1) ~ 5 log (SNR1 n 2) +3
1 e —— R 1
<= log (SNR1 + SNE; + 1) ~ Zlog (SNR1 n 2) 4o
2 2
<. (H.9)
In Case 1.1.2, from (H.4)) and (H.8]), it follows that
Sy <rs1(p) — ae1(0,0)
1 §NR2 SNﬁ 1+INRg; +1 1 1
<= log ( )+SNﬁ1+1 ~ Zlog (SNﬁ1+2)+—
2 SNHjs + INRoy; + 1 2 2
1 N 1. 1
<5 log (§NR2 +SNE; +1) - 5 log (SNE, +2) + 5
1 ey ey 1 ey 1
<5 log (SNR1 1 SNE; + 1) — 5 log (SNR1 n 2) +3
<l. (H.10)

In Case 1.1.3 two additional cases are considered:
Case 1.1.3.1: Sﬁl > Sﬁ%g and

Case 1.1.3.2: Sﬁl < Sﬁg.

In Case 1.1.3.1, from and , it follows that

S, <rs1(p) — a61(0,0)
SNR, (SNﬁ1+INR21+1) ;
log

1 1
< +SNE;+1 | — = log (SNR1 T 2) 1=
SNF{Q + INRo; +1 2 2

N | —

zélog (Sﬁl +1) + ;log<
—%log (Sﬁ1 +2) —i—%

%2 (m1 + INRg1 + 1)
(STRZHNRQIH) (SNR1+1) H)
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Liog SNR; (INRy; + INRy; + INR) +1> Ll
= INR4;SNR;

(H.11)

In Case 1.1.3.2, from (H.4]) and (H.8§)), it follows that

Sy <rs1(p) — ae1(0,0)

1 §NR2 SN§1+INR21+1 1 N 1
<= log ( )+SNﬁl+1 — “log (SNR1+2) Wi
2 SNRj + INRg; + 1 2 2
1 — 1 — 1
<5 log (§NR2 + SNE; + 1) ~ 5 log (SNR1 n 2) +3
1 —= —= 1 —= 1
<5 log (SNR1 + SNE; + 1) ~ 5 log (SNR1 n 2) +3
<. (H.12)
Then, from (H.7)), (H.9), (H.10), (H.11)), and (H.12), it follows that in Case 1.1:
3
o <5 (H.13)
The same procedure holds to calculate dg, and it yields:
(532\§. (H.14)

2

2. Calculation of dr. From (H.2c) and considering the corresponding coding scheme
parameters for the achievable region (p = 0, 3 = 0 and p2 = 0), it follows that

521«2<min('€4(p’), w5 (0'), f%(p’)) —min (a2,1(0)+a1,2a a1,1+a2,2(0), a5,1(0,0)+as2(0, 0))

<min (r4(p), 5(p)) = min (a2,1(0) + @12, ar,1 + a22(0), a5,1(0,0) + a52(0,0) ).

(H.15)
Note that
/14(0/):%1% (1 + 1%;5(51(?0,)) + %10{; (51,2(,0/) + 1)
< % log (1 + zg;gﬁg> + %log <b172(p/) + 1)
:%log (1 + ﬁi) + %log (bLg(p’) + 1)
(2; log (1 + E@;) + %log (QSWQ + 2INRy; + 1)
<%log <1+ 181\11\1—15211> —|—%log (mz—FINRgl +1) +%
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1 1
< 3 log (2 + INR21> — log (SNR2 + INRo; + 1) + 5 and  (H.16a)
1log I+ —— bualp —i-flog bia(p)+1
2 1 +b51 2 ’
1 bao(p ) 1 ,
<=1 1 + =1 b 1
1 SNﬁ\ 1
—log <1 + 2 ) + —log <b1,1(p/) + 1)
2 Rio 2
(@1 Nﬁ\ 1
< log (1 43 2) + ; log <QSNR1 + 2INRys + 1)
1 SWQ 1 1
<-log (1 “1log (SNR, + IN 1) + =
5 <+INR12>+2Og(S 1+ R12+>+2
1 Nﬁg 1 ﬁ 1
<=1 2 —1 SN INR 1 — H.16b
20g<+INR12>+20g( 1+ 12+>+2, ( )

where, (d) follows from the fact that

(V/5NE, - \/INRzl)z > 0: (H.17)

and (e) follows from the fact that

(\/ SNE, — \/INR12)2 > 0. (H.18)

From (H.15)) and (H.16)), assuming that ag 1(0) + a1,2 < min (au + a22(0),a5,1(0,0) +
as 2(0, 0)), it follows that

Jor<min (K4(p/), Ii5(pl)) — <a271(0) + a172)

<ks(p') — (a2,1(0) + a1,2)

o
1 SNR;y 1 1 1
<> log 2 ~log (SNE, + IN 1) 4= — = log (SNE, + IN 1
20g<+INR12>+2 og(S 1+ INRq2 + )+2 2og(S 1+ R12+>
1 SNRo
—=1 2 1
2 % (INR12+ >+
3
=, H.1
’ (H.19)

From (H.15|) and (H.16), assuming that a1 + a22(0) < min (a271(0) +ai2,a51(0,0) +
as 2(0, 0)), it follows that

dop<min (M(Pl)» H5(P’)> - (al,l + az,z(()))
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H. Proof of Theorem @

1 SNE, 1
<=log |2 - N IN
5 o ( +INR21>+2 (S Ro + INRg; + )
LS SNH, +2)+1
2 % | INRy,
_3
=

1 1 —=
+=-— 3 log (SNR2 + INRoy + 1)

(H.20)

Now, assume that as1(0,0) + a52(0,0) < min(az1(0) + a1,2,a1,1 + a2,2(0)). In this case,

the following holds:

Sap<min (ka(p'), 5(p')) — (25,10, 0) +a5,5(0,0)) . (H.21)

To calculate an upper-bound for (H.21)), the cases 1.1.1 - 1.1.3 defined above are analyzed

hereunder.

In Case 1.1.1, a51(0,0) 4+ a5,2(0,0) admits the following lower-bound:

as 1(0 0) + a5 2(0 0)

INRa;
log (INRyp + 1) — 1.

MM—* l\D\H

From (H.16)), (H.21)), and (H.22), it follows that

dop<min (ﬁ4(p/) H5(p/)> — (a5,1(0, 0)+a572(0, 0))

—
1 N,
lo (SNR1 +INR12+1>+210 (S

INR 1
INRy, + 21+ )

(H.22)

<ns(p) = (a5.1(0,0) + a5,5(0,0))
1 1 ﬁ 1
<=1 +=lo IN 1 — — —log (INR 1)+1
2°g< INR12> 5 o8 (SN +INRo )+2 o8 (INRaz 1) +
1 1 3
<§ g(24+1)+ = log (INR12 + INRj2 + 1) — 3 log (INRj2 + 1) + = 5
1
<§ og (3) + (H.23)
In Case 1.1.2, a51(0,0) + a5,2(0,0) admits the following lower-bound:
1 SNﬁl 1 SNﬁZ
=—1 =1 INR 1]-1
as1(0,0)+as2(0,0) 5 og (INR21 > + 5 og (INng + 21+
1
> log (INRgy + 1) — 1. (H.24)

~2
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From (H.16), (H.21), and (H.24), it follows that
dop<imin (k4(p), k5(p)) = (a5,1(0,0) + a5,5(0,0))
(v = (%,1(0, 0) + as,2(0, 0))

N
=N
A

1 SNﬁl 1 — 1 1
<=1 2 — 1 N IN 1 — — =1 IN 1 1
20g<+INR21>+20g<S Ro + R21—|—)—|—2 20g( Ro1 +1) 4+
1 1 1 3
<§ log(2+1)+ 5 log (INRg; + INRg; + 1) — 3 log (INRo1 + 1) + 2
1
<5 log (3) +2. (H.25)

In Case 1.1.3, from (H.16), (H.21)), and (H.22)), it follows that
d2r<min (M(P'), Ks(p')) - <a571(0, 0) + as,2(0, 0))

§/€5(p/) — (a571(0, 0) + a5,2(0, 0))

SN,

1 1 1
1 2 — 1 Nﬁ IN 1 — — =1 IN 1 1
Og<+INR12>+20g(S 1+ R12+>—|—2 2Og( Ri2+1)+

1 3
5 log (INR12 +1) + 2

1
<§10g (3) + 2. (H.26)

Then, from (H.19)), (H.20), (H.23)), (H.25), and (H.26)), it follows that in Case 1.1:

1
0or<2 + B log (3) . (H.27)

3. Calculation of d3p,. From (H.2d) and considering the corresponding coding scheme
parameters for the achievable region (p =0, u; = 0 and pz = 0), it follows that

O3y <k (p) = (@11 + a7.1(0,0,0) + a5,5(0,0) ). (H.28)

The sum a1,1 + a7,1(0,0,0) + a5 2(0,0) admits the following lower-bound:

1 SNﬁ 1
ar1 +az,1(0,0,0) + a5 2(0, 0)25 log (INR;l + 2) +3 log (SNﬁl +INRq2 + 1)
1 SNﬁg 3
-1 IN 1] —--=
+2 og (INR12 + INRo; + > 5
1 SNF_il 1
> - ﬁ
> 2log (INRgl +2> + 5 log (SN 1+INR12+1)
1 3
+§ log (INR2; + 1) — 7 (H.29)
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H. Proof of Theorem @

If the term k7 (p’) is active in the converse region, it admits the sum &1 1(p") + £a(p’)
as an upper bound, which corresponds to the sum of the single rate and sum-rate outer
bounds respectively. The following upper bound holds on this sum:

k1 (p)<k1a(p') + ka(p')

1 1 SNﬁl 1
<=log (SNE, +INRjo+1)+=log 2 “log (SNRy + INRg; + 1) + 1
20g( 1+ 12+ )+20g< +INR21>+2 Og( 2+ 21 + )-l-
1 1 SNﬁl 1
<=1 N IN 1)+-=1 2 —log (IN IN 1 1
2og(S ﬁl—l— Ris+ )+2og< +INR21>+2 og (INRg; + INRgy + 1) +
1 1 SNﬁl 1 3
<~log(SNR; +INRja+1) +=1log (2 Z log (IN D+2. (H
20g(S 1+INR2+ )+20g< +INR21>+2 og (INRa; + )+2 (H.30)

From (H.28), (H.29)) and (H.30), it follows that in Case 1.1:

1 1 SNﬁl 1 3
O3p, <=1 N IN 1 —1 2 —1 IN 1 —
3R, 2og(S ﬁl—i- R12+)+20g<+INR21>+20g( Ro1 + )+2
—

1 SNR; 1 1 3

—=1 21 — =1 Nﬁ IN 1) — =1 IN 1 —

20g<INR21+ ) 3108 (SNR1 +INRa 1) — 5 log (INRy 1)+ 5

3. (H.31)

The same procedure holds for the calculation of d3r, and yields:

831, <3. (H.32)

Therefore, in Case 1.1, from (H.1)), (H.14)), (H.13), (H.27), (H.31) and (H.32) it follows
that

dor O3R, 53R2> < 3 (H.33)

6:maX <5R1,5R2, 7, 3 N 3 —

5"

This completes the calculation of the gap in Case 1.1. Applying the same procedure to all
the other cases listed above yields that 6 < 4.4 bits.
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Proof of Theorem (10

0 prove Theorem the first step is to show that a rate pair (R1, R2) € Ri,
I with R; < L; or R; > Uj for at least one i € {1, 2}, is not achievable at an 7-NE
for all n > 0. That is,

N, CCnNB,. (L1)

The second step is to show that any point in C N B,, can be achievable at an 7-NE for all n > 0.
That is,
N, 2CNB,. (1.2)

This proves Theorem

Proof of (I.1): The proof of ([.1)) is completed by the following lemmas:

Lemma 22. A rate pair (R1, Ra) € C, with either Ry < L1 or Ry < Lo is not achievable at
an n-NE for all n > 0.

Proof: Let (s7,s3) € A1 x Az be an n-NE transmit-receive configuration pair such that
uy (s7,s5) = Ry and ug (s7, s5) = Ra, respectively. Assume, without loss of generality, that
Ry < L;. Let s} € A; be a transmit-receive configuration in which transmitter 1 uses its
(711 — n12)+ most significant bit-pipes, which are interference-free, to transmit new bits at
each channel use n. Hence, it achieves a rate Ry (s}, s3) = (711 — ni2)" and thus, a utility
improvement of at least 1 bits per channel use is always possible, i.e., Ry (s},s5) — Ry >,
independently of the current transmit-receive configuration s of user 2. This implies that
the transmit-receive configuration pair (s, s3) is not an 7-NE, which contradicts the initial
assumption. This proves that if (s}, s3) is an »-NE, then Ry > L; and Ry > Lo. This
completes the proof. ]

Lemma 23. A rate pair (Ri, Ry) € C, with either Ry > Uy or R > Us is not achievable at
an n-NE for all n > 0.
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I. Proof of Theorem

Proof: Let (s7,s3) € A1 x Az be an n-NE transmit-receive configuration pair such that
uy (s7,s5) = Ry and ug (s7, s5) = Ra, respectively. Hence, the following holds for transmitter-
receiver ¢:

N R;=H (W;)

Wy (Wil€)

21 (Wi Vi) + No(), (L3)

where, (a) follows from the independence between the indices W; and €;; and (b) follows from
Fano’s inequality, since the rate R; is achievable from the assumptions of the lemma, with
6; : IN = Ry a positive monotonically decreasing function for all i € {1,2} (Lemma [58). In
particular, for transmitter-receiver pair 1 in , the following holds:

(c)
N Ry <N max (711, n12) ZH< 1n|leW17?1,(1:n—l)) + N61(N), (1.4)

where, (c) follows from H (717n|91, 717(1:71_1)) <H (71@) < max(ﬁn,nlg), for all n €

{1,2,...,N}. Note that X, = fl(fz) (Wl, 04, ?17(1%,1)) from the definition of the encoding
function in (2.1)). Moreover, for all n € {1,2,..., N}, the channel input X ,, can be written as

Xi,n = (Xi,C,n7 Xi,D,na Xi,P,na Xi,Q,n) ’ (15)

where for all i € {1,2}, the vector X; ¢, represents the bits of X ,, that are observed by both
receivers, 1i.e.,

dim X; ¢ ,=min (7“, nji) ; (1.6)

the vector X; p,, represents the bits of X, that are exclusively observed by receiver i, i.e.,
dim X pn=(7 s — nji)"; (L.7)

the vector X; p,, represents the bits of X;,, that are exclusively observed at receiver j, i.e.,
dim X; pp=(nji — 7)™ (1.8)

finally, X; 0, = (0,... ,O)T is included for dimensional matching of the model in , i.e.,
dim X; g n=¢ — max (ﬁu, nji) - (1.9)

Using this notation, the following holds from :

| N
Ry<max (7 11,m12) — N > H (X2,C,n7 X2 pn|1, Wi, ?1,(1:7171)) +d1(N)  (1.10)
n=1

:max(ﬁu,nlg) —H (Yzc,n,igpﬂﬂ + 01 (N),for any n € {1,2,...,N}
(L.11)
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where Xy = (X901, X202, X2cn) and Xop = (Xop,1,X202,--.,X2,pn); and
foralln € {1,2,...,N}, Xo¢cn and Xy p,, are respectively the bits in Xo ¢, and Xo p .,

that are independent of Wy, Q1, and 717(1:7171). That is, the bits other than those depending
on bits previously transmitted by transmitter 1. The inequality in (.11} follows from the

signal construction in (2.31).

T

For all i € {1,2}, let X; 0 = (XZ-T’CLn, XICQ,n) be such that X; ¢y, satisfies:

1\t

dim Xi,Cl,n = (min ((ﬁ“ —nij)+7nji) — (min ((ﬁ” —nji)+,nij) — (max (ﬁn, nij) —%ii)Jr ) )
(1.12)

The dimension of X ¢1.,, is chosen as the non-negative difference between two values: (a)
All the bits in X; ¢, that are observed at both receivers and the observation at receiver ¢
is interference-free, i.e., min ((ﬁ” - n,-j)Jr , nji); and (b) the number of bits in X;, that are
only observed at receiver i, interfered by transmitter j, and can be sent via feedback from

+
receiver 7 to transmitter i, i.e., (min ((W” - nji)Jr ,nij> — (max (Wu, nij) — %”ﬁ) . The
vector X; c2, contains the bits in X; ¢, that are not in X; ¢1,. That is,

dim Xi’CQ’n = min (ﬁ“, nji) — dim Xi,Cl,n- (113)

For ¢ = 2, X; c1,, satisfies:

N
dim X 10 = <min( 122 —n21)+,n12> - (min( 22 —n12)+,n21) - (max(ﬁm,nm) —%22)4— > ) .

(L.14)

Given a fixed 5-tuple (711, 722, ni2, N1, %22), consider the following events (Boolean
variables):

Cia: Ny < Maog < N2, (I.15a)
Cop max (ni2, nai, %22) < Moo < N1z + na1, (I.15b)
Csp: Moo <maa, (I.15¢)
Cio:  no <nip < oy < Mo, (1.15d)
Csz2: 99 > max (n12, noi, %22) , (I.15e)
Ce2 : g9 > max (nia + na1, Moz + nat) (L.15f)
Cra: max (112, n21, %22, %22 +ng1 —ni2) < 722 < %22 +no1 < %22 + 722 — N2,
(I.15g)
Cga: max (n12, 91, a2, Waz + no1 — n12) < Moz < nia +noy < Mo +n91. (L15h)
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I. Proof of Theorem

Then, the following holds:

722 — N921 if Cl,g V (CZQ VAN 0372) holds true
' n1g — N2l if 42 holds true
dim X2 01 = n19 if  Cs2 A Cg2 holds true : (1.16)
722 +ni2 — %22 —ngp if C7,2 \Y 08,2 holds true
0 otherwise

The following step establishes a lower-bound on H (:72 2.Cns X 2, D,n) at an 7-NE. From ([I.3)),
the following inequality holds for transmitter-receiver pair 2:

N Ry<I (W2;72|92> + Na(N)

(H (72,n192, 72,(1:n—1)> —-H (?2,n’W2, Qa, ?2,(1:71—1)) ) + No2(N)

WE

i
I

N
WE

(2 (Vo) ~ H (Y 20lWa, 0, ¥y 10mm)) ) + Noa(N)

i
I

(1 (?m) _H (727,1\)(2,,1) ) + Néy(N)

=
™=

i
I

1 (?Q,n; Xz,n) + Noo(N)

M-

3
Il
A

I (72,n§X2,Cl,n7X2,C2,naX2,P,naX2,D,n) + Néa(N)

M-

3
Il
—

M-

(I <?2,n; X020, X2, P, X2,D,n)

Il
—

n

~

+ (72,71; X010 X 2,021, X2,Pn,s Xz,D,n) ) + Néa(N)

WE

(I <?2,n;X2,02,n,X2,P,n,X2,D,n) +H (X2,C1,n!X2,02,n,X2,P,n,X2,D,n))
n

+NG5(N)

I
i

N
=> (I (72,n;X2,C2,mX2,P,naX2,D,n) +H (X2,01,n)> + Nd2(N), (1.17)
n=1

the encoding function and (Wi, Q;, ?i’(lm,l)) — Xin — ?m

Let ¢ : N — R be a monotonically decreasing function such that for all n € {1,2,..., N}
in , the following holds:

where, (d) follows from the fact that X;,, = f) (W Qi <1724,(1%1)) from the definition of

Ro=I (Y 2,0: X020 X2.p X0 ) + H (X.010) + 0(). (118)

Assume now that there exists another transmit-receive configuration for transmitter-receiver

152



pair 2 and denote it by s5. Assume also that using s, for all n € {1,2,..., N}, transmitter-
receiver pair 2 continues to generate the symbols X c2.,, X2 pp, and X9 p,, as with the
equilibrium transmit-receive configuration s3. Alternatively, for all n € {1,2,..., N}, the bits
X o1, are generated at maximum entropy and independently of any other symbol previously
transmitted by any transmitter. More specifically, the bits X ¢, are used to send new
information bits at each channel use n, i.e.,

Ry (s7, s5)<I (Xz,CQ,n, X2 Pn; ?271) + dim X9 c1,5, + 05(N), (L.19)

with 85 : IN — R, a positive monotonically decreasing function. From Definition {4} it follows
that Ra(s?,sh) — Ra < 1. Hence, from ([.18) and (I.19)), it follows that

H(X3,c10)2dim Xo 010 — 0 — @(N) + 5(N). (1.20)

Note that for a finite N, can be satisfied only if n > —p(N) + §5(N). This suggests
that in the asymptotic block-length regime and given n > 0 arbitrarily small at an 7-NE, the
bits X2 c1,, are used at maximum entropy. Note also that from the definition of X 2,Cns it
follows that the bits X2 c1 5 are contained into X 2,0,n and thus, it follows that

dim Xo,c1,0 — 1 — 9(N) + 5(N). (L21)

Plugging (I.12)) and (I.21]) into (I.11)), it follows that at an n-NE,

Ry<max (711, 112)
ot
_<min <(W>22 —n21)+,n12) B (min ((ﬁ>22 _n12)+,n21> ~ (max (ﬁ%mﬂ _%ZQ)JF) )
+1+ p(N) = d5(N), -

which proves, in the asymptotic block-length regime and given n > 0 arbitrarily small, that

Uy <max (711, 112)
1N\t
—(min((ﬁm —n21)+,n12> — (min ( 7 29 —n12)+7n21) — (max (ﬁzz,nm) _%22)4') ) +n,

and this completes the proof of Lemma [ |

Proof of ([.2): To continue with the second part of the proof of Theorem consider a
modification of the coding scheme with noisy feedback presented in the centralized part (Part
IT). The novelty consists in allowing users to introduce common randomness as suggested in
[16, 66].

Consider without any loss of generality that N = Ny = Ny. Let Wi(t) € {1,2,...,2NR}
and Qgt) € {1,2,...,2VRiRr} denote the message index and the random message index sent
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I. Proof of Theorem

by transmitter ¢ during the ¢-th block, with ¢t € {1,2,..., T}, respectively. Following a rate-
splitting argument, assume that (I/Vl-(t), Qgt)) is represented by the indices (I/Vz(t(,)*p Qgt})ﬂ, W%Q,

(2

), W(t]l) € {1,2,...,2VRici)x 1,2, ... 2NRim }x{1,2,. .. 2NRic2 ) [1,2, ... 2NRiR2)x

(2
{1,2,...,2NRP} where R; = Rici+ Ric2+ Rip and R; p = R; p1 + R; ge. The rate R; g
is the number of transmitted bits that are known by both transmitter ¢ and receiver i per
channel use, and thus it does not have an impact on the information rate R;.

The codeword generation follows a four-level superposition coding scheme. The indices
Wislal) and Ql(t]gll ) are assumed to be decoded at transmitter j via the feedback link of
transmitter-receiver pair j at the end of the transmission of block ¢ — 1. Therefore, at
the beginning of block ¢, each transmitter possesses the knowledge of the indices Wl(tc_ll ),
Q(lf;ﬁ), Wétgll) and Qg;ﬁ) In the case of the first block ¢ = 1, the indices Wl(%p Qg%l,
W2(,0(2'1 and Qg(,)})%z are assumed to be known by all transmitters and receivers. Using these
indices, both transmitters are able to identify the same codeword in the first code-layer.
This first code-layer, which is common for both transmitter-receiver pairs, is a sub-codebook
of 2N(R1*01+R2701+R17P“+R27R1) codewords. Denote by u (Wffgf),ﬁﬁﬁ), 2(#611)798&%)) the
corresponding codeword in the first code-layer. The second codeword used by transmitter

1 is selected using (I/Vz(gpgz(tl)%l) from the second code-layer, which is a sub-codebook of

oN(Ric1+Rim) codewords corresponding to the codeword u (Wl(tgll), ngi), W2(t511)7 Qgéi))
Denote by u; (Wl(tgll ), Qg’i;ﬁ), W2(t511 ), Qg_}), Wi(,tc)‘p QE%O the corresponding codeword in the

second code-layer. The third codeword used by transmitter ¢ is selected using (W%Q, th])m)

from the third code-layer, which is a sub-codebook of 2V (Ric2+Rir2) codewords corresponding
to the codeword u; (Wl(tc_ll), Q(lt,l_ﬁ), W2(t511)’ Qgt’_R}), i(,tc)'p Qgtl)ﬂ) Denote by v; (Wl(tc_ll), ng;ﬁ),
WQ(tgll ), Qg}}), W%l, Qz(%l, W%Q, thl)m) the corresponding codeword in the third code-layer.

(2 1
The fourth codeword used by transmitter ¢ is selected using I/Vi(tll from the fourth code-layer,

which is a sub-codebook of 2!V .7 codewords corresponding to the codeword v; (T/Vl(tal1 ), Qgtl_;j) ,
t—1 t—1 ¢ ¢ t t t—1 t—1 t—1 t—1
W2(,01 )’ Qg,m)v Wi(,c)p QE,J)ﬂ’ Wi(,C)'Q’ 951)%2> Denote by x; p (Wl(,Cl )7 Q(I,Rl)’ W2(,01)7 Q(2,R1)’

W'(,gp Ql(.fl)ﬂ, W.(gz, Qg};w, Wf?,) the corresponding codeword in the fourth code-layer. Finally,

1y

the codeword mZ(Wl(tc_ll),Qgt;ﬁ), WQ(’tc_ll),Q(th}P, i{gl,ﬂg’tgﬂ, Wi(,tc)zaﬁz(%z: Wl(t;) to be sent
during block t € {1,2,...,T} is a simple concatenation of the previous codewords, i.e.,

.
x; = (uz—, 'v;r, wZP> e {0, 1}qu , where the message indices have been dropped for ease of

notation.

The decoder follows a backward decoding scheme. In the following, this coding scheme is
referred to as a randomized Han-Kobayashi coding scheme with noisy feedback (RHK-NOF).
This coding/decoding scheme is thoroughly described in Appendix

The proof of uses the following results:

Lemma [24] proves that the RHK-NOF achieves all the rate pairs (Rj, R2) € C; Lemma

provides the maximum rate improvement that a transmitter-receiver pair can obtain when it
deviates from the RHK-NOF coding scheme; Lemma [26] proves that when the rates of the
random components R r1, R1 g2, R2 g1, and Ry ro are properly chosen, the RHK-NOF is an
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n-NE for all » > 0; and Lemma [27| shows that for all rate pairs in C N B,, there always exists a
RHK-NOF that is an n-NE and achieves such a rate pair.
This verifies that A, 2 C N B, and completes the proof of .

Lemma 24. The achievable region of the randomized Han-Kobayashi coding scheme for the
two-user D-LDIC-NOF is the set Of rates (Rl,Cly R17R1, RLCQ, RLRQ, RLP, R2701, R27R1,

Ro.c2, RaR2, Rg}p) € IR}FO that satisfy, for alli € {1,2} and j € {1,2}\ {i}, the following
conditions:

Rjc1+ Rjr1<b61,, (I.23a)
R+ Rjc + Rj,Rgeg,i, (1.23b)
Rjc2 + Rj po<bs;, (I.23c)
R; p<4;, (1.23d)
Rip+ Rjc2 + Rjpo<0s, (I.23e)
R c2+ R; p<bs;, and (1.23f)
Rico+ Rip+ Rjc2+ Rjpe<br, (1.23g)
where,

01i=(nsj — (max (7 i, nij) — %ii)+>+, (I.24a)
O, 7=max (7 ii, i) (1.24b)
03,=min (mgx (max (744, nij) — %ii)Jr) ) (I.24c)
O3:=(T i —nji) ", (1.24d)
957i:max ( (ﬁ)” — nji)+ s min (nij, (maX (Wu, TLZJ %u)_;'_ ) (1.246)

0 i=min (nji, (max (7 5,n5:) — W35)") —min ((ng — @) ", (max (7 5,m5) — 0 55)" )
+ (ﬁ“ — njl-)+ , and (1.24f)

07,i:max (min <TLZ'j, (max (ﬁ)“, nij) — %“)4_ ),min (nji, (max (ﬁjj, nji) — %jj)—‘r )

— min ( (nj,‘ — ﬁ“ﬁ_ , (max (ﬁjj, nji) — Wjjﬁ_ ) + (ﬁu — lei)+ ) (I.24g)
Proof: The proof of Lemma [24] is presented in Appendix [M] [ |

The set of inequalities in can be written in terms of the transmission rates Ry =
Ric1+Rico+ Ry p, Ro = Roc1+Rocot+Rop, Ri,gp = R pi+R1,r2 and Ry g = Ro g1+R2 Ra.
When Ry g = R g = 0, the region characterized by in terms of R; and Ra, corresponds
to the region C (Theorem . Therefore, the relevance of Lemma |24 relies on the implication
that any rate pair (R, R2) € C is achievable by the RHK-NOF, under the assumption that the
random common rates Ry g1, 21 r2, R2 g1, and Ry go are chosen accordingly to the conditions
in .

The following lemma shows that when both transmitter-receiver links use the RHK-NOF
and one of them unilaterally changes its coding scheme, his rate improvement is always limited.

Lemma 25. Let the rate 6-tuple R = (R1 ¢, R1,r, Ri1,p, R2.c, Ra g, R2,p) be achievable with

the RHK-NOF' such that Ry = Rip + Ric and Ry = Rop + Rac. Leti € {1,2} and
j € {1,2}\ {i}. Then, any unilateral deviation of transmitter-receiver pair i by using any
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I. Proof of Theorem

other coding scheme leads to a transmission rate R} that satisfies:

R;gmax (ﬁ“, nij) — (Rj,C + Rj,R). (1.25)

Proof: Without loss of generality, let ¢ = 1 be the deviating user in the following analysis.
After the deviation, the new coding scheme used by transmitter 1 can be of any type. Indeed,
with such a new coding scheme, the deviating transmitter might or might not use feedback to
generate its codewords. It can also use or not random symbols and it might possibly have

T
a different block-length Ni # Nj. Let 7’1 = (7’1T1, 7’1T2, ey ?QTN) be the super vector of

channel outputs at receiver 1 during N = max(Nj, Na) consecutive channel uses in the model
in (2.31). Hence, an upper-bound on R] is obtained from the following inequalities:

NR,=H (W)
=H (W1|t)
:I(Wl,?/ﬂQl) +H (Wl|?,1791)

(a)
<T (Wi ¥4I + Nay(N)

=8 (Vi) — H (Y [Wh.2) + Néy(N)

(b)
gNmax(ﬁn,nlg (? ’Wl,Ql) +N(51(N)

(1.26)

where, (a) follows from Fano’s inequality, since the rate R} is achievable as the indice W; can

!/
be reliably decoded by receiver 1 using the signals ?1 and 2; from the assumptions of the
lemma, with §; : N — R4 a positive monotonically decreasing function (Lemma ; and
(b) follows from H(Y||) < Ndlm?l n = N max (W11, n12), for all n € {1,2,...,N}. To

refine this upper bound, note that the term H (? |W1, Ql> in ([.26) satisfies the following
lower bound:

N (Ra,c + Ro.r)=H(Wa,c, Qo)
H(Wy o, Q2|W1, Q)
I(W. 20,927? |W1,Q1)+H(W2C,Q2|W1,Qb7 )

—
)
~

//\& ||

(o 00 YW1, ) + Noo(N)
=H (? Wi, ) — 7/|W1791,ch,92)-1—1\752( N)
sH (71!W1,91)+N52(N), (1.27)

where (c) follows from the mutual independence between W5 ¢, 2, W1 and §;; and (d) follows
from Fano’s inequality, since the indices W5 ¢ and €22 can be reliably decoded by receiver
1 using the signals Y/ from the assumptions of the lemma with o : N — R4 a positive
monotonically decreasing function (Lemma . Hence, it follows from that

HY, W1, 00)2N (Roc + Ro.g) — Néa(N). (1.28)
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Finally, plugging (I.28]) into ([I.26|) yields, in the asymptotic block-length regime, the following
upper-bound:

ﬁgmax (%}11, ni2) — (Re,c + RaR). (1.29)

The same can be proved for the other transmitter-receiver pair. This completes the proof. ®

Lemma reveals the relevance of the random symbols 21 and Q9 used by the RHK-
NOF. Even though the random symbols used by transmitter j do not increase the effective
transmission rate of transmitter-receiver pair j, they strongly limit the rate improvement
transmitter-receiver pair ¢ can obtain by deviating from the RHK-NOF coding scheme. This
observation can be used to show that the RHK-NOF can be an n-NE, when both Ry r and
Ry R are properly chosen. For instance, for any achievable rate pair (Ri, R2) € C N By, there
exists a RHK-NOF that achieves the rate 6-tuple R = (R1 ¢, R1.r, R1,p, R2,c, R2.r, R2.P),
with R; = R; p + R; c. Denote by R} . = max (T ii,nij) — (Rjc + Rjg) the maximum rate
transmitter-receiver pair ¢ can obtain by unilaterally deviating from its RHK-NOF. Then,
when the rates Ry g and Ry g are chosen such that R; . — R; <7, any improvement obtained

by either transmitter deviating from its RHK-NOF is bounded by 7. The following lemma
formalizes this observation.

Lemma 26. Letn > 0 be fized and let the rate 6-tuple R = (Ry ¢, R1.r, R1.p, R2,c, Ro.r, R2.p)
be achievable with the RHK-NOF and satisfy for all i € {1,2},

Ric+ Rip+ Rjc+ Rj,R:maX(ﬁ“‘, nij) - . (1.30)
Then, the rate pair (Ry, Re) € R, with R; = R; ¢ + R, p is achievable at an 1-NE.

Proof: Let (s7,s3) € A1 x Az be a transmit-receive configuration pair, in which the
configuration s is a RHK-NOF satisfying condition ([[.30]). From the assumptions of the lemma,
it follows that (s}, s3) is an n-NE at which u; (s}, s3) = R1,c+R1,p and ua(s], s3) = Ra c+ R p.
Consider that such a transmit-receive configuration pair (s, s3) is not an 7-NE. Then, from
Definition [4] there exists at least one i € {1,2} and at least one configuration s; € A; such
that the utility u; is improved by at least n bits per channel use when transmitter-receiver
pair ¢ deviates from s} to s;. Without loss of generality, let i = 1 be the deviating user and
denote by R] the rate achieved after the deviation. Then,

u1(s1,55) = Ry > wi(s],s5) +n=Ric+ Rip+n. (L.31)
However, from Lemma it follows that
| <max (711, ni2) — (Ro,c + Ra.R), (1.32)
and from the assumption in , with ¢ = 1, the following holds:
Roc + Ro g = max(711,m2) — (Ri,c + Ri,p) — 1, (I1.33)
it follows that
1<Ric+ Rip+1. (1.34)

The result in ([.34)) contradicts condition (I.31)) for any n > 0 and shows that there exists no
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I. Proof of Theorem

other coding scheme that brings an individual utility improvement greater than 7. The same
can be proved for the other transmitter-receiver pair. This completes the proof. ]

The following lemma shows that all the rate pairs (Ry, R2) € C N B, are achievable by the
RHK-NOF coding scheme at an n-NE, for all n > 0.

Lemma 27. Let n > 0 be fixed. Then, for all rate pairs (Ri, R2) € C N By, there always
exists at least one n-NE transmit-receive configuration pair (s7,ss) € A1 x Az, such that
ui(sy, s5) = R1 and ua(sy, ss) = Ra.

Proof: From Lemma it follows that the configuration pair (si,s3) in which each
player’s transmit-receive configuration is the RHK-NOF satisfying condition ([.30]) is an n-NE.
Thus, from the conditions in ([.23)) and ([.30f), the following holds:

Rjc1 + Rj pi<bty,
Ri+ Rjc + Rj r<bta;,

R+ Rjc+ Rjr=02; — 1,
Rjco+ Rj po<bs;,
R; p<04;,
Rip+ Rjco+ Rj po<bs,

R; c2 + R; p<bs,, and
Rico+ Rip+ Rjc2 + Rjra<07;. (1.35)

The region characterized by (I.35) can be written in terms of Ry = Ry c1 + Ri,c2 + Ri.p
and Ry = Ry o1 + Ra 02 + Ro p following a Fourier-Motzkin elimination process:

Ri>(021 — 011 — 031 —n)",
R <min (96,1 + 012,001 + 012+ 052 — 022+, 92,1)7
Ro>(022 — 012 — 032 — 1),
Ry<min (91,1 + 062,022,011+ 051+ 020 —021+ 77),
Ri + Ro<min (94,1 + 022 —1,021+ 042,011+ 051+ 012+ 95,2)7
R; + 2Ry<min (91,1 + 051+ 022+ 042,011+ 021+ 042+ 96,2>,
2Ry + Ro<min (041 + 01 + 012 + 022,021 + 041 + 012+ 05). (1.36)

The region described by ([.36]) is identical to C N B,,. This completes the proof.
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Proof of Theorem

HE proof of Theorem consists of constructing a coding scheme that satis-

I fies Definition [l The coding scheme is a generalization to continuous chan-

nel inputs of the coding scheme introduced in Appendix [[] for the linear de-

terministic interference channel. The difference is that the generation of the codeword
x; = (vi1,%i2,...,7iy) € RY during block ¢ € {1,2,...,T} is obtained by adding the
described codewords , i.e., ; = u + u; + v; + x; p, whose message indices and random indices
are dropped by ease of notation. The rest of the proof consists of showing that this code
construction is an 7-NE for certain values of 7. This is immediate from the following lemmas.
Lemma [28| describes all the rate pairs (R, R2) € IR%_ that can be achieved with the RHK-NOF

scheme.

Lemma 28. The RHK-NOF scheme achieves the set of rates (Rl,Cb R r1, Ri,c2, R Ro,
Rip, Ro 01, Ror1, Ro 2, Ro Ro, RQJD) € IRLO that satisfy the following conditions:

R; p<ai, (J.1a)

R; + Rjc + Rj r<az;(p), (J.1b)

Rjc1+ Rjri<asi(p, 1tj), (J.1c)

Rj o+ Rj ra<aai(p, tj), (J.1d)

Rip+ Rjc2 + Rj ra<asi(p, 1), (J.1e)

R; 02+ Ri p<ag,i(p, jti), and (J.1f)

Rico+ Rip+ Rjc2 + Rj ra<ari(p, p1, 12), (J.1g)

fO’f' all (p,,ul,,ug) € {07 (1 — mmax (ﬁvm))—q X [07 1] X [Ov 1]

Proof: The proof of Lemma [2§] is presented in Appendix [M] and Appendix ]
The set of inequalities in (J.1) can be written in terms of the transmission rates Ry =
Rici + Ric2 + Rip, Ro = Rac1 + Roc2 + Rop, Rig = Ripi + Ry ge, and Ry p =
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J. Proof of Theorem

R3 r1 + R ge following a Fourier-Motzkin elimination process. The resulting region, when
Ri,r1 = Ri,r2 = Ro,r1 = Ra r2 = 0 corresponds to the region C (Theorem . Therefore, the
relevance of Lemma [28| relies on the implication that any rate pair (R, R2) € C is achievable
by the RHK-NOF coding scheme, under the assumption that the random rates Ry r1, R1,go,
R3 g1, and Ra g are properly chosen.

Lemma [29| provides the maximum rate improvement that a given transmitter-receiver pair
can achieve by unilateral deviation from the R-KH-NOF coding scheme.

Lemma 29. Assume that the rate 10-tuple R = (R1c1, Ri,g1, Ri,c2, Rire, Ri,p, Racu,
Ry ri, Rac2, Ror2, Rop) € R}FO is achievable with the RHK-NOF. Let i € {1,2} and
Jj € {1,2}\ {i}. Then, any unilateral deviation of transmitter-receiver pair i by using any
other coding scheme leads to a transmission rate R, € Ry that satisfies:

RK% log (1 +SNE; + INRy; + 2y/SNRINR;;) — (Rjc + Rp)

Proof: Assume that both transmitters achieve the rates R by using the RHK-NOF coding
scheme following the code construction in Appendix [N}

Without loss of generality, let transmitter 1 change its transmit-receive configuration while
the transmitter-receiver pair 2 remains unchanged. Note that the new transmit-receive
configuration of transmitter-receiver pair 1 can be arbitrary, i.e., it may or may not use
feedback, and it may or may not use any random symbols. It, can also use a new block
length N{ # N1. Denote by X} = (X, X1,..... X} v) and ¥ = (V4. V1, Vi )
respectively the vector of channel outputs of transmitter 1 and channel inputs to receiver
1, with N = max(N{, N2). Hence, an upper-bound for R} is obtained from the following
inequalities:

1=H (W1i|)
(a)

N

1 (W0 ¥ ) + Noy (V)

/ /
n (Vi) —n (Fim.e)) + N ()
b N
<5 log (2me (SNE, + 2V/SNRIINRy, + INRiz + 1) ) — & (V401,91 ) + N6y (N),

(J.2)

—
=

where, (a) follows from Fano’s inequality, since the rate R} is achievable from the assumptions
of the lemma with §; : IN — R4 a positive monotonically decreasing function (Lemma , and
(b) follows from the fact that for all n € {1,2,..., N}, h(Y] | ’171,7’172 Y, ) <

h(7/1n) < %log (27re (SNﬁl + 2pVSNR1INR2 + INR 2 + 1)) To refine this upper-bound,
note that the term h (?;]Wl, Ql> in (J.2) satisfies the following lower bound:
No(Ra,c + Ror)=H (W, o)
d
(:)H(ng, Qa|[W1, Q)

/ !
=1(Wa o, Q; ?1|W17 M) +H <W2,c, 92!717 Wi, Q1>
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(e) /
I(W2C,Q2;7 |W1, Q1) + Né2(N)

h(?lywl,szl WY LW, Q1 Wa,c, Q2) + Noo(N)
N W1 Q0) + N (8:(N) - %log(%re)), (7.3)

where, (d) follows from the independence of the indices W7, Q1, Wa, and Qs; (e) follows from
Fano’s inequality, since the indices W5 ¢ and €25 can be reliably decoded by receiver 1 using
/

the signals ?1, Wi, and €21 from the assumptions of the lemma with J3 : IN — R a positive
monotonically decreasing function (Lemma [58)); and finally, (f) follows from the fact that

/
h (1_/)1|W1,(21, ng,Qg) > % log(2me). Substituting (J.3) into (J.2)), it follows that

1 — 1
! <§ log (SNR1 + 2V SNR1INR;js + INR1s + 1) — (Ro,c+ Ra.R) — B log(2me) + 6(N)

1 —
< log (SNH, + 2V/SNRIINR 1 + INRy, + 1) ~ (Bac + Ro) + (). (7.4)

Note that 6(N) = §1(V) + d2(NN) is a monotonically decreasing function of N. Hence, in the
asymptotic block-length regime, it follows that

1 ﬁ —
’lgi log (SN 1+ 2V SNR;INR 19 + INR5 + 1) — (RQ’C -+ R2,R) .

The same can be proved for the other transmitter-receiver pair 2 and this completes the proof.
|

Note that if there exists an n > 0 and a rate 10-tuple R = (R1,c1, Ri,r1, Ri,0c2, Ri Rr2,
Ry p, Ry c1, Ror1, R2.c2, R2 R, Ro p) achievable with the RHK-NOF coding scheme, such
that R, — (R;c + Rip) < n, then the rate pair (R, Rp) € Ri, with Ry ¢ = Ri,c1 + Ri,c2,
Ryc = Roc1 + Rac2, Ri = Rip+ Ri,c and Ry = Ry p + Ry ¢, is achievable at an 7-NE.
The following lemma formalizes this observation.

Lemma 30. Letn > 1 and let the rate 10-tuple R = (R1,c1, R1,r1, Ri,c2, Ri,r2, Ri,p, R2.c1,
Ry ri, Ra.c2, Ror2, Rop) € IRlO be achievable with the RHK-NOF scheme. Let also p € [0, 1]
and for alli € {1,2} and j € {1,2} \ {i},

1 1
Ric+ Rip+ Rjc+ Rjp =3 log (SNﬁi +20\/SNK,INR; + INRy; + 1) - 5 (1)

Then, the rate pair (Ry, R2) € Ri, with Ri c = R c1+Ric2 and Ry = R; p+R; ¢ is achievable
at an n-NE.

The proof of Lemma [30] follows the same steps as in the proof of Lemma

Proof: Let s € A; be a transmit-receive configuration in which communication takes
place using the RHK-NOF coding scheme and Ry gr1, Ri g2, R2 r1, and Ry ro are chosen
according to condition (J.5), with ¢ € {1,2} and j € {1,2} \ {¢}. From the assumptions of the
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J. Proof of Theorem

lemma, the configuration pair (s}, s3) is an 7-NE and

ui(s1, 3)=R;
=Ric+ Rip

1 ﬁ /ﬁ 1
25 log (SN i + 2py/ SN Z'INRZ']' + INRU + 1) - (Rj@* + Rj}R) - = (J6)

2?

where the last equality holds from (J.5). Then, from Definition [4] it holds that for all i € {1,2}
and for all transmit-receive configurations s; # s; € A;, the utility improvement cannot exceed
7, that is,

ui(8i,87) — ui(si, sj) <. (J.7)

Without loss of generality, let ¢ = 1 be the deviating transmitter-receiver pair and assume it
achieves the highest improvement (Lemma , that is,

1 ﬁ [——
Ul (81, 83)25 log <SN 1+ 2V SNR1INR 2 + INR19 + 1) — (R27C + R27R) . (J.S)
Hence, plugging (J.6|) and (J.8) into (J.7]) yields:
ui(si,s5) —ui(sy, s3)= 3 log (SN 1+ 2V SNR1INR12 + INR12 + 1) (J.9)
1 1
—3 log (SNﬁl + 2pV SNR1INR 12 + INR 2 + 1> + 3

where (a) follows from the fact that A = 1log (SNﬁ1 + 2V/SNR{INR15 + INRys + 1) —
e
%log (SNRl + 2pV SNR1INR 12 + INR2 + 1) + % satisfies the following inequality:

1 2(1 — p)V/SNR,IN
A==1log [ 1+ (1 —p)VSNR1INR12 N
2 SNE, + 20\V/SNRINR 5 + INRys + 1

g ( |, _2VSNRIINRy, >+

N | =

1
SNﬁ1 +1INRjy + 1 2

e
SNR; + INR
<1+ 1 2

1 1
2 SNR; + INRy + 1 2
1 1

,] 2 _
5 og ( )+2
1

<n. (J.10)

This verifies that any rate improvement by unilateral deviation of the transmit-receive con-

figuration (s}, s3) cannot be greater than n, with n arbitrarily close to 1. The same can be

proved for the other transmitter-receiver pair and this completes the proof. ]
Finally, Lemma [3T] characterizes the achievable -NE region A/ -
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Lemma 31. For all rate pairs (R1, Rg) € Mn, there always exists at least one n-NE configu-

ration pair (s}, s5) € A1 X Az, with n > 1, such that ui(s}, s3) = R1 and ua(sy, s5) = Ra.

Proof: A rate 10-tuple (Ric1, Ri,ri1, Ri,c2, Rire, Rip, Roci1, Rori, Rac2, Roro,
Ry p) € IR1+0 that is achievable with the RHK-NOF coding scheme satisfies the inequalities in
(J.1). Additionally, any rate 10-tuple (Ry,c1, Ri,r1, Ri,c2, Ri,r2, Ri,p, Roc1, Rao,r1, Rac2,
Ry r2, Raop) € IR}FO that satisfies and is an 7-NE (Lemma . A Fourier-Motzkin
elimination applied on inequalities and leads to a region described in terms of the
rates Ry and Ry, as follows:

+
Ri>(a2,1(p) = as(p, 2) — aanp, i) =)

Ry <min (a2,1(P)a ae,1(p, 1) + az2(p, 1), a1 + ag2(p, 1) + as2(p, p),
az1(p, p2) + az1(p, p1, pa) + 2a32(p, 1) + as2(p, p1) — az2(p) + 1,
az1(p) +az1(p, p2) + 2a32(p, p1) + as 2(p, p1) + a7 2(p, p1, p2) — 2a2.2(p) + 21,
a2,1(p) + as2(p, p1) + as2(p, 1) — az2(p) + 77)7

+
R2><a2 2(p) — az2(p, p1) — as2(p, p1) — 77) )

Ry<min (a (p, 12) + as 2(p, p2), a2.2(p), as 1(p, t2) + as1(p, p2) + a1 2,
2a31(p, p2) + as,1(p, p2) + ar,1(p; p1, p2) + az,.2(p) + as2(p, p1) — 2a21(p) + 2,
2a31(p, p2) + as.1(p, p2) + as2(p, p1) + az2(p, o1, p2) — a21(p) + 1,
a3,1(p, p2) + as,1(p, p2) + az2(p) — az,1(p) + 77)7

Ri + Ry<min (a1,1 +a22(p), a1 2+a2,1(p), a3.1(p, p2)+as1(p, p2)+asz2(p, p1)+as2(p, p1),
ar + asi(p, p2) + az1(p, p, p2) + az2(p) + as2(p, 1) — az1(p) + n,
a1+ az1(p, p2) + asa(p, 1) + az2(p, 1, p2),
az,1(p, p2) + a71(p, 1, p2) + a2 + asa(p, 1),

az,1(p) + as(p; p2) +ar2 + as2(p, p1) + ar2(p, pa, p2) — az2(p) + 77>7
Ry + 2Ro<min (a3,1(P, p2) + as1(p, p2) + a2 + a22(p),

2a3.1(p, p2) + as,1(p, p2) + a12 + az2(p, 1) + ar2(p, p1, Mz)),
2R; + Re<min (a1,1 + az2,1(p) + az2(p, 1) + as2(p; ),

ar +az1(p, p2) + a7,1(p, pa, p2) + 2a32(p, p1) + as 2(p, Ml))- (J.11)

The region (J.11]) corresponds to the achievable n-NE region for the two-user D-GIC-NOF, i.e.,
N y- Finally, the achievable -NE region in can be presented in terms of the achievable
region C (Theorem (7)) and the bounds in that are not in the achievable region C. This
completes the proof. |
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Proof of Theorem (15

IVEN an 7 > 1, it is shown that Ry > L1, Re > Lo, Ry < Uy, and Ry < Us are
G necessary conditions for the rate pair (R1, R2) to be an n-NE. This shows that
if any rate pair (Ri, Rs) is an n-NE, then (R, R2) € C N B,. This proof is
completed by Lemma [32] and Lemma

+
Lemma 32. A rate pair (R1,R2) € C, with either Ry < (%log(l+%) —77) or

_l’_
Ry < <% log(1 + 1%21) — 77) is not an n-NE, for any given n > 0.

Proof: Let (s7, s3) be an n-NE transmit-receive configuration pair such that u; (s7,s3) = Ry
and ug (s7, s5) = Ra, respectively. Hence, from Deﬁnition it holds that any rate improvement
of a transmitter-receiver pair that unilaterally deviates from (s}, s3) is always smaller than 7.

+
Without loss of generality, let R < (% log(1 + %) — 17) . Then, note that independently

of the transmit-receive configuration of transmitter-receiver pair 2, transmitter-receiver pair 1
can always use a transmit-receive configuration s} in which transmitter 1 saturates the average
power constraint (2.7)) and interference is treated as noise at receiver 1. Thus, transmitter-

SNﬁl

receiver pair 1 is always able to achieve the rate R(s), s3) = % log (1 + T7INR G ), which implies

that a utility improvement R(s},s3) — R(s},s3) > n is always possible. Thus, from Definition
the assumption that the rate pair (Ry, R2) is an 7-NE does not hold. This completes the
proof. |

Lemma 33. A rate pair (R1, Re) € C, with either Ry > Uy or Ry > Us is not an n-NE, for
any given 1 = 1.

Proof: Let (s7, s3) be an n-NE transmit-receive configuration pair such that u; (s}, s3) = Ry
and uy (s}, s3) = Ra, respectively. Hence, from Definition[4] it holds that any rate improvement
of a transmitter-receiver pair that unilaterally deviates from (s7, s3) is always smaller than 7.
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K. Proof of Theorem

Without loss of generality, the focus is on user 1 to show the upper-bound on R;. Then, the
following holds:

N Ry=H (W)

“ g i)

=17 Wl,? ’Ql) +H<W1|Ql,7 )
)

//\/a

(
1(Wis ¥ 1[2) + N6y (N)
=1 (V1ln) b (Y10, 21) + Ny (V)

h (Y 14|, 71,(1%71)) —h <?1,n|W17 N, 71,(1%71)) ) + No1(N)

tnﬂz

3
Il
—

A
M=

) = b (Y 1alW2. 20, V1 ) ) + N6 (N)

Il
—

n

©

h

hE

3
Il
—

o
(h(Y1n Y

(h (Vi) =0 (YinlX1n)) + N6y (N)

(h(Y1n) =1 (Z1n) =0 (VinlXin) +h (Z1a) ) + Nou(N)

h

= 114

Il
—

n

N N
5 log (ﬁl + 2pV SNﬁlINRlQ + INRq9 + > nz::l (h <7l,n|X1,n)
1 (V1nlX1 0. X2) ) + N&1(N)
N
— g log (sﬁ{1 +2pV/SNR,INR2 + INRy2 + 1) =1 (Vi XoulXo)
n=1
LN (N), (K.1)

where, (a) follows from the independence between the indices W; and €;; (b) follows from
Fano’s inequality, since the rate R; is achievable from the assumptions of the lemma with
01 : IN — R4 a positive monotonically decreasing function (Lemma ; and (c) follows from

the fact that X, = fég) (Wi, Q;, ?iv(l;n,l)) from the definition of the encoding function in
@1 and (W32 ¥irnn) = Xin = Vi

Then, the following holds:

N
ngé log (sﬁl +2pV/SNR,INR 1 + INRys + 1) - % S (Y 1 Xl X1n) +61(V).

n=1

(K.2)

1
The term N nz_:l I (?Ln; X27n|X1,n) in (K.2) plays the same role as —ZH(XQ cms X2.0.n|,

n=1

Wi, 717(1%_1)) in (I.10) in the linear deterministic case. The remainder of the proof consists
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in finding a lower bound on — Z 1 <?1 n; Xon| X1 n) Consider a set of events (Boolean
n 1

variables) that are determined by the parameters SN ﬁg, INR 12, INR9, and § NR,. Given a
fixed 4-tuple (SNRQ, INR 12, INRoq, §NR2) the events are defined below:

01’2 : INR9; < SNR2 INR12, (K.3a)
—
Chp:  max (INR12,INR21,§ RQ) < SNKy < INR;5INRyy (K.3b)
03’2 : §NR2 < INng, (K3C)
Cyp: INRo; < INRj2 < SNﬁQ < §NR2, (K.3d)
Css:  SNE > max (INRm,INRmE Rs)., (K.3e)
Csa:  SNEj > max (INRmINR21,§ RoINRa1 ), (K.3f)
§ NRoINR — § NR2SN ﬁ
Cro:  max [ INRyg, INRgy, SNRy, o2t 221 ) - SNR, « SNRoINRg; < 2 :
' INRq2 INR12
(K.3g)
§ NRoINR —
Csz:  max <INR12,INR21,§ Ro, H\?R 21) < SNR, < INR;5INRy; < SNRoINRy;.
12
(K.3h)
Let 0 < 2 < 1, be a fixed positive real defined as follows:
SNﬁg 1
i if A holds t
min INR12INR21, INR21> 1 0172 V (0272 0372) olds true
1 IN
min , Riz ) if  C42 holds true
INR21" INR,;SNR,
727\ min <1 INR12 if Cs2 A Cg2 holds true (K.4)
ﬁ‘ IN
min ( SN Riz 1) if Cr72V Cgg2 holds true
SNR,INRy; SNRoINRg;
0 otherwise

For all n € {1,2,..., N}, let Uy, and Va,, be two independent random variables with zero
mean and variances 1 — v2 and 72, respectively, with vo defined as in (K.4)), such that
X9y = Uspn + Vo, Using this notation, the inequality in (K.2)) can be written as follows:

d)1 1 &
Ri< - log (SN§1 +2pV SNﬁllNRIQ + INR2 + 1) - = Z 1 (71 ni Uz,ns Van| X1 n)
2 N n:1 bl bl Iy bl
+01(N)

1
=3 log (SNﬁl + 2pV SNﬁllNRm + INR19 + 1) —

™ =

1
N

(I (7177«0; V2,n|X1,”)

n=1

I (71775 U2,n, ’Xl,nv V2,n) ) + 51(N)
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K. Proof of Theorem

<

N
log (Sﬁl + 2pV SNEﬂNRlQ + INRj2 + 1) — % Z I (?Ln; Vv27n’X17n) + 51(N),

n=1

1
2
(K.5)

where, (d) follows from the fact that I (?17n;X27n|X17n) =17 (?Ln; Ua p, V27n|X17n) for all
ne{l,2,...N}.

N
1
The remainder of the proof consists in finding a lower bound on N Z I (717,1; V27n|X17n).

Following the same steps as in , the following holds: -
N Ry=H (W3)

=H (Wa[€2)

=T (WQ; ?2’92) + H (WQ’QQ7 ?2)

<I (W V222) + Noo(N)

=h (72‘92) —h (?Q‘WQ’ QQ) + N52(N)

- ﬁ: (h (Y2l 2. Vo 1)) = 1 (Y2l W, 22, Vo (1)) ) + Noy(N)
n=1

< i (h (7271) —h (?2,n|W2a Qs, 72,(1%71)) ) + Né2(N)
n=1

= g: (h (?Q’n) —h (?Qm X2,n) > + N(sg(N)
n;l

=>1 (72,n; X2,n) + Néa(N)
n=1

(:)g: (1 (Vomi Vo) +h (YaulVan) — b (VoulXon) ) + N&y(N), (K.6)
n=1

where, (e) follows from the fact that I (727n;X2,n,V2,n) =17 (72,H;X2,n> +7 (?Q’H;‘/Q,n
1(V 2 Vo )1 (V205 Xo.nl Ve ).

Let ¢ : N — R™ be a monotonically decreasing function such that (K.6)) holds with equality,
ie.,

Xz,n) —

Ry— - % < (Vo Van) +h (YoulVan) b (Yol Xon) ) + o(N). (K.7)

N

n=1

Consider that player 2 implements an alternative strategy s, that induces channel inputs

X! — (Xé,l,xg,z,...,XiNé
variance 2 and independent of any symbol transmitted by either transmitter until channel use

n. Note that Us, continues to be the same as with the strategy s3. Then, the channel-output

) where X3, = Uz + V3, with V3, a random variable with

/

at receiver 2 after the deviation from s3 to sj, denoted by Y5, , is:
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?,2,71 - 722 <U2,n + Vv2,7n> + h21X1,n + 727,”. (KS)

Let p = E[X1,,X2,], E[X1,U24] = VI —=%px,05, E[X10Vo0] = V2px112, and p =
VI —="2px,05 +/V2Px,15- Then, following the same steps as in (K.6)), it follows that:
c el g
Rt st Y (I (V4 V) + 1 (VolVE,) — b (V,0X,) ) LAV, (K9)

n=1

where, for all n € {1,2,..., N},
(Vi Vi) =h (Yh,) — b (Vh,lVE,)
1 ﬁ
25 log (27T€ (SN 9+ 2 (p — pXﬂé\/%) SNﬁQINRQl + INRo; + 1> )
1
D) log (27T€ ((1 —v2) SNR2 + 2 (p — px,v5/72) V SNaglNRm + INRg; + 1))

L, ( SNE» +2 (p — px,v51/72) VSNR2INRy; + INRy; + 1 >
2 (1 —72) SNEs +2 (p — px,v5+/72) VSNR2INRy; + INRy; + 1

(K.10)
The inequality in (K.10) follows from using a worst-case noise argument.

From Definition |4} it follows that Ra(s7,s5) < Rz + 1, with n > 0. Hence, the following
holds:

= i (I (Vo Vi) + 0 (Y4,0v3,) — 0 (V4,15 ) +8(N)<
% é (1 (V2 V) + 1 (YaulVan) — b (¥ 2l X ) Yo(N)+n.  (K11)
From the following holds:

1 N

N (Vanitin)> o 3 (1P ) 1 (V5ulVEa) = (P5030) = (Va1

n=1 n=1

+h (Yol Xon) ) +05(N) = (N) —n

:% i:l (I (7’2@; Vg’n) +h (722U2,n oy X1 + 72,71)
—h (hQIXl,n + 72,n|Xé,n) —h (%)QQUQJL + h21X17n + 72771“/27”)

+h (h21X1,n + 72,n|X2,n) ) + 5é(N) - SO(N) -1n
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K. Proof of Theorem

( Sﬁ2+2(P*PX1V2\/%)\/m+INR21+1 >
(1 —~2) SNEs +2 (p — px1v5y/32) VSNEQINRy; + INRyy + 1
45 log (INRox (1 — %) +1) — £ log (INRax (1~ (0 — pavaya)?) +1)
+05(N) — p(N) —n,

where (f) follows from (K.10).

> % i\[:l <I (?/zm VQ/n) +h (hlel,n + ?2,n’X2,n) —h (h21X1,n + 72n|X§n> ) + 65(N)
n

—~

f)
=

log

N | =

(K.12)

1 ,
The lower-bound on N Z I (?Ln; ‘/QJL’XLH) can be obtained as follows:

n=1

N

% % 1 (71,11; V2,n’X1,n) (—_)% Z <I (?Z,nS VQ,n) +1 (71,117 Xl,n; V2,n’?2,n) -1 (Xl,n; V2,n)

n=1 n=1

—I (?2,11? VQ,n|Xl,na ?1,n) )
= . i\[: <I (?Q,rﬁ VvZ,n) +h (‘/Q,H|72,n) —h (VQ,n|72,na 71771, Xl,n)
n=1

=|

—I (X1n;Von) —h <V2,n|X1,m ?m) +h <V2,n|X1,m ?1,717 72n) )

-2 ﬁ (I (Vo Vo) + 1 (Vo Vo) = T (X105 Van)

N n=1
~h (V| X1, V1.0 )

2L S (1ot £ 050720) (12010071
-I-;l:)g (1- k)

01 i 1 (Vi Vo)~ + o (SNEy + 2/ SNELINR 1 4 INRy, +1)

1 SN
+5log ((27re) (SNRz (v2—3)+ 272 (p— px1vav/32) V SNE,INRy;

LN
+72INRa1 (1 pi, 1, ) + ’YQ)) N d>.h (Vz,n\Xl,n, 71n)
n=1

—i—% log (1 - pg(lv2>
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N1 N
(]:)N Zl I (72@; VQ,n)
—% log (sﬁg +29V/SNR,INRy; + INRs; + 1)
1
+§log ((27‘(6) (Sﬁg (72— 73) + 2% (p— px1vev/72) V SNﬁQINRﬂJF 72INRo1 (1* p§(1V2>

+w>> + %log (1—pkw) + %log (INRyz (1 - p%) +1)
—= log ( (2me) (72 (INR12 (1= p?) + 1) — pRy1,72 (INR12 + 1) + 7%2INR1a (20,15 0v/72

—’YQ

( SNE» +2 (p — px,va1/72) VSNR2INR + INRy; + 1 )
(1 =) SNﬁ2 +2(p = px1vev/72) V SNﬁQINRm +INRg; + 1

log (INRgl (1 - 2) + 1) - llog (INRm (1 —(p— PX1V2\/72)2> + 1)

log (SNK; + 2p\/SNEQINR21 +INRy; + 1)

Slog (SN 2= )+ 272 (p— Px1ve/72) V SNH,INRy; + 7INRo (1= pX,v,) + 72)
(1= pXus) + log (INRy (1-p%) + 1)

—; log (w INRiz (1 - p?) +1) = piyp72 (INRi2 + 1) + 72INR1z (20,5002 — w))
+05(N -, (K.13)

where, (g) follows from the fact that I (71,,1, 7277“ Xin; Vgn) =7 (72@ Vgn) +I(717n, Xin;
Vol Vou) = 1 (X1 Vo) + 1 (Y 10 Vol Xu) + 1 (Y 2n: Vo X1, ¥ 1.0): (B) follows from
the fact that I (X1 ,;Va,) = —% log (1 — p?Xﬂ/z) (1) follows from the fact that h (Vg n\?g n =

Llog ((27re) <SNﬁ2 (v2—3)+272 (p— pxive/72) V SNH,INRo+72INRs; (1= 3w, +’Y2>>
Log (SNﬁQ+2p\/SNRQINRm—FINRgl—H) (j) follows from the fact that h (Vo] X1, WY 1n) =

3 log <(27T€) (’72 (INR12 (1 = p?) +1)—pX, 1,72 (INR12 4+ 1)+92INR12 (20x,v,0/72 — 72)
$1og (INRy (1 — p?) + 1) ; and (k) follows from (K.12).

)

Plugging (K.13)) into (K.5)), and in the asymptotic block-length regime, the following holds:
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K. Proof of Theorem

R (81752

1
Jlo s NE; + 2pV/SNE,INRy5 + INRy + 1)

<
< SN ﬁ2 +2(p— pxava/72) VSNEoINRy; + INRoy + 1 >
1 —2) SN NE, + 2(p— PXIVQ V72) V SNEINRy; + INRo; + 1

log (INRgl (1 - ) + 1) + = log (INR21 (1 —(p— PX1V2\/’%)2> + 1)

log (ﬁg + 2pV ﬁglNRQl + INR9; + 1)
<S ’Y2— 72>+ 272 (p— pxyvav/2) V SNﬁ?INR?l+ 72INR2 (1_ pg{l‘/ﬁ) T 72)

—
Q
0Q

—_—
o
09

1-p%v,) — ; log (INRy5 (1 - p?) + 1)

r—l [\’)\r—t [\D\H [\:)\r—l[\:)\r—l l\D\H

2 log | 72 INR12 1 — ) + 1) — p§(1V2’}/2 (INR12 + 1) + v2INR 12 (2PX1VQP\/’7 — ’}Q))

(K.14)

The same procedure can be applied for the other user and this completes the proof. [ |
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Proof of Lemma 21|

LEMMA is proved as follows:

I(ch X;0. Y Wi Y5 W)

I )+ (Xie X0, Y ¥ W W)

B W]) (Y5 WiW3) + b (Xie X0, ViAW) — b (Xio, X0, Vil Wi, W3, Y )
h (YW ;) + b (Xie X0, YiW3) — b (Xio, X0, Vil Wi, W5, Y )
h

LARLI
JW])+ (Xic: X0 YiW:) — b (Xie, X0, Y2 Y W3 W)
W) + i

—h(Xch J,Umn> ?zn ?JN‘W W XzC(ln 1)» Xj,U,(l:nfl) ? ,(Lin—1)» ? 4,(1in—1)>»

( 1,Cns ] Uns ?Z n’W Xz ,Cy(1in—1)» Xj,U,(l:n—1)7 ?i,(l:n—l)aXi,n)

( s X0 VinlXin) = 1(Z i Zins Vin, ¥l Wi W,

Xi,C,(l:n—l)a Xj,U,(l:n—1)7 ?i,(lzn—lﬁ ?j,(lzn—l), Xi,nv X],n)]
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L. Proof of Lemma

N
=h (?]‘Wj) + Z |fL (Xi,C,n|Xi,n) + h(Xj,U,n‘Xi,na Xi,C,n) + h<?i,n’Xi,na Xi,C,n’ Xj,U,n)
n=1
—h (7j,n> —h (7“1) - h(?i,m ?j,n’Wia Wi, Xi.c(im—-1) X j,u,(1m—1) ?i,(m—l)’

? j,(1in—1)> Xi,na Xj,ru 7]',71, 71,71)]

s

<h (Y;w;) + i [h(7j7n|Xi,n) (Xl Xicn) + (Y inl X Xpvm) — 1 (Z)

n=1
—h (?l,n) - h<§i,na <Zj,n|Wi7 Wj: Xi,C,(l:n—l)a Xj,U,(l:n—1)7 ?i,(l:n—lﬁ ?j,(l:n—l) ) Xi,nv
Xj,na 7]’,71, 71,71)
N
(Y w;)+ Y

n=1

=2

W0l Xeon) 0 (T X Xin) — (Zi) ~1(Z) _h(z,n)]
=1 (Y, W) + 3 [h (X5l Xicon) + (Vinl X Xj0) — 3 log (2¢) ] ,
n=1

- -
where (a) follows from the fact that Z;, and Z;, are independent of W;, W;, X; ¢ (1:n—1),
XU, (1:n-1) ?i7(1:n_1), ?j,(lm_l), Xins Xjn, ?j’n, and 7m This completes the proof of
Lemma
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Proof of Lemma

HIS appendix provides a description of the RHK-NOF and a proof of Lemma [24]

I This scheme is based on a three-part message splitting, superposition coding,
common randomness and backward decoding.

Codebook Generation: Fix a strictly positive joint probability distribution

PUU1 Uz V1 VQXLP X21P(U,U1,U2,U1,U2,$17P, xQ,P) - PU(U)PU1|U(U’1|U)PU2|U(U/2|U)
PVﬂU Uy (U1|U, ul)PVQ‘U Us (U2|U, UZ)PX17P|UU1 1% (ml,P U, uy, Ul)PXQ’P|U Us Vo (mQ,P|U7 uz, UQ)a
(M.1)

for all (u,u1,uz,v1,v2,21,p,x2.p) € (X1 NA,) X (X % X2)3.

Let Ry c1, R1,Rr1, R1,02, R1 R, R2.c1, Ra,R1, R2,02, R1,Rr2, 1 p, and R p be non-negative
real numbers. Let Ry ¢ = Ry c1 + Ri,c2, Ro,c = Ra.c1 + Ro,c2, R1,r = Ri,r1 + Ri,r2, Ro.r =
Ry 1 + Ra 2. Define also Ry = Ry ¢ + Ri,p and Ry = Ry ¢ + Ry p. Note that the rate R; is
not considering the rate R; g, which is due to the fact that it corresponds to a message that is
assumed to be known by transmitter ¢ and receiver i. Consider without any loss of generality
that N = N; = Ns.

Generate 2V(Fr.c1tRymtRacitRam) §jd. N-length codewords u(s,r) = (ul(s, ), us(s,r),

oo upn(s, r)) according to the product distribution

N
PU<u(s,r)) = [ Pv(un(s.r)),
n=1

with s € {1,2,..., 2N (BreitRum)y and r € {1,2,..., 2N (RacrtRam)y,

For encoder 1, generate for each codeword u(s,r), oN(Ric1+R1R1) 1. d. N-length code-
words ui(s,r, k) = (ul,l(s,r, k), uia(s,r, k), ..., uin(s,, k)> according to the conditional
distribution

N
PUI‘U(ul(s,r, k:)|u(s,r)) = H PU1|U(u1,n(s,r, k)|un(s,r)>,

n=1
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M. Proof of Lemma

with k € {1,2,...,2N(BLortRim)y

For each pair of codewords (u(s,r),ul(s,r, k:)), generate 2V(FLc2tRLR2) i d. N-length
codewords vy (s, 7, k,l,d) = (vm(s,r,k,l), via(s,r k), ..., vl,N(s,r,k,l)) according to the
conditional distribution

N
Py vu, (Ul(s,r,k,l)\u(s,r),ul(s,r, k)) = H Py v, (Ulm(s,r,k,l)]un(s,r),uLn(s,r, k:)),

n=1

with 1 € {1,2,...,2V(RucatRire)y

For each triplet of codewords (u(s,r), ui(s,m, k), v1(s,r, k:,l)), generate 2VFLP iid. N-
length codewords @1 p(s,r, k,1,q) = (1‘17]3,1(8, r,k,1,q), z1,p2(s, 7k, 1,q), ..., z1,pN(S, 1, K, L, q))
according to the conditional distribution

PX17p|UU1V1 (wl,P(S’ T, ka l, Q)’u(sa T)) U (37 T, k)v ’1)1(5, T, ka l)) =
N
H PXl,p\UUl 1% (xl,P,n(Sy T, k? lv Q>‘un(57 7’), ul,n(sa T, k)a Ul,n(37 T, kv l)>7
n=1
with ¢ € {1,2,...,2NFr}
For encoder 2, generate for each codeword wu(s,r), 2N(F201+E2r1) jid. N-length code-

words ua(s,r,j) = (u271(s,r,j), ug2(s,7,4), -, u27N(s,7“,j)> according to the conditional
distribution N
PU2|U<U’2(37 r,j)|u(s,r)) = H PU2|U<U2,7L(37 r,j)|un(s,?“)>,
n=1

with j € {1,2,...,2N(RecitRam)y,

For each pair of codewords (u(s,r),ug(s,r,j)>, generate 2V(F2.c2tR2r2) jid. N-length
codewords vy(s, 7, j,m) = (’0271(8, r,j,m), va2(s,r,4,m), ..., UQ’N(S,T,j,m)) according to the
conditional distribution

N
Py, ou,(va(s,r gym)u(s, r),ua(s,m,5)) = [ Prajo v (van(s,m 5, m) un(s,7), u2n(s, 7, 5)),
n=1
with m € {1,2,...,2N(FecatRana)y
For each triplet of codewords (u(s, r), wa(s,r,j), vg(s,r,j,m)), generate 2NF2.P i d. N-

length codewords mQ,P(Sa r, jv m, b) = <x2,P,1<S’ T, ja m, b)a xQ,P,2<S’ T, ja m, b)a ey x2,P,N(Sv r, j7 m, b))
according to

PXQ,P‘U Us V2<x2,P(S7 Tv.jv m, b)”U;(S, 7’), u2(87 Ta.j)a UQ(S7 Ta.jv m)) =
N

H PXQ,P‘UUQ Vo ($2,P,n(sv r,J,m, b)|un(87 T)’ uQ,n(Sv Taj)7 2}2,”(5’ Ty J, m))7
n=1

with b € {1,2,...,2V2.P1 The resulting code structure is shown in Figure
Encoding: Denote by Wi(t) eEW, = {1, 2,00, 2N(RivC+Ri’P)} and Qgt) € Wir = {1,

2, ..., 2NVFirY the message index and the random message index of transmitter i during
block t € {1,2,...,T}, respectively, with T" € IN the total number of blocks. Let Wl-(t) be
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decomposed into the message index Wl(g eEWic=1{1,2,. ,2NFRic } and the message index
W(t) EWip_{1,2,...,2NRP} That is, WA(t) = (Wz(c)w W(t)) The message index W(g must

be reliably decoded at receiver i. Let VVZS ) (O)l €

Wict = {1,2,...,2V8.01} and W, € Wico = {1,2,...,2VFc2). That is, W5 = (W((}l,

be decomposed into the message indices W.

W-(tg@). Let Qgt) be decomposed into the message indices 95,1)%1 EWip ={1,2,...,2NRir1}

1,

and Q,E%Q € Wirs = {1,2,...,2NBir2} That is, Qgt) = (Qg})ﬂ, 95%2) The blueindices

(Wi(,gh QE%J must be reliably decoded by transmitter j, with j € {1,2} \ {i} (via feedback),
and by both receivers. The indices (VV(g27 Qgtl)m) must be reliably decoded by both receivers

1y

but not by transmitter j.

Consider Markov encoding over T blocks. At encoding step t, with t € {1,2,...,T},
transmitter 1 sends the codeword

o0 [ (WD A7) (WS ) ) e
(v o) (w450 0450). (14, 06)).

(5, 9850) (4D ) (W2 ) (912,900 )

(

zp((Wier %) (Waed ) (Wien &) - (Wfféz,ﬂﬁfi%z)7Wff})>,

ul

U1

where ©1 : (A1 N XQ)N x XN — A is a function that transforms the codewords u((Wl(th), Qg’f;ﬁ)),
t—1 t—1 t—1 t—1 t—1 ¢ t—1

(WQ( 01)7 Qé Rl)) ) w1 (<W1(,01)7 Qg,m)) (WQ( Cl)’ Qg,m)) <W1( )017 Qg,iﬂ))a Ul( (W1(701)7 Qg,m))v
t—1 ¢ t ¢ t t—1 t—1 t—1) (-1

(WQ( 01)7 Qé Rl)) (W1(,)Clv Qﬁzl)v (Wl(,()J27 Qg,)m) )7 and ‘Bl,P((Wl(,Cl)v Qg,Rl))7 (W2(701)7 Qg,m))?

(Wl(vél, Q%ﬂ), (W1(%27 Q%?’Q), Wl(tl)g) into the N-dimensional vector :cgt) of channel inputs.

- 0 0 T T X 0 0 T T

The indices (Wf,c)*lvgg,%u) = (Wl(,C?th,I%J = s" and (W2((2"1 = Qé,J)ﬂ) = (Wé,c)vag,zga) =

r*, and the pair (s*,7*) € {1,2,...,2N(R1vC1+RlvR1)} X {1,2,...,2N(R27C1+R2vm)} are pre-

defined and known by both receivers and transmitters. It is worth notmg that the indices

(Wz( Cl), Qg R})) are obtained by transmitter 1 from the feedback signal ? ) at the end of
the previous encoding step ¢ — 1.

Transmitter 2 follows a similar encoding scheme.

Decoding: Both receivers decode their message indices at the end of block T in a back-
ward decoding fashion. At each decoding step t, with ¢ € {1,2,...,T}, receiver 1 ob-

tains the indices ((Wl(TClt),Qg’Tglt)) (WQ(%J)’Q&T];)) (W(T (¢= 1)),Q$;2(t71))), 1//1\/1(7;@71)),
(WQ(TC_QU_D), ﬁéng(t 1))) ) € Wi,c1 X Wi g1 X Wa,c1 X Wa g1 X W1 ,c2 X W1 ga X W1 p X Wa o2 X

W ro from the channel output 7§T_(t_1)). The 5-tuple ( (WI(TClt), QgTth)>, (17[\/2(2?), ﬁgR_lt)),

(T —(t—1 T—(t—1 (T —(t—1 T(T—(t-1)) J(T—(t—1
(Wl(,C2( ))7 ngRz( )))’ Wl(P ( ))’ (Wz( 02( ))7 Qé,RQ( ))))

) )

is the unique 5-tuple that
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M. Proof of Lemma

satisfies:

( (W o), (W, 9R")) vu (Wie” o), (Wae”, 9R)
D ) ) (0, 00 (450, L)
(t-1)) QgTR—l(t—l))) (W(T—( - ))ngTR_Q(t_l)))) x P(( 1%1t ,Q§ ' )
) (W) (Pl ) )
U2 ((Wf:glta 1R1 ) ( 2:2‘1t 7A2 R1 )a(Wéfpcz(t_l))ng}i(t_l))) >7
’02( (W1(Tc1t7 1R1 ) ( Q(Tc*lt)aQQTth)) (Wz(q(l*l( 1))vQ§,TRi1(t71))),

)

W( —(t-1)) QT (t 1) ’ (T—(t-1)) € T(Nvﬁ) 7 M.3
(Wecs ). ¥ Ut i Xip U2 W V] (M-3)

(Wi
(Wi
(Wi

1) and (W(T (t=1) Q( (t 1))) are assumed to be perfectly decoded in the

previous decoding step t—1, given that QgTRl(t_l)) is known at both transmitter 1 and receiver 1.

The set TN
[U Ui Vi Xi,p U2 V2 71

where Wl( o1

] represents the set of jointly typical sequences of the random

variables U, Uy, V1, X1 p,Ua, Vo, and ?1, with € > 0. Finally, receiver 2 follows a similar
decoding scheme.

Error Probability Analysis: An error might occur during encoding step t if the indices
(WQ( Cl), Qg Ri)) are not correctly decoded at transmitter 1 at the end of the step ¢t — 1. From

the AEP [28], it follows that the blueindices (I/V(ltCl1 ),Qg RP) can be reliably decoded at
transmitter I during encoding step ¢, under the condition:

Ry c1+ Ry g <t (?1; Us|U, Uy, V1, X1)
=1 (Y 1:10|U, X3) . (M.4)

An error might occur during the (backward) decoding step t if the indices Wl(;;lt), (Wé%}t),
Q(TR_lt)>, Wl(fgg(t_l)) W(T_(t_l)) and (Wé%;(t_l)), QgR_Q(t_l))) are not decoded correctly given
that the indices Wl(TC ¢=1) and <W2(7Tc_l(t_1)), Q(ZTR_l(t_l))) were correctly decoded in the previ-
ous decoding step ¢ — 1. These errors might arise for two reasons: (i) there does not exist a
st (51 (L1 ) . 00 (W0 )
satisfies (M.3)), or (i) there exist several 5-tuples (I//[\/l(TC_lt), (WQ(TC?), §(2TR—1t)> Wl(TCQ(t 1)),

—

Wl(j;g_(t_l)) (W(T (= 1)) Q( ( )))> that simultaneously satisfy (M.3). From the AEP
[28], the probability of an error due to (i) tends to zero when N grows to infinity. Con-

sider the error due to (ii) and define the event E(( ) Lg;m) that describes the case in which

the codewords (u (s,7), w1 (s, T, (Wl(’%_l(t_l)), Q(ﬂ{l(t 1”), vy (s, T, (Wl(’TC_l(t_l)), Q(ﬂz—l(t_l))),l),
zie (s (Wie ™00 ™) ba)s (s (Wae ™ 050 Y)), and v (s,
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(-1 t—1 t—1 t—1 t t t t t
Z1,p ((W/I(,CI)’Q(I.RI)) ’ (Wzﬁ,m)aﬂ(zm)) ’ (Wl(,)cpn(l.)m) ’ (Wl(_ézs%h) 7W1(,1)9)
uy ((LV#E]U, ng;n”) > (lVQ(f&U,Q;E)) ) (‘Vl(,t():lrﬂst.)m))

u((wied alw). (mie|2dn))

o (WL 30 (. ) (w1, 800 (W1 940)

o (W2 08020 ) (WD, 0 (W40, 080 ) (40 1))

2N(R2,P)

s (W00 ) (WD 0t (Wit 0%, ))

Z2,P ((Wl(fcill)v QgLE})) ’ (VVS,L(:‘P» Q(zL,;ei)) ’ (lVZ(,L)ch(;,)m) ’ (W2(L2”2v Qg,)lcz) vwfz(,%)

Figure M.1.: Structure of the superposition code. The codewords corresponding to the message
indices Wl(t&l ), W(t(;ll ), Wi(fgl, Wégz, Wl(g with i € {1,2} as well as the block
index ¢ are both highlighted. The (approximate) number of codewords for each
code layer is also highlighted.

(Wé}TCE(t_l)),QgR_l(t_l))>, m)) are jointly typical with ?gT_(t_l)) during decoding step t.

Without loss of generality assume that the codeword to be decoded at decoding step t cor-
responds to the indices (s,r,1,q,m) = (1,1,1,1,1) due to the symmetry of the code. Then,
applying Boole’s inequality to the probablility of error due to (i7) during decoding step ¢
yields:

Pl(t) (81’ SZ)ZPY U E((z?r,l,q,m)
(s,r,l,q,m)#(1,1,1,1,1)
()
< X PrlEgm) (M.5)

(s,ml,q,m)ET

with 7 = {W1,C1 X Wi,r1t X Wac1 X Wa r1 X Wi g2 X Wi ra X Wi p X Wa o X W2,R2} \
{(1,1,1,1,1)}. Therefore,
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Pl(t) (51; 52)< Z Pr [E(s,r,l,q,m)} + Pr [E(s,ﬂl,q,m)]

s=1,r=1,l=1,g=1,m#1 s=1,r=1,l

+ > Pr [Esp1qm)] +

s=1,r=1,l=1,q#1,m#1

+ Z Pr

s=1,r=1,l#1,q=1,m#1

i
-
2
T
'
3
I
)

PrE

(]

(s,r,l,q,m)

»
-
3

;r=1L,1#1,q=1,m=1

&

_|_
(]
v

E (s,rl,q,m)

N
T
E
4
z
2

+ (s,m,l,q,m)
s=1,r=1,l#1,q#1,m#1 s=1,r#1,l=1,q=1,m=1

+ Pr E(s,r,l,q,m) + Z Pr E (s,r,l,q,m)
s=1,r#1,l=1,q=1,m#1 s=1,r#1,l=1,q#1,m=1

+ Z Pr E(s,r,l,q,m) + Z Pr E S T‘,l,q m
s=1,r#1,l=1,q#1,m#1 s=1,r#1,l#1,q=1,m=1

+ Z Pr E(S r,l,q,m) + Z Pr|E (s,m,0,q,m)
s=1,r#1,l#1,q=1,m##1 s=1,r#1,l#1,q#1,m=1

+ > P Eanigm
s=1,r#1,l#1,q#1,m#1 s#1l,r=1,l=1,q=1,m=1

+ Z Pr Es,r0,.m)
s#1,r=1,l=1,q=1,m#1 s#1,r=1,l=1,q#1,m=1

Dj

+ r

+
(]

(s,ryl,q,m)
s#1l,r=1,l=

+ Z Pr
s#1,r=1,l#1,q=1,m#1

+ 2 Pr{Eenigm
s#1,r=1,l1#1,q#1,m#1

+ Z Pr

s#1,r#1,l=1,q=1,m##1

s#1,r=1,l#1,q=1,m=1

Dj

T

+
(]

(s,r,l,q,m)

s#1,r=1,1#1,q#1,m=1

Dj

+
(]
-

r (s,r,l,q,m)

s#1,r#1,l=1,q=1,m=1

bj

+
(]

r (s,ryl,q,m)

s#1,r#1,l=1,q#1,m=1

Dj

+ I

]
¥

(s,r,l,q,m)

+
IIM

s#1,r#£11=1,q#1,m#1

E

+ Tr

(B
(Bt
(Bt
(Bt
(Bt
(Bt
T S I
(Bt
(Bt
(Bt
(Bt
(Bl
(Bt
(Bt

T
(]
.

N
7
E
4
z
2

(s,r,l,q,m)

s#1,r#1,l1#1,q=1,m#1 s#1,r#1,l#1,q#1,m=1

&

_l’_

]
.
IS
»
\j
=y
3 3
: +
]
o

s#Lr#LIF#L g#L,m#1

Pl(t) (s1 32)<2N(R2,02+R2,R2—1(71;V2|U,U1,U2,V17X1)+26)
b

LN (R p—I(V 15X1|UUL Uz, V1, Vo) +2¢)

N (Ra,ca+Ra pot- Ry p—1(Y 13V2, X1 [UU1,Us, Vi) +2¢)

_l_

N (B1,co—I(¥ VA, X0 U, U1, U2, Vo) +2¢)

+

9N (Ra,cot+Ra,catRo,pa—1(Y 131, V2, X1 [UU1,Uz)+2€)

+ +

9N Rl,CQ+R1,P+R2,CQ+R2,R2_I(71§V1,V27X1|UaU1aU2)+2€)

+

9N (Ra,c1+Ra, a1 (Y 15U,U1,U2,V4,Va, X1)+2¢)

_l’_

(
(
(
(
2N(R1,C2+R1,P_I(71§V17X1 |U,U1,U2,Va2)+2¢)
(
(
+2N(R2,C+R2,R—I(?15U7U17U27V1,V2,X1)+26)
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+2N(R2,CI+R2,R1+R1,P_I(?l;U7U17U27V17V27X1)+2€)
+2N(R2,C+R2,R+R1,P*I(?1§U7U17U27V1,V27X1)+2€)
+2N(R2,CI+R2,R1+R1,02*1(?1§U7U1,U2,V1,V27X1)+26)
_|_2N(R2,C+R2,R+R1,C2_I(7l§U7U1:U21V17V2,X1)+26)
+2N(R2,Cl+R2,R1+R1,C2+R1,P_I(?1;U7U17U2,V1,V27X1)+25)
+2N(R2,C+R2,R+R1,CQ+R1,P*I(?l§U7U1,U2,V17V2,X1)+26)
_|_2N(R1,c1*1(71;U7U1,U2,V1 Va2,X1)+2€)
_|_2N(R1,Cl+R2,C’2+R2,R2_I(?1§U7U17U27V17V27X1)+2€)
+2N(R1,01+R1,P—1(?1;U7U17U27V1,V2,X1)+26)
+2N(R1,Cl+R1,P+R2,C’2+R2,R2*I(?1;U7U17U27V17V27X1)+2E)
9N (Ro— (Y 13U.U1,U2,1,V,X1)+2¢)
+2N(R1,C+R2,CZ+R2,R2_I(?l?U,Ul,UQ,V17V27X1)+2€)
+2N(R1—1(71§U7U17U27V17V2,X1)+26)
+2N(R1+R2,CQ+R2,R2—I(71;U,Ul,UQ,VI,VQ,X1)+26)

9N (R o1+Ra, o1+ Ro i —1(Y 1;UU1,Uz, Vi, Ve, X1)42¢)
+2N(R1,01+R2,C+R2,R_I(71;U,Ul,U2,V17V2,X1)+25)
+2N(R1,Cl+R2,01+R2,R1+R1,P_I(?1;U7U17U27V17V27X1)+25)
+2N(R1,Cl+R2,C+R2,R+R1,P_I(?1§U7U17U27V17V2,X1)+2€)
+2N(R1,0+R2,c1+32,3171(71;U,U1,U2,V1,V2,X1)+26)
_’_2N(R1,C+R2,C+R2,R—I(?l§U7U17U27V17V2,X1)+26)
+2N(R1+R2,CI+R2,R1 —1(?1;U7U17U27V1,V2,X1)+26)

+2N(R1+R2,0+R27R—I(?1;U,Ul,UQ,Vl,V27X1)+2E)

Rjc1+ Rjri<01;
21 (V50,003 Vi, X5)
_7 (?i; Uj[U. X ) |
R+ Rjc + Rj r<bo
21V U, ULU;, Vi, Vi, X))
=1(Y U, U3, Vj, X,),
Rjco+ Rj pe<b3;
21(Y 3 V;|U, Ui, Uy, Vi, Xi)
—1(Y';; Vi|U,U;, X2),
R; p<ly,;
21(Y 5 X|U, UL U, Vi, Vi),

(M.7)

The same analysis of the probability of error holds for transmitter-receiver pair 2. From the
AEP [28], and from (M.4)) and (M.7)), reliable decoding holds under the following conditions
for transmitter ¢ € {1,2}, with j € {1,2} \ {¢}:

(M.8a)

(M.8b)

(M.8c)

(M.8d)
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vi{

X1<X1P{

Lo{
rU2{

X {
Xop
\

X1<V1{

X
X X ¢
SEET
{

U,
.
Xins{ Vi {

-

xq v

Figure M.2.: The auxiliary random variables and their relation with signals when channel-
output feedback is considered in (a) very weak interference regime, (b) weak
interference regime, (¢) moderate interference regime, (d) strong interference
regime and (e) very strong interference regime.

Rip+ Rjco+ Rj ra<05;
21(Y 5V, X, \U, UL, U, Vi), (M.8¢)
R;co+ R; p<0s;
21(Y 3 Vi, XilU, Ui, Us, Vi)
—1(Y;; X:|U,U;, U}, V;), and (M.8f)
Rico+ Rip+ Rjc2 + Rjpo<tr;
21(Y Vi, Vi, XilU, UL U;)
—1(Y 3V}, X,|U, U3, U)). (M.8g)

From the probability of error analysis, it follows that the rate-pairs achievable with the
proposed randomized coding scheme with NOF are those simultaneously satisfying conditions
with i € {1,2} and j € {1,2}\{i} . Indeed, when Ry r = Ry g = 0, the coding scheme
described above reduces to the coding scheme presented in Appendix [A]

In the two-user LDIC-NOF model, the channel input of transmitter ¢ at each channel
use is a ¢-dimensional binary vector X; € A; = {0,1}? with ¢ € {1,2} and ¢ as defined
in @ Following this observation, the random variables U, U;, V;, and X; p described
in (M.1]) in the codebook generation are also vectors, and thus, they are denoted by U,
U;, V; and X p, respectively. The random variables U;, V;, and X; p are assumed to be
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. . . (i (max(7 j5m5)~5755) ") "

mutually independent and uniformly distributed over the sets {0, 1} ,
. +

{0, 1}<mm<"ﬁ’(max(7jj’"ﬁ)_%“) )), and {0, 1}(ﬁii_”ji)+, respectively. Note that the random

variables U;, V;, and X; p have the dimensions indicated in (A.16a]), (A.16Db), and ,

respectively.

Note that the random variable U in is not used, and therefore, is a constant. The
input symbol of transmitter ¢ during channel use n is X; = (U;,VI,XIP, 0,... ,0)>T,
where (0,...,0) is put to meet the dimension constraint dim X; = ¢q. Hence, during block
t € {1,2,...,T}, the codeword Xl(»t) in the two-user LDIC-NOF is a ¢ x N matrix, i.e.,
X = (X1, Xi0,.... Xin) € {0, 1}V,

The intuition behind this choice is based on the following observations: (a) the vector U;
represents the bits in X; that can be observed by transmitter j via feedback but no necessarily
by receiver i; (b) the vector V; represents the bits in X; that can be observed by receiver
J but no necessarily by receiver i; and finally, (¢) the vector X; p is a notational artefact
to denote the bits of X; that are neither in U; nor V/;. In particular, the bits in X; p are
only observed by receiver i, as shown in Figure [M.2] This intuition justifies the dimensions
described in .

Considering this particular code structure, the terms 6, ;, with ({,7) € {1,...,7} x {1,2} in
, are defined in . This completes the proof of Lemma
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Proof of Lemma 28|

HIS appendix provides a proof of Lemma For the two-user D-GIC-NOF model,
I consider that transmitter ¢ uses the following random variable:

Xi:U+Ui+‘/;+Xi7P, (N.l)

where U, Uy, U, Vi, Vo, X p, and X5 p in (N.1]) are mutually independent and distributed
as follows:

U~N(0,p), (N.2a)
Ui~ N (0, pidic) (N.2b)
VineN (0, (1 = i) Nic) (N.2¢)
Xi’pN./\/‘ (0, )\i,P) , (N.2d)
with

p+Xic+Ap=1and (N.3a)
Ao p=min [ —— 1 (N.3b)

;,p=min R, L) )

Jr
where p; € [0,1] and p € [O, (1 — max (INﬁm, ﬁ)) }
The random variables U, Uy, Us, V1, Vo, X1 p, and X3 p can be interpreted as components
of the signals X7 and Xs. The random variable U, which is used in this case, represents the

common component of the channel inputs of transmitter 1 and transmitter 2.

The parameters p, u;, and \; p define a particular coding scheme for transmitter ¢. The
assignment in (N.3b)) is based on the intuition obtained from the linear deterministic model,
in which the power of the signal X; p from transmitter ¢ to receiver j must be observed at the

noise level. From (2.5, (2.6]), and (N.1f), the right-hand-side of the inequalities in (A.14)) can
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s
be written in terms of SNR;, SNRo, INR 2, INRo, §NR1, §NR2, p, p1, and po. Then, the
following holds in (A.14)) for the two-user GIC-NOF:

2az,i(p, 115), (N.4a)

azz( ), (N.4b)
032 asi(ps Hj), (N.4c)
01201, (N.4d)
05, =as,i(p; 115), (N.4e)
06,i=as,i(p, pi), and (N.4f)
O7i%az7:(p, w1, p2), (N.4g)

where the functions a1, a2.:(p), as.i(p, 1j), asi(p, pj), asi(p; 115), aei(p, pi), and azi(p, pi1, p2)
are defined in ([5.1). This completes the proof of Lemma
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Price of Anarchy and
Maximum and
Minimum Sum-Rates

HIS appendix presents the maximum sum-rate in the centralized case and the

I maximum and minimum sum-rate in the decentralized case. Denote by X

the maximum sum-rate in the centralized case, which is the solution to the

optimization problem in the numerator of and the numerator of . A closed-form
expression of ¥ is given by the Lemma

Lemma 34 (Maximum sum-rate in the capacity region). For all (711, ﬁgg, ni2, N2, %11,
%22) € INS, X3¢ satisfies the following equality:

o — —
Ec(ﬁn,ﬁzmmz,nzhﬁu7%22)_m1n <max ( ni1, n12) + max ( n 22, n21) )

max (7711, n12) + max (7227 - (T — n12)+),
max (711, T — (722 - n21)+) + max (722, nat),
maX<ﬁ11, T — (722—n21)+)+ maX(ﬁzz, - (711—n12)+),

(W22,m12) + (W11 — n12) ", max (W11, n21) + (a2 — n21) ©

)

max ((711 - 7112)Jr ,N21, 711 - (max (711,7”&12) - %11)+)

+ max ((ﬁ22 - n21)+ , 12, 722 - (max (7227 n21) - %22)4_ )>
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max (ﬁll,nzl) + (711 - n12)+
+ max ( (722 - 7121)+ , N12, 722 — (max (72277121) - %22)+)’

max (ﬁ)gg, nig) + (722 - 7121)+

+ max ( (711 — 77,12)+ ,N21, ﬁll — (max (ﬁl:b nlg) — %11)+ )) (Ol)

Proof: The proof of Lemma [34] is obtained by combining the minimum between the
sum-rate bounds - - the weighted sum-rate bounds , and the sum of single
rate bounds on the capacity region of the two-user LDIC—NOF (Theorem [1]) for
all i € {1,2} and j E {1,2} \ {i}. [

Denote by fj\/n the maximum sum-rate in the decentralized case, which is the solution to
the optimization problem in the denominator of (6.16]). A closed-form expression of X, is
given by the Lemma

Eemma 35 (Maximum Sum-Rate at an n-NE). For all (711, ﬁgg, ni2, N1, %11, %22) e IN6,
EM,(Wu,ﬁzz,mz,nm,‘ﬁuﬁzz) satisfies the following equality:

—_ o . _— %
ENn(ﬁll7ﬁ22,n127n217%11,%22) = min (Zc(ﬁ)n7722,7112,71217W11,%22)’max ( nii, n21) + max (722, n21)

n
_ <min ((ﬁn — n12)+ , n21) — (min ((711 — 1”&21)Jr ,n12> — (maX (711, nia) — %11)+)+> + 1,

max (ﬁn, Wm — (722 - n21)+) + max (72277121) +n
+

9

+\ t
- <min ( (11 —m2) " ,?121) - (min ((711 —na1)” ,7112) - (maX (11, m12) — %11> )
max (711, n12) + max (722, n21) +7n

— <min ( (711 — n12)+ ,n21> — (min ((711 — n21)+ ,n12> — (max (Wu, nlg) — %11)4_)_‘—

Jr

)

max (711, ’I’L12) + max (722, n21) +n
+
+\ +
_ (min ( (%)22 — n21)+ 7le) — (min ((ﬁ)gg — n12)+ ,n21> — (max (722, n21) — %22) ) > s
max (711, 1112) -+ max (722, nlg) +7n

+

)

- <min ( (722 —na1)" ,nm) - (min( Tog — i) na1) — (rnax (7 22,m21) — %22>+)+

max (711, n12) + max (ﬁm, 11— (ﬁn — n12)+) +n

+

)

_ <min ( (722 — ngl)+ ,’I’l12> — (min ((722 — n12)+ ,n21) — (max (722, nay) — %22)+>+
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max (711, n12) + max (7227 n21) +2n

+
- (min ( (a2 —mn21)" ,mz) - (min (a2 = n12) ™, man ) — (max (a2, n1) — W22>+)+>

+
_ <min ( (711 —n1a)" ,n21> _ (min ((ﬁu — o)t ,n12> - (max (T 11,m12) — %11>+)+> )

max (ﬁlla n21) + (ﬁll - ’I’L12)+ + max ( (722 - 7’L21)+ , 12, 722 - (max (ﬁ227 n21) - %22)+)

+ +
—( (711 - n12)+ - 77) , INax (71177121) + (711 - 7112)Jr - ((722 - 7121)+ - ?7)

+max ((711 —n12)"  nar, W1 — (max (711, n12) — 1)’ )) , (0.2)

where, Yo7, oo mianon, 51, 5722) 18 defined in Lemma .

Proof: The proof of Lemma [35] follows from obtaining the maximum sum-rate for the
n-NE region of the two-user LDIC-NOF (Theorem [10). It corresponds to the minimum
between the sum-rate upper-bounds —, the difference between the upper bound on
the weighted sum-rate and the lower-bound on the single rate (6.2b|), i.e., U;, and the
sum of upper-bounds on single rates — in Theorem [I{ and (6.2b)), for all i € {1, 2}
and j € {1,2}\ {i}. [

Denote by Xy, the minimum sum-rate in the decentralized case, which is the solution to
the optimization problem in the denominator of . A closed-form expression of Xy, Is
given by the Lemma

Lemma 36 (Minimum Sum-Rate at an n-NE). For all (711, ﬁgz, nia, N1, %11, %22) € N6,
DN (11, azsmiz,man, 711, 5T22) Satisfies the following equality:

ZJ\/},(ﬁn,ﬁm,nm,ngl,%n,%22):((ﬁll o n12)+ o 77)+ + ((722 o n21)+ o 77)+' (0.3)

Proof: The proof of Lemma [30] follows from obtaining the minimum sum-rate for the

n-NE region of the two-user LDIC-NOF (Theorem and it is obtained as the sum of the
lower-bounds on the single rates in (6.2al), i.e., L;, for all i € {1,2} and j € {1,2}\ {i}. =

0.1. PoA when both Transmitter-Receiver Pairs are in the
Low-Interference Regime

When both transmitter-receiver pairs are in LIR, i.e., 711 > nio and ﬁ}gg > ng1, and assuming
that %7 < max (ﬁ)“,nw) for all ¢ € {1,2} and j € {1,2} \ {i}, the following holds:

o — — — —
Ye(T 1, Toosmizman, 511,57 22) =N (max (122,n12) + W11 — 12, max (1711, n21) + o2 — nai,

max (711 — N12,N21, %11) + max (722 — N21,N12, %22)7
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max (711, na1) + 711 — n12 + max (722 — N21,N12, Wgz):
max (722, ni2) + ﬁzz — ng21 + max (711 — N12,N21, %11) (0.4)

and

%
ZNn(ﬁn,ﬁm,numzhﬁn,%22)2711 — N1z + Moz —na1 — 21
=21 (0.5)

Then, the PoA when both transmitter-receiver pairs are in LIR can be calculated using

(0.4) and (O.5).
If By in (6.7¢) holds true, the following holds:

Ze(i 7o mizman, a1, 5ra) =MD <722 =, T+ W
max (ﬁn — N2, %11) + max (722 — n2i1, %22>,
2711 — n12 + max (722 — nai, %22)7
27 22 — N2y + max (711 —n12, %11>
=Yc1, (0.6)

and this proves (6.10al).
If By in (6.7d]) with ¢ =1 and j = 2 holds true, the following holds:

= = - =
Ec(ﬁll7722771127”217%117%22)_mln <n 22 + 11 — Nig, N1l + Ma2 — N2,

max (711 — nja, %11) “+ max (nlg, %22),
2711 — n12 + max (7112, %22>,

— —
2192 — no1 + max (nu — 7112,%11))

=Yco21, (0.7)

and this proves (6.10b)) with ¢ =1 and j = 2. The same procedure can be followed when By ;
in (6.7d) with i = 2 and j = 1 holds true.

If Bs; in (6.7¢)) or Bs; in (6.7g) with i =1 and j = 2 holds true, the following holds:

< =
Ec(ﬁll7ﬁ227n12yn217%117%22)_nll' (0'8)

The same procedure can be followed when Bs ; in (6.7€]) or Bs; in (6.7g) with i =2 and j =1
holds true.
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0.2. PoA when Transmitter-Receiver Pair 1 is in the Low-Interference Regime and
Transmitter-Receiver Pair 2 is in the High-Interference Regime

If By in (6.7f) holds true, the following holds:

= [P (S - =
Ec(ﬁn,722771127”217%11,%22)—mln (n 22 + 111 — N12, 111 + 22 — N2,

max (’I’Lgl, %11> + max (nm, %22),
2711 — n12 + max (n12, %22),
2722 — n21 + max (7121, %11>
=3, (0.9)

and this proves (6.10c|). Plugging (O.5)), (O.6), (0.7), (O.8)), and into yields (6.9)),

and this completes the proof of Theorem

0.2. PoA when Transmitter-Receiver Pair 1 is in the
Low-Interference Regime and Transmitter-Receiver Pair 2 is
in the High-Interference Regime

When transmitter-receiver pair 1 is in LIR, i.e., M > ni2, and transmitter-receiver pair

2 is in HIR, i.e, Moy < no1, and assuming that $7; < max (ﬁ)”,nw) for all 7 € {1,2} and
j € {1,2}\ {i}, the following holds:

- P G - —
X0( 11,7 a9sm12,men, 5011, 5 02) TIHI | 711 + max (n 22 11— T+ n12)’ (0.10)

max (7227 niz) + 711 — N2, max (711, n21),

%
max (711 — n12,M21, %11) + max (n12, "o — No1 + %22)>

and
_ =
ZNn(ﬁll7ﬁ22,n12,n217%117%22)_ nir —ni2 — 1. (O'll)
If By in (6.7i), or Bg in (6.7j]), or Bio in (6.71) holds true, the following holds:
5 —
Ec(ﬁu,722,7112@21,%117%22): ni1- (0'12)

If By in (6.7k]) holds true, the following holds:

= (= —
B0(7 11, 7 a2,z e, 11, 7722) =00 (” 22 + 7011 — N2, nm)- (0.13)

Plugging (O.11)), (O.12)), and (O.13)) into yields (6.14)), and this completes the proof
of Theorem [12
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Information Measures

HIS chapter introduces some information measures that are used along this thesis.

I These fundamental notions correspond to Shannon’s original measures [85], which

build the foundations of information theory. Shannon’s information measures

include entropy, joint entropy, conditional entropy, mutual information, and conditional mutual
information.

P.1. Discrete Random Variables

P.1.1. Entropy

The entropy H(X) of a discrete random variable X is a functional of the pmf Px, which
measures the average amount of information contained into X.

Definition 9 (Entropy). Let X be a countable set and let also X be a random variable with
pmf Px : X — [0,1]. Then, the entropy of X, denoted by H(X), is:

H(X)=- > Px(z)log Px(z). (P.1)
wesupp(Px)

This entropy is measured in bits given that the base of the logarithm is two. Note that
H(X) depends only on Px and not on the elements of X'.
The entropy of a random variable X can also be written as follows:

H(X) = —Ex [log Px(X)]. (P.2)

For each = € supp (Py), define 1(x) = —log Px(z). Then, 2 is a new random variable, and
H(X) is its average. The function #(z) can be interpreted as the amount of information
provided by the event X = z (See Figure [32]. According to this interpretation, an
unlikely event provides a very large amount of information and an event that occurs with
probability close to one does not provide information [55].
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

P,(x)

Figure P.1.: The function «(x).

The following corollary presents the entropy of a binary random variable.

Corollary 11. Let X be a binary random variable following the distribution Px such that
Px(0)=1—-Px(1)=pand 0 <p < 1. Then,

0 ifp=20

—plogp — (1 —p)log(l —p) otherwise (P-3)

H(X) = {

The binary entropy function in (P.3) is plotted in Figure as a function of p. It is worth
noting that the binary entropy function is a non-negative function with a maximum equal to

one when Px(0) =1— Px(1) = 5 (uniform distribution).
In general, the entropy takes non-negative values, i.e., H(X) > 0, with equality if and only

if X is non-random. The entropy takes its maximum value when all the events have the same
probability, i.e., H(X) = log (|X]), as stated by the following lemma:

Lemma 37. Let X be a countable set and let also X be a random variable with pmf Px :
X — [0,1]. Then,
0< H(X) <log|X|. (P.4)

Proof: The lower-bound on the entropy of a random variable X is obtained from the fact

1 1
—— > 1and log| =——— | > 0. Thus,
Px(z) ® ( >

that for all z € supp (Px), 0 < Px(x) < 1, then
Px(z)

H(X)>0.
The upper-bound on the entropy of the random variable X is also obtained from (P.2)) as
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Figure P.2.: Entropy of a binary random variable.

follows:
1
H(X)=Ex {log PX(X)} (P.5a)
1
< .
<log Ex PX(X)} (P.5b)
=log Z 1 (P.5¢)
z€supp(Px)
=log |X|, (P.5d)

where, ([P.5b)) follows from Jensen’s inequality. Thus, the maximum value of the entropy of

a random variable X is obtained when it is uniformly distributed, i.e., Px(x) = Ed for all
x € supp (Px). This completes the proof of Lemma [ |

P.1.2. Joint Entropy

The joint entropy H(X,Y') of the discrete random variables X and Y is a functional of the
pmf Px y, which measures the average amount of information simultaneously contained into

X and Y. It is a measure of the uncertainty about the simultaneous outcome of the random
variables X and Y.

Definition 10 (Joint Entropy). Let X and Y be two countable sets and let also X and Y be

two random variables with joint pmf Pxy : X x Y — [0,1]. Then, the joint entropy of X and
Y, denoted by H(X,Y), is:

(@,y)€supp(Pxy)
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The joint entropy of the random variables X and Y can also be written as follows:
H(X, Y) = _EXY [log ny(X, Y)] . (P7)

The joint entropy between two random variables is less than or equal to the sum of the
entropy of each random variable, as stated by the following lemma.

Lemma 38. Let X and Y be two countable sets and let also X andY be two random variables
with joint pmf Pxy : X x Y — [0,1]. Then,

H(X,Y) < H(X) + H(Y), (P.5)
with equality if and only if the random variables X and Y are independent.
Proof: From (P.7)), the following holds:

Px(X)Py(Y)Pxy(X,Y)
10g< Pe(X) Py (Y) ﬂ

H(X,Y)=—Exy (P.9a)

=—Ey [log Px(X)] — Ey [log Py (Y)] — Exy {bg (PXY(XY))H (P.9b)

Px(X)Py (Y
=H(X)+ H(Y)+ Exy |log <m)} (P.9¢c)
<H(X) + H(Y) + log (IEXY KW)D (P.9d)
=H(X)+ H(Y) +log < ZPX(X)PY(Y)> (P.9e)
(z,y)€supp(Pxy)
=H(X)+ H(Y), (P.9f)

where, (P.9d|) follows from Jensen’s inequality.
If the random variables X and Y are independent, from (P.9¢c) the following holds:

PX(X)PY(Y)H
HX)Y)=HX)+H(Y)+E log | =——F——+= P.10a
(XY)=HOX) + 1Y) + Exy [og ( e (P.10)
=H(X)+ H(Y), (P.10b)
and this completes the proof of Lemma [ |

Definition [11] generalizes Definition

Definition 11. Let Xy, AXs, ..., Xn be N € IN countable sets and let also X = (X1, Xo, ..., XN)T
be a vector of N random variables with joint pmf Px : X1 X Xo X ... x Xy — [0,1]. Then, the
joint entropy of X, denoted by H(X), is:

H(X)=- ) Px(z)logPx(z). (P.11)

xesupp(Px)

The joint entropy of a vector of discrete random variables X can also be written as follows:

H(X) = —Ex [log Px(X)]. (P.12)

196



P.1. Discrete Random Variables

If X1, Xo,..., Xy are mutually independent, the following holds:
N
=Y H(X,). (P.13)
n=1

P.1.3. Conditional Entropy

The conditional entropy H(Y|X) of YV given X is a measure of the average amount of
information necessary to identify the random variable Y given the observation of the random
variable X.

Definition 12 (Conditional Entropy). Let X and Y be two countable sets and let also X and
Y be two random variables with joint pmf Pxy : X x Y — [0,1]. Then, the entropy of Y
conditioning on X, denoted by H(Y|X), is

H(Y|X) =~ Y Pxy(z,y)log Pyx(y|z). (P.14)
(z,y)€supp(Pxy)

The entropy of the random variable Y conditioning on the random variable X can also be
written as follows:
H(Y|X) = —Exy [log Py x(Y|X)] . (P.15)

Note also that the conditional entropy in (P.14) can be written as follows:

H(Y|X)=>_ Px(z) |- Y. Pyx(ylz)log Py x(ylz)
xesupp(Px) y€supp(Py‘X_$)
=> Px(x)H(Y|X =), (P.16)
zesupp(Px)
where, HY|X =2) = — Z Py x (y|z) log Py |x (y|z) is the entropy of Y conditioning on a
yesupp(Py)

fixed X = x.
The following lemma presents a generalization of the chain rule for entropy and the condi-
tional entropy.

Lemma 39 (Chain rule for entropy and chain rule for conditional entropy). Let X, Xa, ...,
Xy and Y be N + 1 countable sets, let X = (Xl,XQ,...,XN)T be a vector of N random
variables, and let also Y be a random variable with joint pmfs Px : X1 X Xo X ... x Xy — [0,1]
and Pxy : X1 X Xy X ... x Xy x Y — [0,1]. Then,

N
H(Xy,...,XN)=H(X1) + H(X2|X1) + Y H(Xu|X1,...,Xn1), and  (P.17)
n=3
N
n=3
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Proof:
Proof of (P.17): From (P.12]), the following holds:

H(X)=—Ex [log (Px1(X1)Px,x, (X2|X1) ... Pxyix, X xn_y (XN X1, X2, ., Xy 1))

(P.19a)

=—Ex, [log Px1(X1)] — Ex, x, [log Px,|x, (X2|X1)] —...— Ex [log PXN|X1,X2,...,XN,1]

(P.19b)

:H(Xl) + H(X2|X1) + ...+ H(XN‘Xl, XQ, N 7XN—1)7 (P.19C)

and this completes the proof of (P.17)).
Proof of (P.18): From (P.15)), the following holds:

H(X|Y)=—Exy [log Pxy(X|Y)] (P.20a)
~Exy {log <PX1|Y(X1’Y)PXQ\le(Xz\K Xi)...

Py ix1 % Xy (XNIY X1, Xo, o, Xve) )| (P-20b)

=—Ex,y [log Px1y (X1]Y)] — Ex, x,v [log Px,x,y (X2|Y, X1)] — ...
—Exy [log PXN|X1,X2,...,XN,1Y] (P.20c)

:H(X1|Y) + H(X2|Y,X1) + ... —I—H(XN|Y,X1,X2, ce ,XN_l), (PQOd)

and this completes the proof of (P.18)). This completes the proof of Lemma [ |

Conditioning a random variable on another one cannot increase the a priori uncertainty on
its realization. Thus, conditioning does not increase entropy as formalized in the following
lemma.

Lemma 40 (Conditioning does not increase entropy). Let X' and Y be two countable sets and
let also X and 'Y be two random variables with joint pmf Pxy : X x Y — [0,1]. Then,

H(Y|X) < H(Y), (P.21)

with equality if and only if the random variables X and Y are independent.

Proof: From (P.15)), the following holds:

H(Y|X)=—FExy |log (PY(Y;?Z;)(XM )} (P.22a)
——Ey [log Py (Y)] — Exy |log (Wﬂ (P.22b)
—H(Y) — Exy |log (%) (P.22c)
—H(Y) + Exy |log <w>} (P.22d)
<o)y (2B e
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=H(Y) +log ( > PX(X)PY(Y)> (P.22f)

(z,y)€esupp(Pxy)
=H(Y), (P.22g)

where (P.22¢]) follows from Jensen’s inequality.
If the random variables X and Y are independent, from (P.22d)) the following holds:

Px(X)Py(Y)
10g<PX<X>PY<Y>H (F230)

—H(Y), (P.23b)

H(Y|X)=H(Y) + Exy

and this completes the proof of Lemma [40} [ |
The joint entropy of a vector of random variables is less than or equal to the sum of the
entropy of each random variable, as stated by the following lemma.

Lemma 41. Let Xp, Xs, ..., X be N € IN countable sets and let also X = (X7, Xo, ... ,XN)T
be a vector of N random variables with joint pmf Px : X1 X Xo X ... X Xy — [0,1]. Then,

N
n=1
with equality if and only if the random variables X1, Xo, ..., XN are mutually independent.
Proof: The proof of Lemma [41] follows by combining Lemma [39 and Lemma [0} [ |

The entropy of a deterministic function of the random variable X is less than or equal to
the entropy of the random variable X, with equality only when the function is an injective
function. This is stated in Lemma

Lemma 42 (Entropy of a function). Let X' and Y be countable sets, let X be a random
variable with pmf Px : X — [0,1], and let also f : X — Y be a deterministic function of X.
Then,

H(X) > H(f(X)). (P.25)

Proof: Let Y be a random variable with Y = f(X) and f: X — Y. From (P.2), the
following holds:

H(Y)=—Ey [log Py (V)] (P.26a)
<—Ex [log Px (X)] (P.26Db)
—H(X), (P.26¢)

where (P.26b)) follows from the fact that Py (y) = Z Px (x), which implies that Py (y) >

zesupp(Px ),y=f(z)
Px(x) and —log Py(y) < —log Px(z). If f is an injective function Py (y) = Px(z), then

H(Y) = H(X). This completes the proof of Lemma [
P.1.4. Mutual Information

The mutual information 7(X;Y’) between the random variables X and Y is the average amount
of information about one of the random variables provided by the occurrence of the other
random variable.
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Definition 13 (Mutual Information). Let X and ) be two countable sets and let also X and
Y be two random variables with joint pmf Pxy : X x Y — [0,1]. Then, the mutual information
between X and Y, denoted by I(X;Y'), is

V) = — ) log [ Ly (@)
I(X7Y) (x’y)ES%,:p(PXPj()Y( 7y)1 g(PX(x)PY(y)>. (P.27)

The mutual information between the random variables X and Y can also be written as
follows:

I(X;Y)=Exy Tog (M)} (P.28a)
—Fyxy :log (PY]'D); (Y|)X )} (P.28b)
=Exy :log ('Y(()Q)Yﬂ . (P.28¢)

The following lemma presents some useful properties of the mutual information.

Lemma 43. Let X and Y be two countable sets and let also X and Y be two random variables
with joint pmf Pxy : X x Y — [0,1]. Then,

I(X;Y)=I(Y; X), (P.29)
I(X;Y)=H(X) - H(X|Y), (P.30)
I(X;Y)=H(Y) - H(Y|X), (P.31)
1(X;Y)>0, (P.32)
I(X;Y)=H(X)+ H(Y)-H(X,Y), (P.33)
I(X; X)=H(X). (P.34)
Proof:
Proof of (P.29)): This follows directly from Definition
Proof of (P.30): From ([P.28c)), the following holds:
I(X;Y)=—Fx [log Px(X)] + Exy [log Px)y (X|Y)] (P.35a)
=H(X)—- H(X|Y), (P.35b)
and this completes the proof of (P.30)).
Proof of (P.31)): From (P.28b)), the following holds:
Py x(Y]X)
I(X;Y)=E 1 _ p.
(X;Y)=Exy |log ( PrY) (P.36a)
=—Ey [log Py (Y)] + Exy [log Py|x(Y|X)] (P.36b)
—H(Y) - HY|X), (P.36¢)

and this completes the proof of (P.31)).
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Proof of (P.32)): From (P.30) and (P.31)), the following holds:

I(X;Y)>H(X)— H(X) (P.37a)
=0, (P.37h)

where, (P.37a)) follows from Lemma This completes the proof of ([P.32]).
Proof of (P.33): From ([P.28a)), the following holds:

I(X;Y)=~Ex [log Px(X)] - Ey [log Py (Y)] + Exy [log Pxy(X,Y)]  (P.38a)
—H(X)+ H(Y) - H(X,Y), (P.38b)

and this completes the proof of (P.33).
Proof of (P.34)): Let Y be a random variable identical to the random variable X, i.e.,
Y = X. From (P.28a]), the following holds:

Pxy(X,Y)
I(X; X)=E 1 _— P.
(X; X)=Exy og<PX(X)Py(Y) (P.39a)
Px(X) )}
=Ex |log| ———+"— P.39b
X g(PX(X)PX(X) ( )
1
=E |1 I p.

o ()| (P-3%¢)
=~y [log Px (X)] (P.39d)
—H(X), (P.39e)

and this completes the proof of (P.34]). This completes the proof of Lemma [ |

The mutual information between two independent random variables is equal to zero. This
means that the occurrence of one random variable does not provide information about the
occurrence of the other random variable. This is stated by the following lemma.

Lemma 44 (Mutual information of independent random variables). Let X' and Y be two
countable sets and let also X andY be two independent random variables with pmfs Px : X —
[0,1] and Py : Y — [0,1]. Then,

I(X;Y)=0, (P.40)

Proof: From the assumption of the lemma, it follows that Pxy (z,y) = Px(z)Py (y) for
all (z,y) € X x ). Hence, from (P.28a]) the following holds:

Px(X)Py(Y)
I1(X;Y)=E 1 = P.41
vy o (B (Ptia)
:EXY [10g 1] (P.41b)
=0, (P.41c¢)
and this completes the proof. ]

The mutual information between a random variable X and two random variables Y and Z
is bigger than or equal to the mutual information between the random variable X and one of
the random variables Y and Z. This is stated by the following lemma.
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Lemma 45. Let X, Y, and Z be three countable sets and let also X, Y, and Z be three
random variables with joint pmf Pxyz : X x Y x Z — [0,1]. Then,

I(X;Y,2) > I(X;Y), (P.42)
with equality if and only if X —Y — Z.

Proof: From (P.30)), the following holds:

I(X;Y,Z2)=H(Y,Z) — H(Y, Z|X) (P.43a)
=H(Y)+ H(Z|Y) - HY|X) - H(Z|X,Y) (P.43b)
=I(X:Y)+ H(Z|Y) - H(Z|X,Y) (P.43c)
>I(X;Y), (P.43d)

where, follows from the fact the fact that H(Z|Y) — H(Z|X,Y) > 0 given that
conditioning does not increase entropy (Lemma [40). Note that the equality holds if H(Z|Y') —
H(Z|X,Y)=H(Z|Y)— H(Z|Y) = 0. This means that the random variables X and Z are
independent conditioning on the random variable Y, i.e., X — Y — Z. This completes the
proof of Lemma ]

P.1.5. Conditional Mutual Information

Definition 14 (Conditional Mutual Information). Let X', ), and Z be three countable sets
and let X, Y and Z be three random variables with joint pmf Pxyz : X x Y x Z2 — [0,1].
Then, the mutual information between X and Y conditioning on Z, denoted by 1(X;Y|Z), is:

( Pxy|z(z,yl2) )

PX|Z($|Z)PY|Z(ZJ|Z)

I(X’Y|Z):_ Z PXyz(.iU,y,Z)IOg

(x,y,2)€supp(Pxy z)

(P.44)

The mutual information between the random variables X and Y conditioning on the random
variable Z can also be written as follows:

_ _ _o Pxyz(X,Y|Z) N
1Y) =Exyz _1 ° <PX|Z(X‘Z)PY|Z(Y’Z))} (P45
- oo [Prixz(Y1X, Z)
=Exyz _1 g< Py (V12) )} (P.45b)
_ [ Pxyz(X]Y, 2)

Note also that the conditional mutual information in (P.44) can be written as follows:

Pxy\z(z,y]2)
Y= 2, P 2 PX7Y|Z($,y‘2)log(P (mllz)P (y]2)
z€supp(Pz) (ﬂﬁvy)esupp(ny\z:z) X\|Z Y|Z\Y
= Y Pz(x)I(X;Y|Z=2), (P.46)
z€supp(Pz)
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where, [(X;Y|Z = 2z) = — Z Pxy|z(x,y|z) log

(z,y)€supp(Pxy | 7= )
information between X and Y conditioning on a fixed Z = z.

P T, Y|z
( XY|Z( ylz) ) is the mutual
Pxz(z]2) Py|z(yl|2)

The following lemma presents some useful properties of the mutual information and condi-
tional mutual information.

Lemma 46. Let X, Y, and Z be three countable sets and let X, Y and Z be three random
variables with joint pmf Pxyz : X x Y x Z — [0,1]. Then,

I(X;Y|Z)=H(Y|Z)-H(Y|X,Z) (P.47)
=H(X|Z) - H(X|Y,Z) and (P.48)
I(X,)Y;2)=1(X;2)+ 1(Y; Z|X) (P.49)
=I1(Y;2)+ 1(X; Z|Y). (P.50)
Proof:
Proof of (P.47): From (P.45b)), the following holds:
I(X;Y|Z)=Exyz [log Py|xz(Y|X, Z)] - Byz [log Py z(Y|Z)] (P.51a)
=H(Y|Z) - H(Y|X, 2), (P.51b)
and this completes the proof of (P.47]).
Proof of (P.48)): From (P.45¢), the following holds:
I(X;Y|Z)=Exyz [log Px|yz(X|Y, Z)| — Exz [log Px|z(X|2)] (P.52a)
=H(X|Z) - H(X|Y, Z), (P.52b)
and this completes the proof of (P.48)).
Proof of (P.49)): From (P.30)), the following holds:

I(X,)Y;Z)=H(X,Y)-H(X,Y|Z) (P.53a)
=H(X)+H(Y|X)-H(X|Z2)-H(Y|X,2) (P.53b)
=1(X;2)+1(Y; Z|X), (P.53c)

and this completes the proof of (P.49)).
Proof of (P.50): From (P.30)), the following holds:

I(X,Y;Z)=H(X,Y)—-H(X,Y|Z) (P.54a)
=HY)+ HX|Y)-H(Y|Z)- HX|Y,Z2) (P.54b)
=I1Y;2)+ 1(X;Z]Y), (P.54c)

and this completes the proof of (P.50). This completes the proof of Lemma
|

The mutual information between the random variables X and Y conditioning on the random
variable Z is equal to zero if X and Y are independent conditioning on Z, i.e., X — Z =Y,
as stated by the following lemma.
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Lemma 47. Let X, Y, and Z be three countable sets and let also X, Y and Z be three random
variables with joint pmf Pxyz : X x Y x Z — [0,1] such that X — Z — Y. Then,

I(X;Y|Z) =0. (P.55)

Proof: From (P.45¢|), the following holds:

I(X;Y|Z)=Exyy |log (mn (P.56a)
:EXYZ [log 1] (P.56b)
=0. (P.56¢)

where, (P.56a)) follows from the fact that the random variables X and Y are mutually
independent conditioning on the random variable Z, i.e., X — Z — Y. This completes the
proof of Lemma [47} [

The following lemma presents some additional useful properties of the mutual information
and conditional mutual information.

Lemma 48 (Chain rule for mutual information and chain rule for conditional mutual infor-
mation). Let X1, Xa, ..., Xn, Y and Z be N + 2 countable sets. Let X = (X1, Xo, ... ,XN)T
be a vector of N random wvariables and let also Y and Z be two random variables with joint
pmfs Pxy : X1 x Xo X ... X Ay xY — [0,1] and Pxyz : X1 x Xa X ... X Ay x Y x Z — [0,1].
Then,

N
I(Xl,XQ, Ceey XN; Y):I(Xl, Y) + I(XQ; Y|X1) + Z I(Xn, Y|X1,X2, . ,anl), (P57a)
n=3
I(X1,Xs,...,Xn:;Y)20, and (P.57b)
N
I(X1,Xo,..., XN Y| 2)=I(X0;;Y|Z2) + I(X2; Y|Z, X1) + > I(Xp; V|2, X1, X2, ..., Xn1).
n=3

(P.57¢)

Proof:
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Proof of (P.57a)): From ([P.28a)), the following holds:

I(X;Y)=Exy |log <PXY(XY)H (P.58a)

Px(X)Py(Y)

“Exy | log Px,y(X1,Y) PXQ\le(XﬂXl,Y) PX3|X1X2Y(X3\X1,X2,Y)
PXl(Xl)PY(Y) PX2|X1(X2’X1) PXg\X1X2(X3‘X1,X2)

Py %1 X0 Xy Y (XN X1, Xoy o, XN, Y) (P58h)
PXNleXg...XNfl(X3|X17 X27 s 7XN - 1)
Px,y(X1,Y) Py, x,v (X2|X1,Y)
=Ex,v log L +Ex, x,v log
' Px, (X1)Py(Y) e Py, 1x, (X2|X1)
Py x,x,v (X3] X1, X2,Y)
]E 1 3 1A2
TExXRXay g Py, x, x, (X3 X1, X2)
\Exy |log Pxy1x1 X0 Xn v (XN X1, Xo, o0, XN, Y)} (P.58¢)
Px g 1x: X0 X n 1 (X3] X1, Xo, ..., Xy — 1)

=I(X1;Y) + I(Xo;: Y|X1) + I(X3: Y| X1, Xo) 4 ... + I(Xn; Y[ X1, Xoy .., Xn_1),
(P.58)

where, (P.58d) follows from ([P.28a)) and ([P.45b|). This completes the proof of (P.57al).

Proof of (P.57b)): From (P.57a)), the following holds:

I(X1, Xo, ..., Xn: Y)=I(X1; V) + I(Xa; Y] X1) + i (X Y|X1, Xos ..., Xnot) (P.592)
—H(Y) - H(Y|X)) + H(Y\)TE; ~H(Y|X1, Xs)

n i (H(Y|X1, Xa .., Xn_1) — H(Y|X1, Xo, ..., Xn_1, X)) (P.59b)

>0, "~ (P.59¢c)

where (P.59¢) follows from Lemma {40| and the fact that H(Y) > H(Y|X,1), H(Y|X;) >
H(Y|X1,X2), ceey H(Y‘Xl, X2, e aXN—l) } H(Y|X1,X2, e ,XN_I,XN). This completes
the proof of of (P.57h|).

Proof of (P.57¢): From (P.45¢), the following holds:

e I

I(X;Y|Z2)=Exyz
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Px,12(X1]1Z)  Px,x,2(X2|X1, Z)
Py, 1x,x0y 7(X3] X1, X2, Y, Z)
Pxy1x,x22( X3 X1, X2, Z)

Px,lyz(X1|Y Z) Px,x,vz(X2|X1,Y, Z)
=Exyz|log

Pxy1x:1 X0, Xn 1 vz(XNIX1, Xoy ..., XN-1,Y, Z) (P.60b)
PXN|X1X2...XN,1,Z(X3|X1’X2a L Xv—1,2)
Px,lyz(X1lY, Z) Py, 1x,vz(X2|X1,Y, Z)
:EX YZ lo L +EX XoYZ lo
! 8 Px,12(X1|Z) v & Px,x,2(X2| X1, Z)
Py, 1x,x0v 2(X3] X1, X2,Y, Z)
]E 1 3 1A2
FExiXaXeyZ | 108 Px,1x,x,2(X3| X1, X2, Z)
+]EXYZ log PXN‘XlXQ...XN,1YZ(XN|X17 X27 tt 7XN—17 }/7 Z):| (P GOC)
Px 1% Xo.. Xn 1 2(X3| X1, Xo, ., Xv — 1, 2)

—I(X1;Y|Z) + [(Xo; Y| X1, Z) + [(X3; Y| X1, X0, Z) + ...
—|—I(XN;Y’X1,X2,...,XN_l,Z), (PGOd)

where (P.60d) follows from (P.45c¢|). This completes the proof of (P.57c). This completes the
proof of Lemma

|

The mutual information between the random variables X and Z is less than or equal to the

mutual information between the random variables X and Y, or between the random variables

Y and Z, if the random variables X and Z are independent conditioning on the random
variable Y, i.e., X — Y — Z. This is stated in the following lemma.

Lemma 49 (Data Processing Inequality |28, Theorem 2.8.1]). Let X, ), and Z be three
countable sets and let X, Y and Z be three random variables with joint pmf Pxyz : X XY X Z —
[0,1] such that X —Y — Z. Then,

I(X;2)<I(X;Y) and (P.61a)
I(X; 2)<I(Y; Z). (P.61b)

If Z = g(Y), then
I(X;9(Y))<I(X:Y). (P.61c)

Proof:
Proof of (P.61a)): From (P.57al), the following holds:
I(X:Y, 2)=I(X:Z) + I(X;Y|Z) (P.62a)
>I1(X;27) (P.62b)
and

I(X;Y,2)=I(X;Y) + I(X; Z|Y) (P.62c)
=I1(X:;Y), (P.62d)

where ([P.62d)) follows from the fact that the random variables X and Z are mutually indepen-
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dent conditioning on the random variable Y, i.e., X - Y — Z. From ([P.62b]) and (P.62d)),
the following holds:

I(X; 2)<I(X;Y), (P.62e)

and this completes the proof of (P.61a)).
Proof of (P.61b)): From (P.57a)), the following holds:

I(X,Y;2)=1(Y;2)+ I(X; Z]Y) (P.63a)
=I1(Y;Z) (P.63b)
and
I(X,)Y;2)=1(X;Z2)+ I(Y; Z|X) (P.63c)
>I1(X;Z2), (P.63d)

where ([P.63b]) follows from the fact that the random variables X and Z are mutually indepen-
dent conditioning on the random variable Y, i.e., X — Y — Z. From (P.63b|) and (P.63d)),
the following holds:

1(X; 2)<I(Y; 2), (P.63e)

and this completes the proof of (P.61b|).
Proof of (P.61c)): Plugging Z = ¢(Y) into (P.62¢)), yields:

I(X;9(Y))<I(X3Y), (P.64)
and this completes the proof of (P.61c|). This completes the proof of Lemma [ |

The following lemma presents some useful properties of the conditional mutual information
if the random variables X and Z are independent conditioning on the random variable Y, i.e.,
X—=>Y—>Z

Lemma 50 (Corollary [28, Theorem 2.8.1]). Let X', YV, and Z be three countable sets and let
X, Y and Z be three random variables with joint pmf Pxyz : X x Y x Z — [0,1] such that
X =Y — Z. Then,

I(X;Y|2)<I(X;Y) and (P.65a)
IY; Z|X)<I(Y; 2). (P.65b)
Proof:
Proof of (P.65a): From (P.57a)), the following holds:
I(X;Y,2)=1(X;Z)+ 1(X;Y|2) (P.66a)
>I1(X;Y|Z). (P.66b)

From (P.62d]) and (P.66b]), the following holds:

I(X;Y|2)<I(X;Y), (P.66¢)
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and this completes the proof of (P.65a)).
Proof of (P.65b): From (P.57a)), the following holds:

I(X,Y;2)=1(X;Z) + I(Y; Z|X)

>1(Y;Z|X). (P.67a)

From and , the following holds:
IY; Z|X)<I(Y; Z), (P.67b)
and this completes the proof of . This completes the proof of Lemma |

The following lemma presents a property of the conditional mutual information when the
random variables X, Y, and Z do not form a Markov Chain, which is contrary in result to
the stated in Lemma

Lemma 51 (Corollary |28, Theorem 2.8.1)). Let X', YV, and Z be three countable sets and let
X, Y and Z be three random variables with joint pmf Pxyz : X x Y x Z — [0,1] such that
PXYZ(xvyv Z) = PX(:C)PY(y)PZ\XY(ZkCa y) Th6n7

I(X;Y|Z) > I(X;Y). (P.68)

Proof: From the assumption of the lemma, X and Y are two independent random variables,
then I(X;Y) = 0. Hence, the inequality can be obtained from the non-negativity of mutual
information. ]

The following two lemmas present some useful properties of the mutual information between
two N-dimensional vectors of random variables. These two lemmas are considering that the
components of the N-dimensional vector of random variables Y correspond to the channel-
outputs generated by the components of the N-dimensional vector of random variables X as
channel-inputs in a given channel. In the first lemma, the components of the N-dimensional
vector of random variables X are assumed be mutually independent. In the second lemma,
the channel is assumed to be memoryless.

Lemma 52 ([55, Theorem 1.8]). Let X1, Xo, ..., XN, and Y1, Va2, ..., YN be 2N countable
sets, let X = (X1, Xo,. .. ,XN)T be an N - dimensional vector of independent random variables,
and let also Y = (Y1,Ya, ... ,YN)T be an N -dimensional vector of random variables such that
thejointpmfis PXY : Xl X XQ X ... X XN ><y1 X yg XyN — [0,1] Then,

I(X;Y) > iV: I(Xp;Ya). (P.69)

n=1

Proof: From (P.28¢|), the following holds:

I1(X;Y)=Exy |log (W) (P.70a)
_ o Pxy (X[Y)
=Py |log (PXI(Xl)PXQ(Xz) ---PXN(XN)N ’ (P-705)

where, (P.70b]) follows from the fact that X, Xo, ..., Xy are mutually independent. On the
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other hand,

) By g Prss) C
306 Y= Exur, 1g( e )} (P.700)

B oo [Pl (K1Y Py vy (Xa[Y2) - Py vy (Xn[Yiv)
ey {1 g( Px, (X1)Px,(X2) ... Pxy(Xn) ﬂ - (P.70)

S (1Y)~ 1(X:Y) = Exy {bg (PX1Y1 1) ol (Xal¥s). - P (XN|YN)>}

Pxy (X[Y)
(P.70e)
o Py vy (X11Y1) Py v, (X2|Y2) -« Px vy (XN YN)
<tox (B | Py (X[Y) )) (700
=log ( (PY( )Px va (T1191) Pxy|vs (#2]y2) - - - Px vy (xN|yN))> (P.70g)
reXNyc)N
=10g< > Pr(y) Y, (PX1|Y1(ﬂﬁl\yl)sz|Yz(fE2ly2)~-PXNYN($N|?/N))> (P.70h)
yeyN zexN
:10g< > Py(y)> (P.70i)
yeyN
—log 1 (P.70j)

=0, (P.70K)

where (P.70f) follows from Jensen’s inequality. Then,

N
>3 1(Xp;Ya) (P.701)

n=1

and this completes the proof of ]

Lemma 53 ([55, Theorem 1.9]). Let X and Y be two countable sets. Let also X1, Xa, ..., Xn,
Y1,Ys,...,Yn be 2N random variables with joint pmf Pxy : XN x YN — [0,1] such that

for all (x,y) € XN x YN it holds that Pxy(x,y) = Py x (ylx)Px (x), with Py x(y|lz) =
N

H PYn‘Xn (yn‘l'n) Then,

n=1

N
I(X;Y) < Z I(Xp;Ya). (P.71)

n=1

Proof: From ([P.28Db)), the following holds:
Py x(Y]X)
I (X:;Y)=E 1 _ P.72

( ) ) XY Og( Py(Y) ( 7 a)
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=Exy (P.72b)

oo [ Priix (Y11X1) Py, x, (Y2|X2) - .. Py xy (YN[ XN)

N
where (P.72b|) follows from the fact that Py x (y|z) = H Py, x, (Ynln). On the other hand,

el
nil I (Xp; Yn)znil Ex,v, {log (Wﬂ (P.72¢)
L G 7 o e et | LT

Hence,
an I(X;Y)—1(X,:Y,)=Ey {log (Pyl(mpyigi)y')' ' PYN(YN)H (P.72e)
<log (EY <P Y (YI)PYQ;%)' Py (V) )D (P.72f)

:10g< > (Py, (11) Py (y2) - - - Pry (:w))) (P.72g)
ey
=log1 ’ (P.72h)

=0, (P.72i)

where (P.72f) follows from Jensen’s inequality. Then,

I(X:Y)< g: I(Xn;Ya), (P.72j)

n=1

and this completes the proof of Lemma

P.2. Real-Valued Random Variables

Shannon formalized the information measures on discrete random variables and these notions
were extended to real-valued random variables. The differential entropy (the entropy of a
real-valued random variable) does not have the same meaning as the entropy for the discrete
case. Nonetheless, the real importance of the differential entropy is in the calculation of the
mutual information between two real-valued random variables, which allows to compare two
probability distributions and to keep the same meaning as in the discrete case.

P.2.1. Differential Entropy

The differential entropy h(X) of a real-valued random variable X is a functional of the pdf fx.
Although entropy and differential entropy have similar mathematical forms, the differential
entropy does not serve as a measure of the average amount of information contained in a
real-valued random variable. In fact, a real-valued random variable generally contains an
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infinite amount of information [104].

Definition 15 (Differential Entropy). Let X be a random wvariable with pdf fx : R — [0, 00).
Then, the differential entropy of X, denoted by h(X), is:

hX) = — /_ O:]:X(:c) log fx () dz. (P.73)

Note that hA(X) depends only on fx and not in the values in R. The differential entropy of
a random variable X can also be written as follows:

h(X) = —Ex [log fx(X)]. (P.74)

Corollary 12. Let X be a random variable uniformly distributed on [0,a]. Then,

a1 1
hX)= —/ —log — dx = loga. (P.75)
0 a ~a
Proof: The proof of Corollary [12] follows directly from Definition
|
Note that in this case h(X) < 0if a < 1.
Corollary 13. Let X be a Gaussian random variable with zero mean and variance o2, i.e.,
X ~ N(0,02). Then,
1
h(X) = 5 log (2me0?) . (P.76)
Proof:
1 o
From Definition |15, with fx(z) = e 202 and e the base of the logarithm, the
_ V2mo?
following holds:
o)
h(X)=— / Fx(@)In fx (z) dz (P.77a)
00 2
:—/ Ix(z) (—;2 - lnv27ra2> dz (P.77b)
o o
1 o0 oo
S L ?fx(z) do +In V207 L Jx(@)da (P.77c)
Ex [X?
=X2[2] +In V2702 (P.77d)
o
11 )
=5 + 5 In(270?) (P.77¢)
1 1 )
=3 Ine+ 3 In (2770 ) (P.77f)
1 2
= In (2re?), (P.77g)

in nats, where (P.77¢) follows from the fact that Ex [X?] = Varx [X] + (Ex [X])? = o2
Changing the base of the logarithm to two completes the proof of Corollary ]
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Lemma 54. Let X be a random variable with pdf fx : R — [0,00), zero mean, and variance
o?. The mazimum value of the differential entropy of the random variable X is obtained when

the random variable X has a Gaussian distribution with zero mean and variance o%. Then,
1
h(X) < log (2mec?) . (P.78)

Proof: Let ¢x : R — [0,00) be a Gauss2ian pdf on the random variable X with zero mean
T

and variance o2, i.e., ¢x(z) = e 202, Then, the following holds:

1
V2ro?
X) +/_2x(x) log ¢x (z) dr=— /o?fx(x) log fx (z) dx+/_o:£x(x) log ¢x (x)dz (P.79a)

/ Fx () log 2X 1 ; dz (P.79h)

_ x(X)
—Ex {1 8 X)} (P.79¢)

Px(X)
<log (]EX LCX ) }) (P.79d)
log ( /_ Ix(@) fijg; daz) (P.79€)
=log (/_ ox () d:U) (P.79f)
=log 1 (P.79g)
0, (P.79h)
where follows from Jensen’s inequality.
Then,

- [ “fx (2) log ¢ () dar (P.79))
:% log (27T€(72> , (P.79j)
and equality holds if fx(x) = ¢x(z). This completes the proof of Lemma [ |

P.2.2. Joint Differential Entropy

The joint differential entropy can be understood as the extension of the joint entropy for
discrete random variables to real-valued random variables. Although joint entropy and joint
differential entropy have similar mathematical forms, the joint differential entropy does not
serve as a measure of the average amount of information simultaneously contained into the
considered real-valued random variables.

Definition 16 (Joint Differential Entropy). Let X and Y be two random variables with joint
pdf fxy : R? — [0,00). Then, the joint differential entropy of the random variables X and Y,
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denoted by h(X,Y), is:
MXY) = —/ / fxv(z,y)log fxv(z,y) dzdy. (P.80)

The joint differential entropy of the random variables X and Y can also be written as
follows:
h(X, Y) = _EXY [log fxy(X, Y)] . (P.81)

Lemma 38 and Definition [I1] can be extended to real-valued random variables.

Lemma 55 (Differential Entropy of a Bivariate Gaussian Distribution). Let X and Y
X
-

is the Pearson correlation coefficient. The joint

be two Gaussian random wvariables with covariance matrizx K = Exy

2 E XY
{ IX an20y , where p = Exy [XY]
POXOY Oy oxXOoy
differential entropy of the random variables X and Y is:

WX, Y) = %log (2re)? K]), (P.82)

where |K]| is the determinant of the covariance matriz K, i.e., |K| = det(K).

Proof: From (P.81)), the following holds:

h(X,Y) = —Exy [log fxy(X,Y)]. (P.83a)
For all (z,y) € R?, the following holds:

o
(Vo) I

N | =
B
=,
=
L
| e
< 8
|
N~

fxv(z,y) = : (P.83b)

where K1 is the inverse of the covariance matrix. The determinant of the covariance matrix
K is:
K|=0%0% (1—p%), (P.83c)

and the inverse of the covariance matrix K is:

1 2
K l=— { Ty poxov. (P.83d)
K| | —poxoy 0%

Plugging (P.83d)) into (P.83b|) the following holds:

L oy —poxoy
e 2 K| —poxoy ag(

(vzr)® K|z

T
Y

) (P.83e)

fXY(xay):
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1 1 :ca%/ — Ypoxoy
1 5 | 77 [z Y] _ 2
2 1 :
(var |K\§
1 L 252 _ 2 2
1 -3 K] (33 oy — 2zypoxoy +y O‘X)
=7 . (P.83g)
(\/27r> |K|2

Plugging (P.83g)) into ( and considering the logarithm of base e, the following holds:

| 1 1 < ! (X2ayf2XYp0X0y+Y2 ))
WMX,Y)=—Exy |In | ———5——e K|
(Ve K}
' (P.83h)
=Exy |In % 1 ( L (XQO'Y —2XYpoxoy +Y UX))
|\ (ver) K2 IN
(P.83i)
zln((\/ﬂ)2|1<|%)+1 <’11<| (63 Ex [X?| ~2p0x0yExy [XY]+0%Ey [Y2])>
(P.83j)
1 101
=In ((\/ﬂ)z \K]é) + 3 <|K\ (052/03{ —2p%0%0% + U%*J%)) (P.83k)
—in (V) K1) + <,11<| (%02 (1 p2))) (P.83)
:n((\/ﬂ)Q\Kﬁ) +1 (P.83m)
=In (( 27‘(’6)2 \K|%> (P.83n)
:% In ((2re)? |K]), (P.830)
in nats, where follows from . Changing the base of the logarithm to two
completes the proof of Lemma [ ]

Lemma |56 generalizes Lemma

Lemma 56. Let X = (X1, Xo, ..., XN)T € RN be a vector of N random variables with joint
Gaussian pdf fx : X1 X Xo X ... x Xy — [0,00), i.e., X ~ N (0,K). Then, the joint entropy
of X, denoted by h(X), is

h(X) = %log ((2re)™ [K]). (P.84)

P.2.3. Conditional Differential Entropy

Definition 17 (Conditional Differential Entropy). Let X and Y be two random variables with
joint pdf fxy : R? — [0,00). Then, the differential entropy of Y conditioning on X, denoted
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P.2. Real-Valued Random Variables

by h(Y|X), is
WV 1X) == [ [ o) log frix(ylo) da dy, (P55)

The differential entropy of the random variable Y conditioning on the random variable X
can be written as follows:

h(Y|X) = —Exy [log fy|x(Y|X)]. (P.86)

Note also that the conditional differential entropy in (P.85)) can be written as follows:
mwﬁ/hm—/nmmmwmwﬂwm

/ fx(@)h(Y]X = x)du, (P.87)

where h(Y|X = x) / fyix (y|z) log fyx (y|z) dy, the differental entropy of Y conditioning

on a fixed X = x.
Lemmas B942] can be extended to real-valued random variables.

P.2.4. Mutual Information

Definition 18 (Mutual Information). Let X and Y be two random variables with joint pdf
fxy : X xY —[0,00). Then, the mutual information between X and Y, denoted by I(X;Y),

is: / / ey (1) log <f£x(*y)(;y?(/))) dz dy. (P.88)

The mutual information between the real-valued random variables X and Y can also be
written as follows:

I(X:Y)=Eyy :log (‘Wﬂ (P.89a)
an (T
~Exy |log (f X}ig’)y) )} . (P.89c)

Lemmas 43145 can be extended to real-valued random variables.

Lemma 57 (Mutual information between two Gaussian random variables). Let X and Y

be two Gaussian random variables with zero mean, correlation p, and variances O'g( and U%/,

X o2 o x O
. . T X POXOY
respectively, i.e., (X,Y) N ( {Y} , {PUXUY o2
the random variables X and Y 1is:

). The mutual information between

1
I(X;Y) = — log (1-0). (P.90)
Proof: From Lemma [P-33] the following holds:

I(X;Y) = h(X) + h(Y) — h(X,Y). (P.91a)
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P. Information Measures

Plugging (P.76|) and ( into m, the following holds:

1 1 1
I(X;Y)=7 log (27r€0§<> + 5 log (2meoy) — 5 log ((2me)® |K]) (P.91D)
1 o202
=1 XY P.91
o (75 (Po1e)
1
=— log (1—p%), (P.91d)

where (P.91d) follows from the fact that K| = det(K) = 0% 0% (1 — p?). This completes the
proof. |
Note that if p = £1 (perfect correlation) then I(X;Y') is infinite.

P.2.5. Conditional Mutual Information

Definition 19 (Conditional Mutual Information). Let X, Y, and Z be three random vari-
ables with joint pdf fxyz : R® — [0,00). Then, the mutual information between X and Y
conditioning on Z, denoted by I(X;Y|Z), is

Ixyiz(z,yl2)
I(X;Y|Z) = / / / fxvz(z,y,z)log <fX|Z(x‘Z)fY|Z(y|2)) dx dydz. (P.92)

The mutual information between the real-valued random variables X and Y conditioning
on the real-valued random variable Z can also be written as follows:

. _ [ Ixviz(X,Y|Z)
I ¥12)=Exyz |log (fX|Z<X\Z>fY|Z<YrZ>)} (95)
_ _O fyixz(YX, Z)
=Exyz |l g(fY|Z(YZ) )} (P.94)
_ _O Ixyyz(XYZ)
“xrz _1 g( Ix12(X]) ﬂ . (P-95)

Lemmas [46/53] can be extended to real-valued random variables.
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Fano’s Inequality

N data transmission, Fano’s inequality establishes a connection between a traditional

I practical measure, the probability of error, and an information measure of the effect

of the channel noise, the equivocation or conditional entropy. This inequality gives

a lower-bound on the probability of error or an upper-bound on the equivocation. Fano’s

inequality is of paramount importance due to its versatile use in establishing fundamental
limits. This result is used in all converse proofs in this thesis.

Lemma 58 (Fano’s Inequality). Let X' be a countable set and let X and X be two random
variables with joint pmf P, & : X? — (0,1] such that for all (z,7) € X2, P (z,7) =

PXDA((x]&E)P)?(:f). Let also E = ]l{X?éX} be a binary random variable with pmf Pg : {0,1} —

[0, 1] such that p = Pg(1) =1 — Pg(0). Then,

H(X|X) < H(E)+ plog (|X] - 1). (Q.1)
Proof:

H(X|X)=H(X|X)+ H(E|X, X) (Q.2a)

—H(E, X|X) (Q.2b)

—H(E|X) + H(X|E, X) (Q.2¢)

<H(E)+ H(X|E,X) (Q.2d)

=H(E)+ > (P, ¢(0,2)H(X|E=0,X =7) (Q.2¢)

zesupp (P;(\)
+PE7)?(1,3?)H(X\E =1,X =7)) (Q.2f)
=H(E)+ > P, HX|E=1,X =7%) (Q.29)

/x\esupp (P;E)
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Q. Fano’s Inequality

SH(E)+ > P, (1,2)log(|X| - 1) (Q.2h)
/z\ESupp (P)?)
=H(E) +log (|X]| —1) ZPEJ?(L%) (Q.2i)
/x\Esupp (P;(\)
=H(E) + Pg(1)log (|X| — 1) (Q.2j)
=H(E) +plog (|X| - 1), (Q.-2k)

where, (Q.2a) follows from the fact that the value of the random variable E' is known given the
knowledge of the random variables X and X, i.e., H (E|X,X) = 0; (Q-2d) follows from the
fact that conditioning does not increase entropy (Lemma B - ) follows from Definition
(equation and PE|)? :{0,1} x X — (0,1]; (Q.2g) follows from the fact that if £ =0
the value of the random variable X is known given the knowledge of the random variable
X, ie, HX|E = 0,)? =2) =0; follows from the fact that given £ = 1 and X = z,
X can take any of the X — 1 values and an upper-bound can be obtained on the entropy
assuming that X is uniformly distributed, i.ce., H(X|E =1,X = z) < log (|X| — 1) (Lemma
; and follows from the fact that p = Pr [X #* X } = Pg(1). This completes the proof
of Lemma [58 [

Fano’s inequality corresponds to a model of communication in which a message selected
from a set X is encoded into an input signal for transmission through a noisy channel, and
the resulting output signal is decoded into a message of the same set. The conditional entropy
H (X |)/(\ ) or equivocation represents the remaining uncertainty on the random variable X. It
can also be seen as the average number of bits needed to transmit such that the receiver can
identify X with the knowledge of X. In other words, it is the average information loss in a
noisy channel. If H (X |)/(\ ) = 0, then, the probability of error p is equal to zero.

Consider the following Markov chain: X — Y — X, with X = g(Y), where g is a
deterministic function. Then, from Lemma [49] the following holds:

I(X;Y)21(X;9(Y)) (Q.3)
=I(X; X). (Q.4)
From , the following holds:
H(X|X)>H(X|Y) (Q.5)
and R
H(X|Y)< H(X|X) < H(E)+ Pglog(|X| —1). (Q.6)

A loose bound on the equivocation can be obtained as follows:
H(X|X) <1+ Pplog|X|. (Q.7)
A lower-bound on the probability of error can be obtained from (Q.7)), as follows:

H(X|X) -1

P>
B log | X|
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If the probability of error Pg is small, then H (X \5(\ ) should be also small. Note also that
H (X X ) =H(X)-1 (X X ) in which a high equivocation implies a low mutual information,
and this also implies a high probability of error. A low probability of error implies a high
mutual information, and this implies a low equivocation.
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Weak Typicality

HE AEP is a direct consequence of the weak law of large numbers (WLLN).

I It states that a sequence of N independent and identically distributed (i.i.d.)

random variables X = (X1, X»,..., Xx) with N sufficiently large, almost surely

belongs to the subset of all possible sequences XV having only 2V7(X) clements, each having

a probability close to 2~ NH(X) [54], where X is a random variable representing any of the

random variables in the long sequence. This divides the set of all sequences into two sets:

the typical set and the nontypical set. All of the sequences in the typical set, the set with a

probability measure close to one, have roughly the same probability of occurrence. Thus, the
sequences in the typical set are almost uniformly distributed.

R.1. Discrete Random Variables
Let X = {0,1} and let also X = (X1, Xa,...,Xn)" be an N-dimensional vector of i.i.d binary

random variables with joint pmf Px : {0, 1} — [0,1]. The probability of a binary sequence
that contains r ones and N — r zeros is:

Px(z)=pi (1-p)"", (R.1)

where, p; = Px(1). The total number of binary sequences that contain r ones in a binary

sequence of N symbols is:
N
= . R.2

Let R € IN be a random variable that represents the number of ones, 7, in a binary sequence of
N symbols. Then, the probability of all binary sequences of N symbols that contain r ones is:

Par) = (7 )i (- (3
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R. Weak Typicality

where Er [R] = Np; and Varg [R] = Npi(1 —p;) (standard deviation equal to /Npi(1 — p1)).
The number of binary sequences with r ones will be approximately equal to Np1++/Np1(1 — p1).
As N increases, the probability distribution of the random variable R becomes more concen-
trated, in the sense that its expected value increases as N and the standard deviation increases
only as v/N. It implies that the binary sequence @ is most likely to fall in a small subset of
sequences that is called the typical set [54].

Now, let X be a countable set and let also X = (X7, Xo, ... ,XN)T be an N-dimensional
vector of i.i.d random variables with joint pmf Px : XV — [0,1]. A long typical sequence of
N symbols contains approximately p1 N occurrences of the first symbol, po N occurrences of
the second symbol, ..., pgIN occurrences of the ¢-th symbol, where p; = Px(1), p2 = Px(2),
..., p¢ = Px(¢). When the probability distribution (p1,p2,...,p¢) is conmesurable with
denominator n € IN, the probability of that typical sequence is:

PX(w):PX(xl)PX(a:Q) . Px(x]v) (R.4a)
:pngl)péNPQ) B .pngZ), (R.4b)

where, ¢ is the cardinality of the set X, i.e., £ = |X|. The amount of information provided by
the typical sequence x is:

W(z)=—log Px () (R.5a)

=—N Z Px(x)log Px (x) (R.5b)
z€supp(Px)

—NH(X). (R.5¢)

Then, the amount of information provided by the typical sequence x is equal to NH(X), even

when the distribution (p1, pe, . . ., p¢) are non conmesurable values. Here, H(X) = N log Px (x)

is called the empirical entropy of a typical sequence.

The following lemma, is instrumental in the understanding of typical sequences.

Lemma 59 (Chebyshev Inequality). Let X be a random variable with finite expected value
, ie., Ex[X] = u < oo, and variance o2, i.e., Vary [X] = o2. Then, for any a > 0, the

following holds:
2

g
Pri|X —p| >a] < por (R.6)
R.1.1. Weak Typicality

Lemma 60 ([104, Theorem 5.1]). Let X be a random variable defined on a countable set X
with pmf Px : X — [0,1]. Let also X = (X1, Xa,...,Xn)T € XN be an N-dimensional vector
of random wvariables whose joint pmf is:

N
Px(dfl,l’g...,l’]\f): pr(xn), (R7)

n=1
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R.1. Discrete Random Variables

for all (x1,22...,25) € XN. Then, for any € > 0 arbitrarily small, there always exists an N
sufficiently large such that X satisfies:

ol

—log Px (X) - H(X)‘ <dz1-e (R.8)

Proof: Let the discrete random variable Y be defined by:

1
Y =——logPx (X). (R.9)
N
Note that
1
Ey [Y]=Ex [_N log Px (X)| (R.10a)
1
=—% 2 DIx(@)logPx(x) (R.10Db)
xesupp Px
1 N
=~ Y. Px()log Px () (R.10c)
n=1 x&supp Px
1 N
=% X > o > Px(z1)Px(x2)...Px (an)log Px (zn)
n=1 x Esupp Px xz2Esupp Px x n Esupp Px
(R.10d)
1 N
N Y. D> Px(xa)logPx (zn) (R.10e)
n=1 z, Esupp Px
1 N
=~ 2 H(X 10f
~ n; (X) (R.10f)
=H(X) (R.10g)
and
1
Vary [Y]=Varx {—N log Px (X) (R.11a)
1
:WVMX [log Px (X)] (R.llb)
1 N
=N Zl Vary, [log Px, (Xn)] (R.11c)
1
:NVEHX [log Px (X)], (R.11d)

where (R.10c) and (R.11c) follow from the fact that all the random variables in the vector of
random variables are independent (R.7]).

From Chebyshev inequality (Lemma , it holds for any a > 0 that:

Vary [Y] .

a2

Pr[|Y — Ey [Y]| > a] < (R.12)
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R. Weak Typicality

That is,
Pr {

1
< WVarX [log Px (z)] . (R.13)

1
~y og Px (X) = H(X)| > a

Note that since the random variable X has finite expected value and a finite variance, it
1
follows that — Vary [log Px ()] is always finite.
a
Thus, for all € > 0, there always exists an N sufficiently large, such that

Pr <€ (R.14)

1
~ o8 Px (X) ~ H(X)| > a

Finally, note that

-

_%bgpx (X) - H(X)‘ < 4:1 ~Pr {

g Py (X) - H(X)‘ > a| (R.150)
S (R.15b)

Therefore, for all € > 0, there always exists an IV sufficiently large such that

ol

1
< log Px (X) - H(X)‘ <dz1-c (R.16)
This completes the proof.
|
Remark 1. Since the probability space is discrete and finite, it follows from Vitali con-
1
vergence theorem [77] that the convergence in probability of —ﬁlog Px (X) to H(X), i.e.,
1 1
N log Px (X) & H(X) established in Lemma@ implies the £ convergence Of_N log Px (X)
1 .
to H(X), ic., =~ log Px (X) 2 H(X).
Definition 20 (Weakly Typical Set). Consider a random variable X € X distributed according

to Px and the joint pmf of the N-dimensional vector of random variables X in (R.7). For
any € > 0 arbitrarily small, the set of weakly typical sequences with respect to Px is the set of

sequences © = (r1,Ta,...,xn) € XV, denoted by T)((N’e), such that:
(Ne) _ N L
T = {eex .'—NlogPX (a:)—H(X)‘ <. (R.17)

The expression —% log Px (x) is called the empirical entropy of a weakly typical sequence.
The typical sequences are those sequences that have probability close to 27 VH(X) Note
that the most probable sequence and the least probable sequence are not necessarily typical
sequences. Nonetheless, the set formed by the typical sequences has a probability measure
close to one as N increases. Note also that Tx depends only on N, ¢, and the distribution Px.
Figure [R-I] shows that the empirical entropy of a binary sequence approaches to the entropy
of a binary random variable for N € IN sufficiently large.

Lemma 61 (Weak AEP). Let T)((N’e) be the set of weakly typical sequences with respect to Px
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1.2 !
= Empirical Entropy
Entropy
111 b
1L i
09 4
3
I
0.8 i
0.7 i
0.6 i
05 Il Il Il Il Il
10° 10' 102 108 10* 10° 108

Number of symbols per sequence N

Figure R.1.: Empirical entropy of random binary sequence with Px (0) =1 — Px (1) = 0.3.

and with € > 0. Then, for N € N sufficiently large and for all x € T)((N’G), the following holds:

9= NHX)+6) o py(g) < 2~ NHX)=), (R.184a)
ZPX(:):) >1—¢, and (R.18b)
a:ET)((N ©

(1 — )2NHX)=9 o ‘T}{V‘) < oN(H(X)+e) (R.18c)

Proof:
Proof of (R.18a): This is obtained directly from Definition

Proof of (R.18b)): From (R.8)), the following holds:

> Px(xz)>1—c¢ (R.19)

wGT)((N’e)
with € > 0, and this completes the proof of (R.18b]).
Proof of (R.18c): From (R.18a)) and (R.18b)), the following holds:

1= Px(x) (R.20a)
reXN

> Px(a) (R.20Db)
mGT)((N'e)

>3 o NHEO) T (R.20¢)
wET)((N’E)

:‘T;{N»@ 9~ N(H(X)+e)

: (R.20d)
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for N sufficiently large, which implies:

’T)((Nx) < oNHX)+e) (R.20e)
and
1—e<)  Px(x) (R.20f)
:EET)((N’E)
<> 27 NUHE) = (R.20g)
:IJGT)((N’e)
:’T)((N,e) o~ NH(X)=¢) (R.20h)
for N sufficiently large, which implies:
T > (1 - N0, (R.20i)
and this completes the proof of (R.18c). This completes the proof of Lemma [

R.1.2. Weak Joint Typicality

The notion of typicality can be extended to multiple vectors of random variables.

Lemma 62. Let X and ) be two countable sets and let also X and Y be two random variables
with joint pmf Pxy : X x Y — [0,1]. Let also X = (X1, Xo, ..., Xny)T and Y = (Y1, Ys,.. .,
Yn)T be two N-dimensional vectors of random variables whose joint pmf is:

N
Pxy(z,y) = [[ Pxy (@n, ), (R.21)

n=1

for all (z1,22...,25) € XN and (y1,y2...,yn) € YN. Then, for any e > 0 arbitrarily small,
there always exists an N sufficiently large such that X and 'Y satisfies:

ol

—%log Pxy (X,Y) — H(X, Y)‘ <dz1-e (R.22)

Proof: This proof follows along the same lines as the proof of Lemma [60] Then, let the
discrete random variable Z be defined by:

1
Z = _N log PXY (XY) . (R.23)
Note that
Ez [Z]=H(X,Y) and (R.24a)
1
Vary [Z]:NVMXY [log Pxy (X,Y)]. (R.24b)

From Chebyshev inequality (Lemma , it holds for any a > 0 that:

VarZ [Z} .

a2

Pr{|Z —Ez[Z]| > a] < (R.25)
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That is,

1 1
Pr { — o log Pxy (XY) — H(X, Y)‘ > a} < gy Varxy [log Pxy (X, Y)]. (R.26)

Note that since the random variables X and Y have a finite joint expected value and a
1
finite joint variance, it follows that — Varxy [log Pxy (X,Y)] is always finite.
a

Thus, for all € > 0, there always exists an N sufficiently large, such that

b

1
—log Py (X, Y) - H(X,Y)’ >a| <. (R.27)

Finally, note that

Pr { —%logPXY (X,Y) - H(X,Y)‘ < a}zl —Pr { —%logPXy (X,Y) — H(X,Y)’ > a}
(R.28a)
>1-¢€. (R.28Db)
Therefore, for all € > 0, there always exists an N sufficiently large such that
Pr | —%log Pxy (X,Y) — H(X, Y)‘ <dz1-e (R.29)
This completes the proof.
|

Remark 2. Since the probability space is discrete and finite, it follows from Vitali convergence

theorem [77] that the convergence in probability of —Nlog Pxy (X,Y) to H(X,Y), ie.,
1

—Nlog Pxy (X,Y) B H(X,Y) established in Lemma @ implies the L' convergence of
1 1 P

—~log Pxy (X, Y) to H(X,Y), ie., = log Pxy (X,Y) 2 H(X,Y).

Definition 21 (Weakly Joint Typical Set). Consider two random variables X € X andY € Y
distributed according to Pxy, and the pmfs and joint pmf of the N-dimensional vectors of

N
random variables X and'Y according to (R.7), Py (y1,y2...,yn) = H Py (yy), and (R.21)).
n=1

For any € > 0 arbitrarily small, the set of weakly joint typical sequences with respect to Pxy is
the set of sequences ((x1,y1), (x2,y2), ..., (xN,yN)) € (X X y)N, denoted by 7}((]5\;’6), such that:

T = {(w,m € (A x V) i log (Px (@) — H(X)| < e,

—% log (Py (y)) — H(Y)‘ < and

_% log (Pxy (,9)) — H(X, Y)' < e}. (R.30)

Note that if (z,y) € 7}((];’6) then x € T)((N’e) and y € 7;51\7:6).
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R. Weak Typicality

Lemma 63. Let T)((N;) be the set of weakly joint typical sequences with respect to Pxy and

with € > 0. Then, for N sufficiently large and for all (x,y) € 7}((];;6), the following holds:

o~ NH(XY)+e) Pxy(z,y) < 27N(H(X,Y)76)7 (R.31a)

9—N(H(X|Y)+2¢) _ Pxpy(zly) < o~ NH(XY)—2¢) (R.31Db)

Z Pxy (z,y) > 1—¢, and (R.31¢)
(z,y)eTH

(1 — e)2NHEXY)=e) o | 7| « gNHXY)+e) (R.31d)

Proof:
Proof of (R.31a)): This is obtained directly from Definition

Proof of (R.31b)): From the assumptions of the lemma, following along the steps of the
proof of (R.18a) for all z € T4 and for all y € T yields:

From (R.21)) and (R.32b)), the following holds:
o= N(H(X|Y)+2¢) Pxpy (z]y) < o~ NH(X]Y)=2¢) (R.32c)

and this completes the proof of (R.31b)).
Proof of (R.31c): From Lemma the following holds:

ZPXY(way) > 1—g¢, (R33)
(@y)eTy

with € > 0, and this completes the proof of (R.31d)).

Proof of (R.31d): From (R.31al) and (R.31c), the following holds:

1= > Pxy(z,y) (R.34a)
(y)e(XxM)N
>y Pxy(z,y) (R.34b)

(x,y)eT

>3 o NUHXY )+ (R.34c)

(x,y)eT

=TI | 2N, (R.34d)

for N sufficiently large, which implies:
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and
1—e<>  Pxy(z,y) (R.34f)
(,y)eTH
<3 o NHEY) =) (R.34g)
(,y)eT
_]T(N )| 9= N(H(X,Y)=e), (R.34h)

for N sufficiently large, which implies:

T > (1 — 2V em)=9), (R.34i)

and this completes the proof. [ |

R.1.3. Weak Conditional Typicality

Definition 22 (Weakly Typical Set Subject to Conditioning). Consider two random variables
X e X andY €Y distributed according to Pxy, and the conditional pmf of the N -dimensional
N

vectors of random variables X and 'Y according to Px|y(z|ly) = H Pxy (znlyn) for all

n=1
xeX" andy € Y". Lety = (y1,. .. ,yN)T be a sequence such that y € 7§£N’6), with € > 0 and
N sufficiently large. Then, the set of weakly typical sequences with respect to Px conditioning
on the sequence y is the set of sequences € = (x1,x2,...,xy5) € XN, denoted by 7')((]'\;}6) (y),
such that:

7;((1\;5)( ): {mEXN :'—J{f]og(PX (:U))—H(X)‘ <€, and

'_;bg (Pxy (z,y)) — H(X,Y)‘ < e}. (R.35)

Lemma 64. For any vy, let T)((jl\g}e) (y) be the set of weakly typical sequences with respect to

Pxy conditioning on' Y =y and with € > 0. Then, for N € N sufficiently large and for all
T e T)((jl\g, )( ), the following holds:

‘T)((JK/E)( )‘ < oN(H(X[Y)+2¢) (R.36a)
S Pr(y) [Ty )] > (1 — e)2VHXY)-2¢), (R.36b)
yeyN

Proof:
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Proof of (R.36a):

1= Z PXY(:Bay)
(z,y)e(XxY)N
=> Py(y) >, Pxy(xly)
yeynN zeXxXN
> Z Py (y Z Pxy(z]Y =y)

N €
veN et ()

>3 Py(y)y 2 NHE+20
vV 2eTN ()

XY
_ Z Py (y )((ﬁf ’2—N(H(X\Y)+26)
yeyN
_‘,TNE) )‘2—N(H(X|Y)+2e) Z Py (y)
yeyN

N, _
:‘T)glyg)(y>‘ 9 N(H(X|Y)+25)’
for N sufficiently large, which implies:
‘T)%}E)(y)‘ < 2N(H(X\Y)+25)’

and this completes the proof of (R.36al).

Proof of (R.36b)):

1—e< Y Pxy(z,y)
(x,y)eT

=Y Py(y)>_ Pxpy(z|y)

yET<N <) a:ET (N, 6)(y)

<Y Py(y ZPX|Y(€13|ZI)

yery mETXJ\VYE)( )

< ZPY 22 N(H(X|Y)—2e)
yeVN e ()

XY
—N(H(X|Y)—2¢
:ZPY ‘TX|Y ‘2 (H(X|Y)—2¢)
yeyN
:2—N(H(X|Y)—25)Zpy(y) ‘7}%}6) ()|,
yeyN

for N sufficiently large, which implies:

> Pr(y) [T ()] > (1= 2N X2,

yeyN

and this completes the proof of (R.36b]). This completes the proof of Lemma
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R.2. Real-Valued Random Variables

R.2.1. Weak Typicality

Lemma 65 (|104, Theorem 10.35]). Let X be a random variable X with pdf fx : R — [0, 00).
Let also X = (X1, Xo,. .. 7XN)T e XN be an N-dimensional vector of random variables whose

joint pdf is:

N
fx(xl, o ... ,:L‘N) = H fx(xn), (R.39)
n=1
for all (z1,22...,2x5) € RYN. Then, for any € > 0 arbitrarily small, there always exists an N
sufficiently large such that X satisfies:
1
Pr || log fx (X) - h(X)‘ <dz1-e (R.40)
Proof: Let the real-valued random variable Y be defined by:
1
Y = N log fx (X). (R.41)
Note that
1
Ey [Y]=Ex {_N log fx (X)} (R.42)
1 o
- / fx (@) log fx (x) da (R.42b)
1 Lo
=% Z:l /OO Ix (z)log fx () dx, (R.42¢)
1 N oo o0 o0
> [ [T @ fx (@) i (an) og fx () dendaz - day
n—1’/—00J—o0 —00
(R.42d)
1L oo
—= Zl [ () log fx (@) (R.42¢)
1N
=% ; h(X) (R.42f)
=h(X) (R.42g)
and
1
Vary [Y]=Varx N log fx (X) (R.43a)
1
:ﬁVarX [log fx (X)] (R.43Db)
1N
=~z ;Varxn [log fx, (Xn)] (R.43c)
1
:NVarX [log fx (X)], (R.43d)
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where (R.42c)) and (R.43c|) follow from the fact that all the random variables in the vector of
random variables are independent (R.39)).
From Chebyshev inequality (Lemma , it holds for any a > 0 that:

PHH’EyDﬂ|>a}<\@2;D?. (R.44)
That is,
Pr |- log fx (X0) = h(X)| > o] < 5 Van [log fx (o). (R.45)

Note that since the random variable X has finite expected value and a finite variance, it
1
follows that ﬁVar x [log fx (z)] is always finite.
Thus, for all € > 0, there always exists an N sufficiently large, such that

b

—% log fx (X) — h(X)’ > a} <€ (R.46)

Finally, note that

ol

—%logfx (X) —h(X)‘ < a}zl—Pr { —%logfx (X) —h(X)’ > a} (R.47a)
>1—¢. (R.47b)

Therefore, for all € > 0, there always exists an N sufficiently large such that

g

1
—Nlogfx (X)—h(X)‘ <6} >1—e (R.48)
This completes the proof.

Remark 3. Since the probability space is real-valued, it follows from Vitali convergence theorem
1 1
[77] that the convergence in probability of N log fx (X) to H(X), i.e., N log fx (X) &

1
H(X) established in Lemma @ implies the L1 convergence of N log fx (X) to h(X), i.e.,
1 ol
—Nlogfx (X) = h(X).

Definition 23 (Weakly Typical Set). Consider a random variable X € R distributed according
to fx and the joint pdf of the N-dimensional vector of random variables X in (R.39). For
any € > 0 arbitrarily small, the set of weakly typical sequences with respect to fx is the set of

sequences © = (r1,Ta,...,xN) € X, denoted by T)((N’e), such that:
(Vo) _ N1
Ty W/ =qxe X —Nlogfx () — h(X)| <eq, (R.49)

where, € is an arbitrarily small positive real number and —% log fx (@) is called the empirical
differential entropy of a weakly typical sequence.

The expression —% log fx (x) is called the empirical differential entropy of a weakly typical
sequence. Note also that Tx depends only on N, €, and the distribution fyx.
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Definition 24. The volume of a set A C RY, denoted by Vol(A), is:

Vol(A) = | da. (R.50)

Lemma 66 (Weak AEP [104, Theorem 10.38]). Let T)((N’e) be the set of weakly typical sequences

with respect to fx, with € > 0. Then, for N € IN sufficiently large and for all x € T)((N’e), the
following holds:

o~ N(X)+) < fx(x) < 27 NR(X)=o) (R.51a)

/ fx(@)de>1—-¢, and (R.51b)
wET)((N’e)

(1= e)2N*0=9 < vo (TV) < 2N+, (R.51c)

Proof:
Proof of (R.51a)): This is obtained directly from Definition

Proof of (R.51b): From (R.40)), the following holds:
/ fx(x)de >1—¢, (R.52)
:cE'T)((N’E>

with € > 0 and this completes the proof of (R.51Db)).

Proof of (R.51c): From (R.51a) and (R.51b)), the following holds:

1:/ fx(z)dx (R.53a)
zc XN
>L€T§N’€) fX(w) dx (R53b)
> / 9~ NX)+6) g (R.53¢)
zET)((N’e)
=9~ N((X)+e) / dx (R.53d)
mGT)((N’e)
=2~ N+l (T (R.53¢)

for N sufficiently large, which implies:

Vol (T“V’e)) < oN(B(X)+e), (R.53f)

233



R. Weak Typicality

and

1-— eg/ fx(x)dx (R.53g)

mET)((N’e)
< / 9~ N(h(X)=0) gy (R.53h)

a:E'T)((N’e)
=2~ N((X)=9) [ g (R.53i)

:cE'T)((N’E>

9= N(h(X)~e)y] (T)((N‘)) , (R.53j)

for N sufficiently large, which implies:

Vol (TV)) > (1 - ) 2V, (R.53Kk)
and this completes the proof of (R.51c)). This completes the proof of Lemma [ |

R.2.2. Weak Joint Typicality

Lemma 67. Let X and Y be two random variables with joint pdf fxy : R? — [0,00). Let
also X = (X1, Xo, ..., XN)" and Y = (Y1, Ya,..., YN)T be two N-dimensional vectors of
random variables whose joint pdf is:

N
fxy (@ y) =[] fxv(@n, yn), (R.54)

n=1

for all (z1,22...,25) € RN and (y1,92...,yn) € RN. Then, for any e > 0 arbitrarily small,
there always exists an N sufficiently large such that X and 'Y satisfies:

ol

—% log fxy (X,Y) — h(X, Y)‘ <d>1-c (R.55)

Proof:

This proof follows along the same lines as the proof of Lemma [65] Then, let the real-valued
random variable Z be defined by:

Z = —% log fXY (XY) . (R.56)

Note that
Ey[Z]=h(X,Y) and (R.57a)
Vary [Z]:%Varxy [log fxy (X,Y)]. (R.57b)

From Chebyshev inequality (Lemma , it holds for any a > 0 that:

VarZ [Z} .

a2

Pr{|Z —Ez[Z]| > a] < (R.58)
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That is,

Pr { —% log fxy (XY) — h(X, Y)‘ > a} < GQLNVMXY [log fxy (X, Y)]. (R.59)

Note that since the random variables X and Y have a finite joint expected value and a finite
1

joint variance, it follows that — Varxy [log fxy (X,Y)] is always finite. Thus, for all ¢ > 0,
a

there always exists an N sufficiently large, such that

b

—% log fxy (X,Y) — h(X, Y)’ >a| <. (R.60)

Finally, note that

1 1

Pr | S log fxw (X,¥) — h(X, Y)‘ <a|=1-Pr| ¢ lo fxy (X, ¥) — h(X, Y)‘ >q
(R.61a)
>1-—¢. (R.61b)

Therefore, for all € > 0, there always exists an N sufficiently large such that
1
Pr | < log fxy (X,¥) ~ h(X, Y)‘ <dz1-c (R.62)
This completes the proof.

|

Remark 4. Since the probability space is continuous, it follows from Vitali convergence

1
theorem [77] that the convergence in probability o fﬁlog fxy (X,Y) to h(X,Y), ie.,
1
—Nlog fxy (X,Y) B W(X,Y) established in Lemma @ implies the £ convergence of

1 1
—~log fxy (X.Y) to h(X,Y), Le,, = log fxy (X.Y) 2 h(X,Y).

Definition 25 (Weakly Joint Typical Set). Consider two random variables X € R andY € R
distributed according to fxy, and the pdfs and joint pdf of the N-dimensional vectors of

N
random variables X andY according to (R.7), Py (y1,y2...,ynN) = H Py (yn), and (R.54).
=1

For any € > 0 arbitrarily small, the set of weakly joint typical sequenceg_with respect to Pxy s
the set of sequences ((x1,y1), (X2,y2),- -, (xN,yN)) € (X X y)N, denoted by 7}((]5\;’6), such that:

T = {(m) & (X x W) |~ log (fx (w)) - h(X)’ <e

~ o (fy () = h(Y)| < . and

_% log (fxy (z,9)) — h(X, Y)‘ < e}. (R.63)

Note that if (z,y) € 7}((];’6) then x € T)((N’e) and y € 7;51\7:6).
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Lemma 68. Let T)((N)’f) be the set of weakly joint typical sequences with respect to fxy and
with € > 0. Then, for N € IN sufficiently large and for all (x,y) € 7-)((]3\[/’6), the following holds:

N(R(X.Y)+e) Fxy(@,y) < 9= N(h(X.Y)=¢)

2-
92— N(h(X|Y)+2¢) <fX|Y(m’y) <27N(h(X|Y)726)7

/( o Ifxy (z,y) dedy > 1 —¢, and
7y

(1- 6)21\/( (X.Y)=9) ~ Vol (7-( )) < 9N((XY)+e)

Proof:

Proof of (R.64a): This is obtained directly from Definition

Proof of (R.64b)): From the assumptions of the lemma, it follows that

9N+ < fo (x) < 27 NRE)=9) and |
=N+ L fy (3) < 2-NB)=0)

From (R.64a)) and (R.65b)), the following holds:

9~ N(h(X[Y)+2¢) _ Fxy(@ly) < 9= N(h(X|Y)=26)
and this completes the proof of (R.64b)).

Proof of (R.64d): From Lemma[67 the following holds:
| Pv@ydady > 1
(@y) €T

with € > 0 and this completes the proof of (R.64c]).

Proof of (R.64d): From (R.64al) and (R.64c|), the following holds:

1:/ fxvy(z,y)dxdy
Y)EXN x YN

>[ Pxy(ay)dedy
( 7y)€7—xy7€

9= N(A(X,Y)+e)
>/ o) eT(N‘) dx dy

N(h(X Y)+€) do dy
(@,y)eT N

—_9—N(h(X.Y)+e)y) (7—(1;6)) :

for N sufficiently large, which implies:

Vol (T) < 2Vt
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and
1-e< fxv(@.,y) dz dy (R.67g)
(z.y)eT{y e
< / 2~ N(XY)=9) g dy (R.67h)
(z,y)eT
=2~ NI~ [ g dy (R.67i)
(z,y)eT
—9N(H(X.Y) =)y (T)gf;ve)) : (R.67j)
for N sufficiently large, which implies:
Vol (TR ) > (1 — ) 2V XY=, (R.67K)
and this completes the proof of (R.64d])). This completes the proof of Lemma ]
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