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Abstract

In this thesis manuscript, the main objective is to study the wireless networks where
the node terminals are equipped with multiple antennas. Rising topics such as self-
optimizing networks, green communications and distributed algorithms have been ap-
proached mainly from a theoretical perspective. To this aim, we have used a diversified
spectrum of tools from Game Theory, Information Theory, Random Matrix Theory and
Learning Theory in Games.

We start our analysis with the study of the power allocation problem in distributed
networks. The transmitters are assumed to be autonomous and capable of allocat-
ing their powers to optimize their Shannon achievable rates. A non-cooperative game
theoretical framework is used to investigate the solution to this problem. Distributed
algorithms which converge towards the optimal solution, i.e. the Nash equilibrium, have
been proposed. Two different approaches have been applied: iterative algorithms based
on the best-response correspondence and reinforcement learning algorithms.

Another major issue is related to the energy-efficiency aspect of the communication.
In order to achieve high transmission rates, the power consumption is also high. In
networks where the power consumption is the bottleneck, the Shannon achievable rate
is no longer suitable performance metric. This is why we have also addressed the problem
of optimizing an energy-efficiency function.






Résumé

Dans ce manuscrit de theése, lobjectif principal est d’étudier les réseaux sans fil dans
lesquels les nuds terminaux sont équipés de plusieurs antennes. Plusieurs themes d’actualité,
tels que les réseaux intelligents auto-optimisants, les communications dites green ou
vertes et algorithmes distribués sont abordés. Dans ce but, nous utilisons une gamme
diversifiée d’outils de la théorie des jeux, théorie de 'information, théorie des matrices
aléatoires et théorie de 'apprentissage.

Nous commencons notre analyse par ’étude du probleme d’allocation de puissance
dans les réseaux MIMO distribués. Les émetteurs sont censés étre autonomes et capables
de gérer leurs puissances afin d’optimiser leur taux de Shannon atteignables. Le cadre des
jeux non-coopératifs est utilisé pour étudier la solution de ce probléme. Des algorithmes
itératifs qui convergent vers la solution optimale donnée par léquilibre de Nash sont
proposés. Deux approches différentes sont appliquées: des algorithmes basés sur les
meilleures réponses et des algorithmes dapprentissage par renforcement.

Un autre probleme majeur dans les réseaux sans fil est 1ié a la question de Defficacité
énergétique. Afin d’atteindre des débits de transmission élevés, la consommation d’énergie
est également élevée. Dans les réseaux ou la consommation d’énergie est une question cri-
tique, le débit de Shannon atteignable n’est plus une métrique de performance adaptée.
C’est pourquoi nous abordons également le probleme de I'optimisation d’une fonction
d’efficacité énergétique.
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Chapter 1

Introduction

This manuscript is focused on resource allocation problems in MIMO wireless networks
which emerge in a communication context that is aiming towards intelligent or self-
optimizing networks capable of operating in an energy-efficient or green regime.

1.1 Background and Motivation

Although game theory and information theory have both been extensively developed in
the past sixty years, starting with the seminal contributions of J. von Neumann and
O. Morgenstern [1], J. Nash [2] and C. E. Shannon [3], only recently the connections
and interactions between the two theories started to be highlighted and exploited at
a significant scale. However, the first application of game theoretical tools to reliable
communications dates back to Mandelbrot’s PhD dissertation [4] in 1952 and later in [5]
and [6] where the communication between a transmitter and a receiver was modeled as
a two player zero-sum game with a mutual information payoff function. The transmitter
plays against a malicious nature that chooses the worst channel distribution in the sense
of the mutual information. It turns out that the non-cooperative solution of this game
is identical to the maximin worst-case capacity assuming that the transmitter has no
knowledge about the channel conditions (noise and channel gains statistics).

The recent surge of interest in applying game theoretical tools to communications
was due to the development of wireless communications. In this context, multiple trans-
mitter and receiver devices share the same communication environment. Thus, the
competition for public resources (such as frequency bands, time slots, space, transmit
power or energy) naturally arises. These resources can be, a priori, optimized by a
central authority. However, the centralized approach presents several inconveniences:
i) it is unrealistic in an environment where multiple concurrent service providers exist;
ii) the joint optimization problem over all the network parameters is, generally, a very
complex non-convex optimization problem, involving high computational cost; iii) it
is not scalable, i.e., a slight change in the network topology may lead to a much more
complex or even intractable optimization problem; iv) it involves an important signaling
cost when the network owner feedbacks the optimal allocation policies to each network
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user; v) the centralized solution is not necessarily fair w.r.t. the quality of service (QoS)
provided to the users; vi) in the context of autonomous and rational users, if the QoS of
a user is unsatisfactory, it may deviate from the centralized allocation policy which may
result in a very inefficient network operating point. For these reasons, a distributed so-
lution may be desirable although its centralized counterpart is generally better from the
overall network performance perspective. In distributed environments, the competition
for resources gives rise to interactive situations. Game theory seems to be the suitable
mathematical framework to study such interactive situations.

In this context, one of our main objectives is to study non-cooperative resource
allocation games in multiple-input multiple-output (MIMO) wireless communication
networks. The motivation behind the choice of MIMO channels is two-fold: i) MIMO
channels model a variety of real-world communication channels; ii) they provide an ele-
gant mathematical framework (i.e., the compact matrix notation). To be more precise,
the agents or game players are autonomous transmitter devices. These devices are ca-
pable of sensing the environment and to decide their individual actions, i.e., their own
power allocation (PA) policies. Assuming they are rational and selfish devices, the action
chosen are the ones maximizing their individual payoffs, i.e., their Shannon transmission
rates. There are a lot of reasons why this type of payoffs has been often considered in the
literature. Here, we will mention only the most important ones. First, Shannon trans-
mission rates characterize the performance limits of a communication system and allow
us to study distributed networks where good coding schemes are implemented. Second,
the direct relationship between the achievable transmission rate of a user and his signal-
to-interference plus noise ratio (SINR) allows us to optimize performance metrics like
the SINR or related quantities of the same type (e.g., the carrier-to-interference ratio).
Third, from a mathematical perspective, Shannon rates have many desirable properties
(e.g., concavity properties), which allow one to conduct thorough performance analyses.
Therefore they provide useful insights and concepts that are exploitable for a practical
design of decentralized networks.

However, during the past decade, energy consumption has become an increasingly
important issue in wireless networks. For instance, in the current cellular networks,
the mobile terminals are equipped with relatively large screens, required to offer more
and more functionalities and they need to operate at higher transmission rates for a
longer period of time. Furthermore, in sensor networks where changing the batteries of
devices is highly impractical or, in some cases, even impossible, the power consumption
becomes a critical issue. In these scenarios, optimizing the Shannon achievable rates
without considering the cost incurred is no longer a suitable performance metric. In
order to take into account the consumed transmit power to achieve these rates, a new
energy-efficient metric has been proposed in the literature [7] [8]. This metric, which
we will also investigate in our scenario of MIMO networks, measures the number of bits
that can be reliably conveyed through the channel per units of energy consumed.

From a practical point of view, the computation of the solution concepts of both,
the Shannon rate-efficient or energy-efficient power allocation problems, often involves
the implementation of complex algorithms at the transmitter level, a high amount of
signaling among the transmitters, transmitter rationality assumption. In this context,
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we will study learning algorithms which can be used to model adaptive decision making
of the devices. They are low complexity algorithms that can be implemented with no
rationality assumption. The devices choose their action based on a simple feed-back
from the environment (i.e., scores for their choices). It turns out that, in the long term,
they can improve their performance while operating in an unknown environment and
converge to desirable network operating points.

The present manuscript is organized in three parts corresponding to the three main
chapters.

We start by analyzing the multi-user Shannon-rate efficient power allocation problem
in Chapter 2. This problem is formulated as a non-cooperative game. The existence
and multiplicity of the Nash equilibrium (NE) solution will be investigated for two
different network models. The multiple access channel (MAC) [9], [10], where multiple
transmitters send their messages to a common receiver is studied in Section 2.1. The
interference relay channel (IRC) [11], [12], which consists of an interference channel
[13] (where several transmitter-receiver pairs coexist in a common environment creating
mutual interference) and several relaying nodes that can be used by the transmitters to
improve the performance of their communications will be studied in Section 2.2. We also
evaluate the performance obtained at the NE operating points via numerical simulations
and water-filling or best-response based iterative algorithms.

Optimizing the Shannon achievable rate is not always the best policy, especially in
networks where the terminal devices are equipped with batteries of limited capacity.
This is why, in Chapter 3, we study an energy-efficiency metric that takes into account
both, the achievable transmission rates and the consumed power to achieve these rates.
Because of the difficulties encountered, the energy-efficient power allocation problem
is studied only for the single-user MIMO channel. The multi-user scenario is left as a
useful extension of this work. One of the main difficulties encountered lies in the fact
that the outage probability optimization in slow fading MIMO channels is still an open
problem [14].

Finally, in Chapter 4, we consider learning algorithms. These algorithms are shown
to provide an alternative way for the users to converge to some desirable operating points,
such as the Nash equilibrium of the games in Chapter 2 or the optimal power allocation
that optimizes the outage probability or energy-efficiency metric given in Chapter 3.
They are simple adaptive algorithms that require little knowledge of the environment
and no rationality assumptions.

In Chapter 5, we conclude our analysis with several remarks and open issues.

1.2 Non-cooperative Game Theoretical Concepts

We will briefly review hereunder some basic game-theoretical concepts which will be used
throughout the manuscript. By definition, game theory is the mathematical framework
dedicated to the study of interactive situations among decision makers or agents. We
will consider the rationality assumption of the game players in the sense that a player
chooses its best strategy to maximize the benefit [1]. The mathematical characterization
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of a strategic form game is given by the following definition.

Definition 1.2.1 A strategic form game is a triplet G = (IC, { Ax } ke, {uk }rex), where
K = {1,...,K} represents the set of players, Ay represents the set of strategies or
actions that player k € IC can take and uy : Xpcic Ae — R represents the benefit or payoff
function of user k which is a measure of its satisfaction.

In the case of non-cooperative games, in which the players act in a selfish and indepen-
dent manner, the Nash equilibrium (NE) introduced in [2] represents a solution concept
of the game. The NE has been extensively studied in resource allocation problems be-
cause it is a very important concept to network designers. It represents an operating
point which is, both, predictable and robust to unilateral deviations (which is realis-
tic considering the fact that the players are assumed to be non-cooperative and act in
an isolated manner). This means that once the system is operating in this state, no
user has any incentive to deviate because it will lose in terms of its own benefit. The
mathematical definition of the NE is as follows:

Definition 1.2.2 A strategy profile (a}'¥,...,aRr) € xpexAe is a Nash equilibrium
if for all k € K and for all @ € Ay, up(a)®,a ) > (), a"y), where a_;, =
(@y,..-,Q,_1,0541,---,ag) denotes the set of the other players’ actions.

Based on the game structure, the topological properties of the strategy sets and the
payoff functions, the main issues to be solved are: i) existence of an NE; ii) multiplicity
of the NE; iii) design distributed algorithms that allow the users to converge to a NE state
using only local knowledge of the environment; iv) determine the network performance of
the NE. Concerning the design of distributed algorithms the NE has another appealing
feature. As we will see in Chapter 4, the NE can be observed as the outcome of simple
iterative adapting rules, i.e., learning algorithms. What is remarkable is that these
iterative algorithms necessitate very little knowledge from the environment. In particular
they don’t require neither the knowledge of the game structure nor the players rationality
assumption.

In general, the NE performance is suboptimal with respect to the overall network
performance, which can be measured for example by the sum of individual user payoffs
u(a) = Z ug(ay,a_;). Moreover, it is not a fair state with respect to the users’ payoffs

ke
in general. Desirable operating points that cope with these issues are the so-called

Pareto-optimal states. A state of the system is Pareto-optimal if there is no other state
that wouldn’t be preferred by all the network users.

Definition 1.2.3 Let a and a’' be two different strategy profiles in xpcxcA¢. Then, if
Vk e K, up(ag,a_g) > ug(ay, a’y), (1.1)

with strict inequality for at least one player, the strateqy a is Pareto-superior to a'. If

there exists no other strateqy that is Pareto-superior to a strategy profile a*© then aF©

is Pareto-optimal.
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However, a Pareto-optimal state is not necessarily a stable state in a selfish non-
cooperative user environment. Furthermore the Pareto-optimal solution is rather a
centralized type solution because global network information is needed to compute these
states of the system.

There exist different techniques that can be used to improve the performance of the
NE. In general, they involve the interference of a centralized authority or some kind
of user cooperation. There is always a trade-off between the performance obtained at
the equilibrium state of the network and the signaling cost it involves. A more detailed
study of the non-cooperative game theoretic concepts can be found in the specialized
literature [15], [16]. For a thorough analysis on the methodologies for analyzing NE in
wireless games in general, the reader is referred to [17] and [18].

An important class of games are potential games introduced in [19].

Definition 1.2.4 A strategic form game G = (K, { A treic, {ur trex) is an exact po-
tential game if there exists a potential function V : A — Ry such that, for all k € K
and every a,a’ € A

ug(ag, a_p) —ur(ay,a_y) = Viag, a_y) — Viag, a_y). (1.2)

This definition translates the fact that all users have the same incentives in changing
their actions which leads the system from state a to state a/. For example, congestion
or routing games are potential games. Following [19], the local maxima of the potential
function are NE points of the game. Thus, every potential game has at least one NE.
Furthermore, in finite games, the iterative best-response type algorithms converge to
one of the NE states (see the finite improvement path (FIP) property in [19]) depending
on the initial point.

In order to tackle the existence and uniqueness issues for Nash equilibria, we will
often exploit the properties of concave games and the results of Rosen [20]. These results
are stated here below and are valid for the case where the actions of players are vectors.

Theorem 1.2.5 [20] Let G = (K, { Ak }rexc, {ur}rex) be a game where K = {1,..., K}
is the set of players, Ai, ..., Ax the corresponding sets of strategies and w1, ...,ug the
utilities of the different players. If the following three conditions are satisfied: (i) each
uy is continuous in the all the strategies a; € A;,Vj € K; (ii) each uy is concave in
a. € Ag; (iit) Ay, ..., Ax are compact and convex sets; then G has at least one NE.

Theorem 1.2.6 [20] Consider the K-player concave game of Theorem D.1.5. If the
following (diagonally strict concavity) condition is met: for all k € K and for all

(a),af) € A% such that there exists at least one index j € K for which Q;- + Q;/,
K

Z(g% —ap)" [Va,un(ay, a ) — Ve ug(al, a’ )] > 0; then the uniqueness of the NE

k=1
18 1nsured.

These theorems prove to be particularly useful in Shannon rate-efficient power allocation
problems where the users’ payoffs are generally concave w.r.t. the transmit power.
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Other non-cooperative game solutions that generalize the concept of pure strategy
NE are: the mixed strategy NE and the correlated equilibrium. A mixed strategy
for user k is a probability distribution over its own action set Aj. Let A(Ag) denote
the set of probability measures over the set Aj. The mixed NE is defined similarly
to pure-strategy NE by replacing the pure strategies with the mixed strategies. The
existence of the mixed NE has been proven in [2] for all discrete games. If the action
spaces are discrete finite sets, then P, € A(Ay) denotes the probability vector such

that py ; represents the probability that user & chooses a certain action Q,(Cj ) ¢ Ay, and
ngf)eAk Prj = 1.

We also define the concept of correlated equilibrium [21] which can be viewed as the
NE of a game where the players receive some private signaling or playing recommenda-
tion from a common referee or mediator. The mathematical definition is as follows:

Definition 1.2.7 A joint probability distribution q € A(A) is a correlated equilibrium
if for all k € K and all Q;j),gg) e A

Z da [Uk(@,(f),@,k) - Uk(@,(f),g,k)] >0, (1.3)
QGAZQk:Qg)

where q, denotes the probability associated to the action profile a € A.

At the CE, User k has no incentive in deviating from the mediator’s recommandation
to play Q,(j ) ¢ Aj knowing that all the other players follow as well the mediator’s
recommendation (a_j). Notice that the set of mixed NE is included in the set of CE
by considering independent p.d.f’s. Similarly, the set of pure strategy NE is included
in the set of mixed strategy NE by considering degenerate probability distributions (i.e.

Pk,j € {0,1}) over the action sets of users.

1.3 Publications

The research work conducted during the three years of the thesis has lead to several
publications. The papers are classified hereunder in function of the related topics.
Shannon-Rate Efficient Non-Cooperative Power Allocation Games
The contributions on the non-cooperative power allocation games for the fast fading
MIMO multiple access channel have been published in four journal papers, among
which two of them are mathematics journals, and one conference paper:

e E. V. Belmega, S. Lasaulce, M. Debbah, M. Jungers, and J. Dumont, “Power allo-
cation games in wireless networks of multi-antenna terminals”, Springer Telecom-
munications Systems Journal, DOI: 10.1007/s11235-010-9305-3, May 2010.

e E. V. Belmega, S. Lasaulce, and M. Debbah, “Power allocation games for MIMO
multiple access channels with coordination”, IEEE Trans. on Wireless Commu-
nications, vol. 8, no. 6, pp. 3182-3192, Jun. 2009.



1.3. Publications

e E. V. Belmega, M. Jungers, and S. Lasaulce, “A generalization of a trace inequality
for positive definite matrices”, The Australian Journal of Mathematical Analysis
and Applications (AJMAA), to appear, 2010.
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Chapter 2

Shannon-Rate Efficient
Non-cooperative Power
Allocation Games

In this chapter, our objective is to study distributed or self-optimizing wireless networks.
In such networks the transmitter terminals are able to manage their own resources with
little or, ideally, no intervention from a central authority. The transmitters are assumed
to be rational, selfish and capable of allocating their own power allocation policies to
maximize their communications’ performance. The performance of a communication is
measured in terms of achievable transmission rates. The mutual interference created by
the transmitters sharing the same communication environment induces an interaction
among the transmitters. This interaction is studied using a non-cooperative game the-
oretical framework. Unless otherwise specified, the components of the non-cooperative
game can be identified as follows. The players are the transmitter devices. The payoff
functions are their achievable transmission rates. The action sets are their precoding
schemes.

Three different steps can be identified in our approach. First, we study the one-shot
non-cooperative game where the users have perfect knowledge of the game structure.
We investigate the existence and multiplicity of the Nash equilibrium solution concept.
Several issues arise. The perfect knowledge of the structure of the game at the trans-
mitter level is often unrealistic. Furthermore, in general, closed-form expressions of
the NE points are not available. Moreover, if more than one such state exist, there is
no reason to assume that rational transmitters should expect the same outcome of the
game. In this situation, the network may operate at a non-equilibrium state. To cope
with these issues, one possible solution is to consider iterative algorithms. Therefore, as
a following step in our approach, we investigate iterative algorithms based on the best-
response correspondences. As we will see, these algorithms are identical to the iterative
water-filling algorithms. Furthermore, they can allow the users to converge to one of
the NE of the one-shot game. These algorithms are distributed in the sense that they
require less information about the structure of the game. Another drawback of the NE
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concept is the fact that it is generally an inefficient operating point (w.r.t. the overall
network performance but also the individual users’ performance), thus, as a last step,
we also discuss the Stackelberg formulation [22] to improve the performance of the NE
point. This will involve a certain cost in terms of centralized signaling from the system
authority.

The Shannon-rate efficient non-cooperative power allocation game is studied for two
basic network models: the multiple access channels (MAC) and the interference relay
channels (IRC). Before stating our main contributions, we will discuss hereunder several
important assumptions and differences between these two network models. In terms of
channel coherence time, three cases can be distinguished. The channel gains can be: i)
deterministic constants, i.e., static links; ii) random variables independently changing
with every channel use, i.e., fast fading links; iii) random variables fixed for the whole
transmission duration, i.e., slow fading links. In the third case, the Shannon achievable
rates are strictly equal to zero [14] [23]. Thus, to study the power allocation game, one
has to consider a different metric to measure the users’ satisfaction. For example, as we
will see in Chapter 3, one could consider a performance metric depending on the outage
probability [24]. However, this is out of the scope here and will not be considered in
this chapter. For the MAC channel, we will briefly discuss the static links case and then
focus on the more challenging case of fast fading links. From an information-theoretical
point of view, the analysis of the IRC is much more difficult, this is why only the static
case will be considered. For the same reason, the general multiple-input multiple-output
(MIMO) channel will be studied only for the MAC. Whereas for the IRC, we will restrict
our attention to the parallel sub-channels case. Another inherent difference between the
two network models consists in the decoding technique. For the MAC, the receiver has
to decode all the messages from the transmitters and, thus, is assumed to know the
code-books used by all the transmitters. In this situation, two decoding techniques can
be used: i) single user decoding (SUD), i.e., the transmitters’ messages are decoded
simultaneously (when decoding one transmitter’s message, the other transmitters’ sig-
nals are considered as additive noise); ii) successive interference cancellation (SIC), i.e.,
the message of the transmitters are decoded sequentially (when decoding one transmit-
ter’s message, the previous decoded messages are taken into account to reduce the level
of interference). For the IRC, each decoder only knows the code-books employed by
its own transmitter. Therefore, the SIC technique, even though appealing in terms of
transmission rate, will not be studied.

2.1 The MIMO Multiple Access Channel

In this section, we consider the multiple access channel (MAC) consisting of several
transmitter nodes and a common destination. The receiver node decodes the incoming
messages from all the transmitters. We assume that the terminals are equipped with
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multiple antennas. The received base-band signal can be written as:

K
Y(r) = Hy(r)Xy(r) + Z(7) (2.1)
k=1

where X (7) is the nj-dimensional column vector of symbols transmitted by user k
at time 7, Hy € C™*™k is the channel matrix of user k and Z(7) is a n,-dimensional
complex white Gaussian noise distributed as N (0,0, ), assuming a number of ny
antennas at the transmitter k¥ € {1,..., K} and n, antennas at the common receiver.
For the sake of clarity we will omit the time index 7 from our notations.

The transmitters are assumed to use good codes in the sense of their Shannon achiev-
able rates. Also, we assume coherent communications, i.e., the receiver has perfect
channel state information and decodes perfectly all its intended messages. Two dif-
ferent decoding techniques will be studied: single user decoding (SUD) and successive
interference cancellation (SIC). The SIC decoding technique involves the existence of a
coordination signal representing the decoding order at the receiver. The coordination
signal is assumed to be perfectly known at the transmitter side. If the coordination sig-
nal is generated by the receiver, its distribution can be optimized but it induces a certain
cost in terms of downlink signaling. On the other hand, if the coordination signal comes
from an external source, e.g., an FM transmitter, the transmitter nodes can acquire
the coordination signal for free in terms of downlink signaling. However this generally
involves a certain sub-optimality in terms of uplink rate. In both cases, the coordination
signal will be represented by a random variable denoted by S € S = {1,...,K!}. In a
real wireless system, the frequency with which the realizations would be drawn would be
roughly proportional to the reciprocal of the channel coherence time (i.e., 1/T¢o). Note
that the proposed coordination mechanism is suboptimal because it does not depend on
the realizations of the channel matrices. We will see that the corresponding performance
loss is in fact very small.

In what follows, first we will briefly review the static case and then proceed with the
more challenging case of fast fading links.

2.1.1 Static Links

In this section, the channel gains are assumed to be deterministic constants.

Let us start the analysis with a toy example: the two user single-input single-output
(SISO) MAC as in [25]. This example gives useful insights on the general case because it
can be solved in closed-form. When SUD is assumed, transmitting at full power strictly
dominates all the other strategies. Thus, the unique NE corresponds to the state where
all the transmitters saturate their powers. This is a very inefficient operating point
because of the high interference level. One way to reduce the interference is to consider
SIC decoding. The decoding order is dictated by flipping an unfair coin (Bernoulli
random variable of parameter ¢ € [0,1]). The existence and uniqueness of the NE
solution can be proved using Theorems D.1.5 and Theorem D.1.6. It turns out that,
for any value of ¢ € [0, 1], the performance of the system at the NE achieves the sum-
capacity of the SISO MAC channel. In conclusion, the receiver node can choose a certain
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operating point on the Pareto-optimal frontier by tuning the parameter q. Another
way to combat multi-user interference was proposed in [26]. The authors introduced a
pricing function as a penalty for the interference the users create in the network. In the
remaining of this section, we will focus on the general MIMO MAC.

Single user decoding

We assume that the receiver applies a SUD scheme. The strategy of User k consists in
choosing the input covariance matrix, Qi = E[gkng | in the set:

A%UD — {Q c Cntk XMk Q - O’Tr(Q) < Pk}a (22)

to maximize its achievable rate:

K
7P (Qk, Q1) = logy |Tn, + pHLQLH[! + pY H,QH['| —log, L, +p> HQH]'|,
{4k 14k

(2.3)
where p = % The existence of the NE follows from Theorem D.1.5. As opposed

to the SISO case, the NE is not unique in general. Sufficient conditions that ensure
K

the uniqueness of the NE are: i) rank(H7H) = an where H = [Hy, ..., Hg]; ii)

k=1
K

Znt’k < n, + K. The proof follows from [27] (see Appendix A.2, Appendix A.3) by

k=1
considering that the static links case corresponds to a single realization of the fast fading

links case.
The users converge to one of the Nash equilibrium points by applying an iterative
algorithm based on the best-response correspondences:

BRy(Q-1) = arg qnax. 11 ( Qs Q1) (2.4)

The best-response correspondence of User k is identical to the well known single-user
water-filling solution given in [28]. Using the following algorithm, the users converge to
one of the NE points in a distributed manner:

and k < 1

e Initialization: for all £ € K, QE] — %Inu

e At iteration step ¢t > 1, only User k updates its covariance matrix:
Yo BR Q1) QY QY Ik = K then k1, else b k4 1.

e Repeat the previous step (¢ < ¢+ 1) until convergence is reached.

The players sequentially update their covariance matrices in a certain specified order
(e.g., round-robin order). In [28], this algorithm was proven to converge to a point
maximizing the sum-capacity of the MIMO Gaussian MAC channel from any initial
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point. However, because of the interference terms, the sum-capacity of the Gaussian
MIMO MAC is not achieved at the NE point, similarly to the SISO case.

Parallel MAC

Before moving on to the SIC decoding scheme, we discuss another special, but inter-
esting, particular case: the parallel MAC. The channel matrices are square diagonal
matrices where Vk € K, n, = ny), = B and Hy, = diag(hy1,...,hr,p). This model
describes for example the uplink communication of a multi-cellular wireless network
studied in [29], [30] (see Appendix A.5). The network is composed of K mobile termi-
nals (MT) and B base-stations (BS) operating in orthogonal frequency bands. In this
case, the user action sets are reduced to vector sets instead of matrix sets (i.e., the users
choose their power allocation policies among the available frequencies).

What is interesting about this case is that two different power allocation games can
be defined. The difference lies in the choice of the users’ action sets: i) the users share
their available powers among the BS (i.e., Soft-Handover or BS Sharing Game); ii) the
users are restricted to transmit to a single BS, (i.e., Hard-Handover or BS Selection
Game).

For the BS Sharing Game, all the results discussed in the MIMO case apply here. As
we have argued in the general MIMO case, the NE is not unique in general. The sufficient
conditions ensuring the uniqueness of the NE simply become: i) rank(H”H) = K x B
; ii)) K x B < K + B. However, these conditions are very restrictive and are met only
in some particular cases: a) K = 1 and B > 1 the problem is reduced to a simple
optimization solved by water-filling; b) K > 1 and B = 1 where the dominant strategy
for every user is to transmit with full power at the unique BS available; ¢) K = 2 and
B = 2 which is somehow more complicated. Recently, we have proved in [31] that the
NE is unique with probability one for any K > 1 and B > 1.

For the BS Selection Game, none of the previous results can be applied. The action
sets are not compact and convex sets but discrete sets. Therefore, we cannot use the
properties of concave games. The discrete power allocation problem is studied from
a routing game theoretical perspective. The game is proven to be an exact potential
one where the potential function is the network achievable sum-rate. This implies di-
rectly the existence of at least one pure-strategy NE. Based on elements of non-oriented
graph theory, the exact number of equilibrium points is provided. Also, an iterative
algorithm based on the best-response correspondences is shown to converge to one of
the NE. The proof is based on random walks and directed-graph theory. The algorithm
is fully distributed since it requires only local channel state information and the overall
interference plus noise power.

When comparing the performance in terms of network sum-rate of the two games,
a remarkable observation was made. Assuming K > B, the performance of the BS
Selection Game is superior to BS Sharing Game. This characterizes a Braess-type para-
dox, i.e., increasing the possible choices of players results in a degeneration of the global
network performance.
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Successive Interference Cancellation

In what follows, we assume that SIC decoding scheme is applied at the receiver. The
strategy of User k, consists in choosing the best vector of precoding matrices Qp =
(QS),Q,(CQ),...,Q;K”) where Q¥ = E [gﬁj)gﬁj)ﬂ}, for s € S. For clarity sake, we
introduce a notation which will be used to replace the realization s of the coordination
signal with no loss of generality. We denote by Px the set of all possible permutations
of K elements, such that m € Py denotes a certain decoding order for the K users and
7(k) denotes the rank of user k € K and 7! € P denotes the inverse permutation
(i.e. 7~ Y(m(k)) = k) such that 7—1(r) denotes the index of the user that is decoded with
rank r € K. We denote by p, € [0,1] the probability that the receiver implements the

decoding order m € Pk, which means that Z pr = 1. In the static case, p, represents

TEPK
the fraction of time when the receiver applies the decoding order w. The vector of

precoding matrices can be denoted by Qp = <Q,(:)> b The payoff function of User
S
k is given by: "
1CQ Q) = Y p-R7(QY, Q) (2.5)

TEPK

where

RPQM.Q) = log, I, + pHQVHE +p > H,QVHY| -

(m)
tek (2.6)

logy L, +p Y HQVHI
k(™

where IC,(:) = {{ € K|n(¢) > w(k)} represents the subset of users that will be decoded
after User k in the decoding order w. An important point to mention here is the power
constraint under which the utilities are maximized. Indeed, three different power allo-
cation games can be defined in function of the power constraint:

e Spatial power allocation (SPA) game
ASICSPA {Qk - ( ,@) o | e Pr. Q™ =0, Tr(Q\™) < nt?k} . (@27
TeEPK

Here, the users are restricted to uniformly allocate their powers over time (inde-
pendently from the decoding order).

e Temporal power allocation (TPA) game

ASIC.TPA _ {Qk. = (a7 PT,, ) | VrePr,al” >0, Y psal’) < 1} :

m€Px VeP
K

(2.8)
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Here, the users are restricted to uniformly allocate their powers over their transmit
antennas.

e Space-time power allocation (STPA) game

ASICSTPA _ {Qk _ ( 1(:))

TEPK

| Ve PK7 QE:-) = 07 Z pﬁTr(Ql(f)) < nth} .
VEPK
(2.9)

This is a generalization of the previous cases where the users are free to allocate
their powers in time and over the transmit antennas.

The analysis of the NE follows the same lines as the fast fading MIMO MAC studied
in [32] and [27]. The existence of the NE is ensured based on the properties of concave
games. For the particular cases of the SPA and TPA games, the NE is proved to be
unique [32](see Appendix A.1). This is no longer true for the space-time power allocation
game [27] (see Appendix A.2). The sufficient conditions ensuring the uniqueness of the
NE are: i) V,k € K, rank(HIHy) = ngy; i) n?, < n2 + 1. In order to determine
the covariance matrices at the NE point, we can égain apply an iterative water-filling
algorithm similar to the SUD case. Convergence results for a sequential updating rule
can be found in [33].

2.1.2 Fast Fading Links

Similarly to Section 2.1.1, we start by summarizing the two-player SISO case in [34].
Assuming SUD scheme at the receiver, the authors of [34] proved the existence and
uniqueness of the NE point. What is interesting is that at the NE point, only the user
with the strongest channel will transmit while the other remains silent. The interference
is completely cancelled. Furthermore, as opposed to the static links case, the system
sum-rate at the NE achieves the sum-capacity point of the achievable rate region. For
the SIC decoding, the authors propose a scheme where the decoding order depends on
the fading coefficients. The NE is proved to exist and to be unique. However, only the
two corner points of the achievable rate region can be achieved. In order to achieve the
other Pareto-optimal points, the authors propose a repeated game formulation.

Now, we will focus on the general fast fading MIMO case we have analyzed in [27]
(see Appendix A.2) and [32] (see Appendix A.1). In [32], only the special cases of
TPA and SPA games were investigated assuming SIC decoding. In [27], both decoding
techniques were considered (i.e., SUD and SIC decoding). When SIC was assumed, the
general STPA game was studied.

In order to take into account the effects of antenna correlation, we will assume the
channel matrices to be structured according to the unitary-independent-unitary model
introduced in [35]:

Vk e {1,..,K}, H, = V,H, Wy, (2.10)

where Vi and W, are deterministic unitary matrices that allow one to take into con-
sideration the correlation effects at the receiver and transmitters, respectively. The
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channel matrix Hy is an n, x n;j random matrix whose entries are zero-mean in-
dependent complex Gaussian variables with an arbitrary variance profile, such that
~ 2
2 _ 0p(te)
EHy (¢, c)|* = &

rywar The Kronecker propagation model, for which the channel trans-

fer matrices factorizes as Hy, = R}/ 2(_)le1€/ 2, is a special case of the UIU model. The

. . . 9 4" 0)d™ (c) .
variance profile is separable i.e., 0 ({,c) = Sk ==V} = Ug,, Wy = Ur, with

® is a random matrix with zero-mean i.i.d. entries. The matrices Ty, Ry represent
the transmitter and receiver antenna correlation matrices such that d,(CT) (0), d,(CR) (c) are
their associated eigenvalues and Ur, , Ug, are their associated eigenvectors matrices.
It turns out that, for both decoding techniques, the existence of a unique NE can
be proved. When determining the NE state, the main difficulty is that there are no
closed-form expressions of the ergodic rates and the optimal power allocation policies.
Indeed, the optimal eigenvalues of the transmit covariance matrices are not easy to find.
They might be found using extensive numerical techniques. Our approach consists of
approximating these ergodic rates to obtain expressions that are easier to interpret and
to optimize. In order to do this, two extra assumptions will be made: i) Vi, = V,Vk €
KC, which means that the receive antenna correlation matrices Ry (Kronecker model)
decompose to the same eigenvector basis V; ii) ng, = ny, i.e., the transmitters have
the same number of antennas. Our approach consists in two steps. First, we determine
the optimal eigenvectors. Then, based on this result, we will approximate the different
transmission rates by their large-system (i.e., n, — 0o, n; — 0o, % — () deterministic
equivalents. We will also exploit the results provided in [35] for the single-user MIMO
channels to obtain the optimal eigenvalues of the covariance matrices. The corresponding
approximates can be found to be accurate even for relatively small numbers of antennas

(see e.g., [36][37] for more details).

Single User Decoding

When the SUD is assumed at the receiver, each user has to choose the best precoding
matrix Qg = E [l 52X kH ], in the sense of his payoff function:

up"P(Q1, Qo) = Elog T, + pH,QuH[' + p> H,QH]'| —Elog |L,, + pY H,Q/H/'
£k £k
(2.11)

The strategy set of user k is given in (2.2).

Theorem 2.1.1 The space power allocation game described by:
GSUD — (IC, {A%UD}keK , {uEUD}keK), where the payoff functions uEUD(Qk,Q,k) are

given by (2.11) has a unique pure-strategy Nash equilibrium.

The proof of the existence of a NE is based on the properties of concave games in [20].
Proving the diagonal strict concavity condition of Rosen [20] is sufficient to ensure the
uniqueness of the NE point (see Appendix A.2 and Appendix A.3). However, extending
Theorem D.1.6 is not trivial and the proof is given in Appendix A.2.
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In order to find the optimum covariance matrices, we proceeded in the same way as
described in [38]. First we determine the optimum eigenvectors and then the optimum
eigenvalues by approximating the payoff functions under the large system assumption.

Since we have assumed Vj, = V, we can exploit the results in [35] [39] for single-user
MIMO channels, assuming the asymptotic regime in terms of the number of antennas:
n, — 00, Ny — 00, 2= - — B. It turns out, that there is no loss of optimality by choosing
the covariance matrices Qp = WkPka , where Wy, is the same unitary matrix as in
(2.10) and Py is the diagonal matrix containing the eigenvalues of Q. Although this
result is easy to obtain, it is instrumental in our context for two reasons. First, the
search of the optimum precoding matrices boils down to the search of the eigenvalues
of these matrices. Second, as the optimum eigenvectors are known, available results
in random matrix theory can be applied to find an accurate approximation of these

eigenvalues [35] [39]. The corresponding approximated payoff for user & is:

K ng
BUO(P,,P_y) = 72210@ (1 + KpPe(j) 7))+
" k= 14=1
K nt
TTZI% 1+*ZZ°”€ (:)03) | =
; k 1j5=1
K ni
—ZZ% )01(j) logy e—
- 1] 1 (2.12)
7221()@;2 (1+ (K — 1)pPu(§)e(5))—
Z;ﬁk] 1
LS o (14 G St +
eséka 1
quﬁe )e(j) logy e
l#£k j=1

where the parameters v(j) and dx(j) V5 € {1,...,n:}, k € {1,2} are solution of the
system:

. . 1 4l Uk(i,j)
’7]{:(]) - Knt Z Kt
=y B> Y ou(i, m)de(m) (2.13)
=1 m=1
. KpPy(j)
5 = Ve G
k(7) 1+ KpPy(5)v(5)
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and ¢y(7), ¥e(j), V5 € {1,...,n4} are the unique solutions of the following system:

( Vie{l,...,n}, 0 e K\ {k}:

Ny

PR o)

K —1)n; 4
( e 1+ (Kll)nt% Z_:l"r(i, m)ir(m) (2.14)
o (K —1)pPu(j)
\ ved) = 17 (K — 1)pPu(5)de(j)

The optimal eigenvalues are given by the water-filling solutions:

PG = | L (2.15)
T o2 T Kol '

where A; > 0 is the Lagrangian multiplier tuned in order to meet the power constraint:

nt +

Z [ 1 - 1 - } = nyP},. Notice that, in order to solve the system of equa-
= LA n2 - Koy ()

tions given above, we can use the same iterative power allocation algorithm as the one
described in [38]. The transmitters are assumed to have perfect knowledge of all the
channels’ distributions. As for the efficiency of the NE point, the SUD decoding tech-
nique is sub-optimal w.r.t. the centralized case and the sum-capacity is not reached at
the NE similarly to the static MIMO MAC channel.

An important remark has to be made. The analysis of the NE (i.e., existence and
uniqueness issues) has been analysed in the finite setting (exact game). The determina-
tion of the NE is performed using numerical methods (required to implement water-filling
type algorithms) and the approximated utilities in the asymptotic regime. This is mo-
tivated by the fact that the ergodic rates are very difficult to be numerically optimized.
Furthermore, it turns out that the large system approximations of ergodic rates have
the same properties as their exact counterparts, as shown recently by [40]. However, the
analysis of the NE for the approximated game is an interesting issue which is left as an
extension of this work.

Another rising issue could be the characterization of the correlated equilibria of the
game. The results in [41] can be applied here directly, since GSYD ig an exact potential
game with a strict concave potential function, i.e., the achievable network sum-rate.
The author of [41] proved that for strict concave potential games, the CE is unique and
consists in playing with probability one the unique pure NE.

Successive Interference Cancellation

As we have mentioned in Section 2.1.1, three different power allocation games can be
defined in function of the action sets: SPA, TPA and the joint STPA, for which the
action sets are given by (2.7),(2.8) and (2.9), respectively. In the remaining of this
section, we will only focus on the general STPA game. The results for the special cases



2.1. The MIMO Multiple Access Channel

follow directly. The main difference with the static case, consists in the payoff function
of users which are given by the ergodic achievable rates:

QR Q) = Y. p-RIV(Q. Q1) (2.16)

TEPK

where

R(Q".Q") = Elog, L, + H,QHY +p S H,QVHI| -

(m)
tek (2.17)

Elog, L, +p »_ HQ H/
ek

with the same notation as in Sec. 2.1.1 As opposed to the static case, for the fast fading
one the uniqueness is guaranteed for the general joint space-time power allocation game.
The obtained results are stated in the following theorem.

Theorem 2.1.2 The joint space-time power allocation game described by: G5 =

(IC, {AEIC’STPA}%K , {uglc}kelc)’ where the payoff functions u%IC(Qk, Q_x) are given
by (2.16), has a unique pure-strategy Nash equilibrium.

The proof is similar to the SUD case and exploits the extended results of Rosen [20] and
is given in Appendix A.2. The difficulty here lies in proving a matrix trace inequality
(see Appendix A.2 and Appendix A.3). This inequality is instrumental in proving that
the diagonal strict concavity condition holds. Its proof is given in [42] for K = 2 and in
[43] for arbitrary K > 2 (see Appendix A.4).

In order to find the optimal covariance matrices we proceed in the same way as

described in Section 2.1.2. The optimal eigenvectors of the covariance matrix Q,(f) are

given by U = W;. And, the optimal eigenvalues, P,(:), can be found using the large-

Q"
system assumptions. The approximated payoff for User k is QEIC({PEF)},QE,CJGPK) =
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Ti 1 (N +]‘)n ZGIC;:)U{’C}jzl
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ZGK(’T)J !
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3o (1422 3 S0 | +
= k M pexc(m 9=1
= Z quf) j)logye
Zeic,‘;')ﬂ !
(2.18)
where N |IC | and the parameters 'y( )( /) and 5,(;0(]') Vie{l,...,n¢}, k € K,
m € Pk are the solutions of:
( vie{1,.. nt}ee/c VU {k} -
), . 1 Uf(iaj)
'Ygg )(]) = (N(ﬂ.) +1) ng
n =1 . (ﬂ')
k 1+ 7(]\[(7,)“) Z ZO’T(Z, m)o," (m) (2.19)

rEICi”)U{k} m=1
(N + 1)pP™ ()
1+ (N 4+ 1)pP ()7 ()

5 ()

\

and gbg (7), w(ﬂ)( ), Vj € {1,...,n:} and m € Pk are the unique solutions of the

following system:

Vje{l,...,nt},EGIC,(f):
s I Ueij
o) = CE)

(i, m),™ (m)
rEIC(W)m 1
N%P”)(j)
v = CI IR
1+Nk PPe (])d’g (])
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The corresponding water-filling solution is:

+
(m),NE, . 1 1
P, = — 2.21

where A\ > 0 is the Lagrangian multiplier tuned in order to meet the power constraint:

- 1 1 ’
I - = n Py
Z Zp !nr)\k In2 N,gﬂ) )] etk

rePyk =1 P%(:) (J

In order to measure the efficiency of the decentralized network w.r.t. its centralized
counterpart, we introduce the following quantity:

NE
SRE — fem _ ¢ (2.22)

sum

where SRE stands for sum-rate efficiency; the quantity R} represents the sum-rate of

the decentralized network at the Nash equilibrium, which is achieved for certain choices
of coding and decoding strategies; the quantity Cgum corresponds to the sum-capacity
of the centralized network, which is reached only if the optimum coding and decoding
schemes are known. Note that this is the case for the MAC but not for other channels
like the interference channel. Obviously, the efficiency measure we introduce here is
strongly connected to the price of anarchy introduced in [44] (PoA). The SRE measures
the gap between the sum-rate at the NE and the network sum-rate obtained with the
optimal decoding technique, whereas the PoA does not consider the optimal decoding
technique. In our context, information theory provides us with fundamental physical
limits on the social welfare (network sum-capacity) while in general no such upper bound
is available.

We have proved that, both, in the low and high SNR regimes the SRE tends to one.
This means that, in the extreme SNR regimes, the sum-capacity of the fast fading MAC
is achieved at the NE point, in spite of the sub-optimal coordination mechanism applied
at the receiver. For non-extreme SNR regimes, a closed-form expression of the SRE
cannot be found. Numerical simulations have been provided to asses this optimality
gap. When SIC is assumed, for the three power allocation games (TPA, SPA, STPA),
the sum-rate efficiency at the NE is close to one. Quite surprisingly, the NE of the
STPA game performs a little worse than its purely spatial counterpart. This highlights
another Braess-type paradox as in Section 2.1.1 (see [27] in Appendix A.2).

2.2 The Parallel Interference Relay Channel

In this section, we study a different network model, the parallel interference relay chan-
nel. The Shannon-rate efficient power allocation game fr the interference channel has
been extensively studied in the literature: [45] [46] for SISO frequency selective chan-
nels, [47] [48] for the static parallel interference channel and [49] [50] [51] [52] [53] for the
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static MIMO channels. The difference in our work is that we allow the transmitters to
exploit the existence of some relaying nodes to improve the communication performance.

As opposed to the previous section, we will focus here only on the particular case of
static parallel IRC [54] (see Appendix A.6).

The system under investigation is composed of two source nodes S, Sa, transmitting
their private messages to their respective destination nodes D;, Dy. To this end, each
source can exploit () non-overlapping frequency bands (the notation (q) will be used to
refer to band ¢ € {1,...,Q}) which are assumed to be of normalized bandwidth. The
signals transmitted by &1 and Sy in band (q), denoted by Xl(q) and Xéq) respectively,
are assumed to be independent and power constrained:

Q
vk e {1,2}, S EIX\"]> <Py (2.23)
q=1

For k € K £ {1,2}, we denote by Glgq) the fraction of power that is used by Sy for

transmitting in band (q) that is, E|X ng) |2 = ngq)ﬁk. Therefore, the set of possible power
allocation policies for User k can be defined as:

Q
Av=140,€00,19]3 67 <1 (2.24)
q=1

Additionally, we assume that there exists a multi-band relay R. With these nota-
tions, the signals received by D, Dg, and R in band (q) express as:

Yl(Q) _ hgﬁ)Xl(q)+h§%)X2(q)+h£‘i)Xﬁq)+Z£q)
Y2(q) _ hg%)Xl(q)+h§%)X§q)+hg)Xr(q)+Z§q) (2.25)

where Z,gq) ~ N(0,N, ,gq)), k € {1,2,r}, represents the Gaussian complex noise on band

(q) and, for all (k,f) € K2, héqe) is the channel gain between Sp and Dy, h,(gqr) is the
channel gain between S and R, hff,i) is the channel gain between R and Dy, in band (gq).
The channel gains are considered to be static. Concerning channel state information
(CSI), we will always assume coherent communications for each transmitter-receiver
pair (Sk, Dx) whereas, at the transmitters, the information assumptions will be context-
depending. The single-user decoding (SUD) will always be assumed at D; and Ds.

At the relay, the implemented reception scheme will depend on the protocol assumed.
The expressions of the signals transmitted by the relay, X7(,Q),q € {1,...,Q}, will also
depend on the relay protocol and will therefore also be explained in the corresponding
sections. So far, we have not mentioned any power constraint on the signals X,Eq). We
also assume that the relay implements a fixed power allocation policy between the @
available bands (I[E|Xr(q)|2 = Pr(q), g€ {l,...,Q}). Asin [12][11][55], the relay is assumed
to operate in the full-duplex mode.
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In what follows, we investigate the existence of an NE solution for the non-cooperative
power allocation game where the transmitters are assisted by several relaying nodes. We
analyse three different games depending on the relaying protocol assumed, which can be:
estimate-and-forward (EF), decode-and-forward (DF) or amplify-and-forward. In gen-
eral, the multiplicity of the NE points is an intractable problem. However, in the special
case of fixed amplification gain AF protocol, we completely characterize the number of
NE and prove the convergence of the best-response based iterative algorithm.

2.2.1 Decode-and-Forward (DF) Protocol

We start with the decode-and-forward protocol. The basic idea behind this protocol is
as follows. From each message intended for the destination, the source builds a coarse
and a fine message. With these two messages, the source superposes two codewords.
The rates associated with these codewords (or messages) are such that the relay can
reliably decode both of them while the destination can only decode the coarse message.
After decoding this message, the destination can subtract the corresponding signal and
try to decode the fine message. To help the destination to do so, the relay cooperates
with the source by sending some information about the fine message. Mathematically,
this translates as follows. The signal transmitted by Sy in band (q) is structured as

D 9@ p,

(9 _ (2
X = Xpo t BORS0)

Xﬁqk) where: the signals X ,SJ) and X, ; are independent and

0
precisely correspond to the coarse and fine messages respectively; the parameter Uliq)

represents the fraction of transmit power the relay allocates to user i, hence we have
y§q) + I/éq) < 1; the parameter Tlgq) represents the fraction of transmit power Sy allocates

to the cooperation signal (conveying the fine message). The transmitted signal by the
relay R writes as: XT(Q) = Xﬁ’ql) + Xﬁ:é). From [11], and for a given allocation policy

0, = (91(;)7 e HIEQ)), the source-destination pair (Sg, Dx) achieves the transmission rate

Q
Z R,(f) DF where
qg=1

ROPF — min { RIOPF R0):PF (2.26)
ROPF = min {REPT RIPFL |
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and (1/(‘1),7‘1((1), 7’2(Q)) is a given triple of parameters in [0,1]%, 7‘1@ + 7'2(q) <1land C(z) =
log, (1 + ) denotes the capacity function for complex signals.
The achievable transmission rate of User k is given by:

F0,,0_ ZR JPF (gl gla)y (2.28)

The one-shot game is defined by the triplet GPF = (IC { A} eerc > {R"} ke K) Although

this setup might seem to be demanding in terms of CSI at the source nodes, it turns out
that the equilibria predicted in such a framework can be effectively observed in more
realistic frameworks where each player observes the strategy played by the other players
and reacts accordingly by maximizing his payoff iteratively.

The existence theorem for the DF protocol is given hereunder.

Theorem 2.2.1 If the channel gains satisfy the condition Re(h,&?h%*) > 0, for all

k€K andq € {1,...,Q} the game defined by GP¥ = (’C,{Ak}keKv{M]IcDF}kEIC> has
always at least one pure-strateqy NE.

This theorem shows that for the pathloss channel model, where hgy > 0, (k,¢) €
{1,2,7}2, there always exists an equilibrium. As a consequence, if some relays are
added in the network, the transmitters will adapt their PA policies accordingly and,
whatever the locations of the relays, an equilibrium will be observed. This is a nice
property for the system under investigation. As the PA game with DF is concave it is
tempting to try to verify whether the sufficient condition for uniqueness of [20] is met
here. It turns out that the diagonally strict concavity condition of [20] is not trivial
to be checked. Additionally, it is possible that the game has several equilibria as it is
proven to be the case for the AF protocol.

In a context of decentralized networks, each source S has to optimize the parameter
Tt in order to maximize its transmission rate Rj. In the rate region above, one can
observe that this choice is not independent of the choice of the other source. Therefore,
each source finds its optimal strategy by optimizing its rate w.r.t. 7/(7). In order
to do that, each source has to make some assumptions on the value 7, used by the
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other source. This is precisely a non-cooperative game where each player makes some
assumptions on the other player’s behaviour and maximizes its own payoff. Interestingly,
we see that, even in the single-band case, the DF protocol introduces a power allocation
game through the parameter 75 representing the cooperation degree between the source
Si and relay. For more details on the game induced by the cooperation degrees the
reader is referred to [56].

2.2.2 Estimate-and-Forward (EF) Protocol

The quality of the links from the sources to the relay represents the bottleneck of the
DF protocol. In some situations, the presence of the relays may even degrade the
transmission performance. For example, if the relay is situated far away from the sources
such that the destinations are in better reception condition. We will now consider a
protocol that always improves the performance of the transmission, the estimate-and-
forward. The principle of the EF protocol for the standard relay channel is that the
relay sends an approximated version of its observed signal to the receiver. In our setup,
we have two different receivers. The relay can either create a single quantized version
of its observation, common to both receivers, or two quantized versions, one for each
destination (see [57]). Here, we consider that the relay uses two resolution levels to
compress its observation signal, each of these levels being adapted to the considered
destination; we call the corresponding version of the EF protocol, “bi-level compression
EF”. We make the same assumptions as in Section 2.2.1 concerning the reception schemes
and PA policies at the relays: we assume that each node R, D; and Dy implements
single-user decoding and the PA policy at each relay i.e., v = (1/(1), e V(Q)) is fixed.
The payoff for User & € K can be expressed as follows

Q

EF
et (O, 0_y) = Z R;(gq)’ (2.29)
q=1
where
2 2 2 2—— 2
(@).EF (\h;qu 0;”’)P2+N§Q)+N£jqz)’1)‘hﬁ)‘ 9§Q)P1+(‘h§‘{)( 05 Po+| (9| V(q)p£q>+N{q>>’h§‘j)‘ 69 py
Ry = C — —
1 (VSN ) (1091268 Pot | 12000 PED 4 N{D ) 41051265 P (192000 PLD 4+ N ()
2 2 2 2
e (\hh|20§Q>P1+N£q>+N;q;2)]hgq;‘ 0§q>P2+(’h(1q2)‘ 9§Q>p1+’h§q2>‘ u(q>PT<‘Z)+N2<q))‘hgi)’ 049 p,
{ -

(‘h(ﬁ) )29§q>p1+(hg§> ’29§Q)Pg+(h§f§> IZWPT(‘A’)JFN{@)A(qL‘A({” (2

(@ _
Nwz,l - ‘h(%)‘QU(q)P(Q>
" " 2.31
(‘h;‘g)205‘1)P2+(h§q2>’29§‘1)P1+(h§g>’%(q)pﬁquNg‘”)A(qp‘qu)(2 ’ (2:31)
N(‘I)
wz,2

253 (QWP@
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(@) ¢ [0,1], A@ = |A! r)|29§q)P1_|_|hgi)|29§q)P2_|_NT(Q), qu) _ hﬁ?hﬁ‘?’ O(q)P +h§1)hér) Q(q)P
and qu) h(q)h(q)’ H(q)Pl + hg%) hgi)’*ng)Pg. What is interesting with this EF protocol
is that, here again, one can prove that the payoff function is concave for every user. This
is the purpose of the following theorem.

Theorem 2.2.2 The game defined by GEF = (lC { A} ver > {pe® }kelc) has always at
least one pure-strateqy NE.

The proof is similar to the proof of Theorem 2.2.1. To be able to apply Theorem D.1.5
of Rosen, we have to prove that the payoff u F'is concave w.r.t. 6,. The problem is less

simple than for DF because the compression noise N, (@) k which appears in the denomi-
nator of the capacity function in Eq. (2.30) depends on the strategy 6, of transmitter
k. It turns out that it is still possible to prove the desired result as shown in Appendix
A6.

2.2.3 Amplify-and-Forward (AF) Protocol

In this section, we assume that the the relay implements an analog amplifier which
does not introduce any delay on the relayed signal. The signal transmitted by the relay
writes as X, = a, Y, where a, corresponds to the relay amplification gain. We call the
corresponding protocol the zero-delay scalar amplify-and-forward (ZDSAF). One of the
nice features of the ZDSAF protocol is that relays are very easy to be deployed since
they can be used without any change on the existing (non-cooperative) communication
system. The amplification gain for the relay on band (g) will be denoted by a&‘”. Here,
we consider that the amplification gain is such that the relay exploits all the available
power on each band. The achievable transmission rate is given by

gk’ — Z R(Q) AF ‘I) 0(‘1)) (232)

q=1

where RliQ)’AF is the rate user k obtains by using band (q) when the ZDSAF protocol is
used by the relay R.

‘ (@) h<q>h<q)+h§gg‘29]gq>pk

kr 'rk

vk e K, RO = ¢ (2.33)

(a) ()
(@) 3 (@) (@) ;(a) (a) Ng (@)? 2Ny
)“T Py e +hag, ‘ pefy N}iq)+<aT ) (q)Jr
@ _ ~@pl@ pgla)y & P, (@0 _ P :
where a;’ = a; ' (077,05°) = 3 L — and P = Nli’fl). Without loss

of generality and for the sake of clarity we will assume in Sec. 2.2.3 that V(k,q) €
{1,2,r} x{1,...,Q}, N,gq) =N, Pl = P, and we introduce the quantities py = %. In
this setup the following existence theorem can be proven.
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s,

Theorem 2.2.3 If one of the following conditions is met: i) > ‘hgj‘ and

a7(nQ)hgg)hﬂ)’ > ’héz)‘ (i.e., the direct links Sy, — Dy, are negligible and the communication

a@ hg} hffi) and

is possible only through the relay node), ii) ‘hﬂ)‘ >

‘héz)’ > agq)hg{)‘ min {1, hﬂ) } (i.e., the links R — Dy, are negligible), iii) al? = Al ¢

0,a,"(1,1)] (i.e., the amplification gain is constant), there ewists at least one pure-
strateqy NE in the PA game GAF = (/C, { Ak} ek > {,LL,?F}%}C).

The proof is similar to the proof of Theorem 2.2.1. The sufficient conditions ensure
the concavity of the function R,(Cq)’AF w.r.t. Hl(f). Notice that, under the last two condi-
tions, the analysis is very similar to that of a parallel IC for which the existence of the
NE is always guaranteed [47] [48].

We have seen that, under certain sufficient conditions on the channel gains, the
existence of the NE point is ensured for all three protocols investigated. The multiplicity
and the convergence of best-response algorithms is not trivial in general. However, in
[54] (see Appendix A.6), we have thoroughly studied a particular case of the AF protocol:
@ = 2 and constant amplification factors Vq € {1,2}, al? = A ¢ [0,a,(1,1)]. It turns
out that, for this particular case, a complete characterization of the number of NE can be
made based on the best-response function analysis. The best-response correspondences
are piece-wise affine functions thus the network can have either one, two, three or an
infinity number of NE. Based on the “Cournot duopoly” [58], the iterative algorithm
based on the best-response functions is guaranteed to converge to one of the NE points.

In Appendix A.6, we prove that, using a time-sharing technique, the existence of an
NE can always be ensured irrespective of the relaying protocol or channel gains. The
basic idea is that, assuming that the transmitters could be coordinated, the achievable
rates become concave by using time-sharing techniques.

A strong motivation for studying IRCs is to be able to introduce relays in a network
with non-coordinated and interfering pairs of terminals. For example, relays could be
introduced by an operator aiming at improving the performance of the communications
of his customers. In such a scenario, the operator acts as a player and more precisely
as a game leader in the sense of Stackelberg [22]. In this context, the game leader is
the operator/engineer /relay who chooses the parameters of the relays. The followers are
the adaptive/cognitive transmitters that adapt their PA policy to what they observe.
In the preceding sections we have mentioned some of these parameters: the location of
each relay; the amplification gain of each relay in the case of AF; while in the case of DF
and EF, the power allocation policy between the two cooperative signals at each relay
i.e., the parameter v(9). Therefore, the relay can be thought as a player minimizing
its own payoff. This payoff can be either the individual payoff of a given transmitter
(picture one WiFi subscriber wanting to increase his downlink throughput by locating his
cellular phone somewhere in his apartment while his neighbour can also exploit the same
spectral resources) or the network sum-rate (in the case of an operator). The Stackelberg
formulation was studied through numerical simulations for the particular case of Q) = 2
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and K = 2. Several interesting observations were made. For the ZDSAF with constant
amplification gain, it is not necessarily optimal to saturate the relay transmit power.
For the general ZDSAF, the optimal relay node position w.r.t the system sum-rate lies
exactly on the segment between S and Dy of the better receiver. This is due to the
fact that the selfish behaviour of the users leads to an operating point where there is no
or little interference. Assuming the DF and EF protocols, the optimal power allocation
policy at the relay is to allocates all its available power to the better receiver.

2.3 Conclusion and Open Issues

In this chapter, we have studied the non-cooperative power allocation games in wireless
networks where the transmitters chose their best power allocation policies that maximize
their Shannon achievable rates. Two different network models were investigated: the
MIMO multiple access channel and the parallel interference relay channel.

Our contributions can be summarized as follows:

o The MIMO MAC channel.

We have extended the results in [20] to the case where the action sets of users
are matrix sets instead of vector sets.

— Based on this, we have investigated the existence and uniqueness of the NE
state in the one-shot game. The existence of at least one NE is guaranteed.
For the static links case, the NE is not generally unique and sufficient condi-
tions ensuring the uniqueness were provided. For the fast fading links case,
the NE is proven to be unique.

— For the fast-fading case, determining the NE point it is not trivial because
the ergodic achievable rates have no closed-form expressions. First, we have
determined the optimal eigenvectors. Then, we have used tools from ran-
dom matrix theory to approximate the ergodic rates with their deterministic
equivalents. At last, we propose an iterative water-filling type algorithm that
converges to the optimal eigenvalues.

— The power allocation game was analysed for two decoding techniques: SUD
and SIC. The SUD decoding is easier to implement but it turns out to be
inefficient w.r.t. achievable network sum-rate. For the SIC decoding we have
proposed a sub-optimal coordination signal which dictates the decoding order
at the receiver. This signal has to be known at the transmitter side and, thus,
it involves a certain signaling cost.

— To asses the network performance at the NE point, we have introduced the
sum-rate efficiency. This measure translates the gap between the achievable
sum-rate at the NE point and the sum-capacity of the fast-fading MIMO
MAC. In the high and low SNR regimes, assuming SIC decoding, this gap
tends to zero. For arbitrary SNR, this gap was evaluated through numerical
simulations. It turns out that, assuming SIC decoding, the performance gap
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is very small, even if the coordination signal doesn’t depend on the fading
coefficients. As we have predicted, SUD decoding is less efficient. An inter-
esting Braess paradox was highlighted: if the users are restricted to allocate
their power uniformly in time (and irrespective of the coordination signal)
the sum-rate at the NE point is greater than the general case.

— An interesting particular channel model is the static parallel MAC assum-
ing SUD decoding. This case was studied from a routing game perspective.
Two different games were investigated: i) the transmitters share their powers
among the available sub-channels; ii) the transmitters are restricted to chose
a single sub-channel. The first game is a particular case of the general concave
game discussed so far. The second game, is a discrete game where the actions
sets of users are finite discrete sets. Since the results of the concave games
cannot be applied here, existence, multiplicity of the NE and convergence of
fully distributed iterative algorithms were proved using the exact potential
property of the game.

e The parallel IRC

— The power allocation game was studied for three different relaying proto-
cols: Decode-and-Forward (DF), Estimate-and-Forward (EF) and Amplify-
and-Forward (AF).

— Sufficient conditions ensuring the existence of at least one NE were provided
for DF and AF. In the EF case, the existence of a NE is always guaranteed.

— Based on a time-sharing technique, the existence of the NE can always be
guaranteed irrespective of the relaying protocol. However, this involves a
certain level of coordination among the transmitters.

— Analyzing the multiplicity of the NE is not trivial. For the particular case
of AF with constant amplification gain, the complete analysis characterizing
the number of NE points in function of the channel parameters was provided.
Furthermore, based on the “Cournot duopoly”, the iterative best-response
algorithms was proven to converge to one of the NE points.

— Numerical simulations were used to evaluate the performance at the NE.
When comparing the three relaying protocols w.r.t. the achievable sum-rate,
similar observations as the classic relay channel were made: DF is optimal if
the relay is close to the sources (very good source-relays links), while EF is
optimal if the relay is close to the destinations (very good relays-destinations
links). Several Stackelberg formulations, where the system owner tunes the
parameters of the relays (i.e., spatial location, amplification factor for AF,
power allocation for DF and EF) have been evaluated using numerical simu-
lations.

Several open issues and interesting extensions are given hereunder:
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e The MIMO MAC: An interesting extension would be to study the case of imperfect
channel knowledge at the receiver. Also, an interesting open issue is to determine
the optimal eigenvectors and eigenalues of the covariance matrices when the con-
straint V, = V for all k£ € IC is relaxed. In this sense, recent advances on random
matrix theory in [59] can be used. An interesting open issue is to mathematically
prove the convergence of the iterative water-filling algorithms proposed.

e The parallel IRC: An extension to this work is to consider more efficient coding-
decoding schemes and relaying protocols such as those of [60] and related works.
It is also important to fully determine the number or the topology of the set
of Nash equilibria and derive convergent iterative distributed power allocation
algorithms. We have also seen that additional power allocation problems come into
play, and need to be considered, in a general non-cooperative game: to allocate
transmit power between different bands at the sources (AF,DF,EF); to choose
the cooperation degrees at the sources (DF); to allocate the power between the
cooperation signals at the relay (EF and DF); to allocate the transmit power over
time.

In this chapter, we considered that the transmitters allocate their powers to maxi-
mize their Shannon achievable rates with no consideration on the power consumption.
The power consumption has a direct impact on the battery life of devices. There are
applications (e.g., sensor networks) where the battery life of the devices plays a crucial
role and maximizing the transmission rate is no longer of primary importance. For this
kind of applications, a different performance measure has to be considered. In Chapter
3, we will study the energy-efficiency metric which measures the number of bits that
can be reliably conveyed through the channel per unit of energy consumed.

Another important consideration regards the iterative water-filling type algorithms.
There are several rising issues. First of all, it involves rationality of the users and perfect
knowledge of their own payoff functions or the best-response correspondences. Also, it
generally requires perfect global channel state (for the static case) or distribution (for
the fast fading case) information at the transmitter level. Moreover, it involves a lot
of signaling among users. At each iteration, the user updating its choice has to send
this information to all the other users. All these assumptions can be regarded as being
unrealistic in many applications. One possible solution is provided by the learning theory
in games which will be introduced in Chapter 4.



Chapter 3

Energy-efficient Communications

In the previous chapter, the performance of the communication was measured in terms
of achievable transmission rates. The cost of the communication, i.e., the transmit power
used to achieve the corresponding transmission rate, has not been taken into account.
In cellular or sensor networks, where the mobiles or sensor terminals are equipped with
batteries of limited capacity, maximizing the battery life is more important than the
transmission rate maximization. Therefore, this cost has to be taken into consideration.
In this chapter, we will consider a different information-theoretic performance metric,
i.e., an energy-efficiency measure. This measure is defined as the ratio between the
benefit of the transmission (i.e., number of reliable transmitted bits per channel use)
and the transmission cost (i.e., transmit power).

As we have discussed in Chapter 1, the energy-efficiency power allocation problem
has been studied from two different perspectives: an information theoretic and a prag-
matic approach. The research on this topic has been focused on two main approaches:
a pragmatic approach based on practical modulations, coding-decoding schemes, elec-
tronics (see [8], [61], [62], [63]), and an information theoretical approach based on the
capacity per unit cost introduced in [7]. A detailed discussion reviewing the relevant lit-
erature on the two approaches is given in [64] (see Appendix B.1). Most of this research
is centered on networks composed of single antenna terminals. It is well known that, for
a point-to-point communication, using multiple antenna terminals [65][66][14] in full di-
versity mode (i.e., all the transmit antennas are used to send the same information over
the channel) allows one to decrease the transmit power while ensuring a fixed quality of
transmission (e.g., the bit error rate). Therefore, we will investigate the energy-efficient
power allocation policy in MIMO channels. Also, in what follows, we will focus only on
the power allocation problem from an information theoretical point of view, similarly
to the previous chapter. An important assumption is that only the transmit power at
the output of the RF circuits (or the transmit power for reliable data) is considered.
Even if this assumption is unrealistic, it allows us to characterize the upper bound of
the performance that can be achieved in practice.

Our initial objective was to study the non-cooperative power allocation game for
the MIMO multiple access channel, as described in Section 2.1. The difference is that
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the players, the transmitters, chose their best input covariance matrices to maximize
their energy-efficiency function instead of the Shannon transmission rates. However, the
problem turned out to be very difficult. Because of this, we were restricted to study
only the particular case of the single-user MIMO channel (see Appendix B.2). Notice
that under this assumption, the game is reduced to an optimization problem which will
prove to be generally intractable.

We consider a point-to-point communication with multiple antenna terminals. The
signal at the receiver is modelled by:

Y(r) = H(7)X(7) + z(7), (3.1)

where H is the n, x n; channel transfer matrix and n; ( n,) the number of transmit
( receive) antennas. The vector X is the m;-dimensional column vector of transmit-
ted symbols and z is an n,-dimensional complex white Gaussian noise distributed as
N(0,0%1,,,). We denote by Q = E[X X ] the input covariance matrix. The correspond-
ing total power constraint is Tr(Q) < P.

The matrix H is assumed to be perfectly known at the receiver (coherent commu-
nication assumption) whereas only the statistics of H are available at the transmitter.
Three cases will be studied depending on the channel coherence time: i) the static links;
ii) fast fading links; iii) slow fading links. For the first two cases, the benefit of the
transmission will be measured in terms of achievable transmission rate. For slow fading
channels, as we have argued in Chapter 2, this is no longer a suitable performance mea-
sure and a different function based on the outage probability will be considered. We will
see that, in the first two cases, the solution is trivial and corresponds to the transmitters
remaining silent. However, this is no longer the case for slow fading channels. In this
case, the solution to the optimization problem is provided only for the particular case of
MISO (the receiver is equipped with a single antenna). For the MIMO case, the optimal
solution is conjectured and validated through numerical simulations.

3.1 Static Links

By definition, in the static links case, the frequency at which the channel matrix varies
is strictly zero. In other words, H is a constant matrix. In this particular context, both
the transmitter and receiver are assumed to know this matrix. We are exactly in the
same framework as [14]. Thus, for a given precoding scheme Q, the transmitter can send

reliably to the receiver log, ’Im + pHQHH ‘ bits per channel use (bpcu) with p = %
Let us define the energy-efficiency of this communication by:
log, [T, + pHQH!
Gstatic(Q) = 2 ‘ = ‘ (32)

Tr(Q)

The energy-efficiency Gstatic(Q) corresponds to an achievable rate per unit cost for
the MIMO channel as defined in [7] under the assumption that the input alphabet
does not contain any zero-cost symbols (i.e., silence at the transmitter does not convey



3.2. Fast Fading Links

information). It turns out that the result obtained in [7] for the single-input single-
output channel extends to the MIMO channel.

Proposition 3.1.1 The energy-efficiency of a MIMO communication over a static chan-
nel, measured by Ggtatic, 1S mazimized when Q = 0 and this maximum is

. 1 Tr(HHY)

static — n2 ntO'Q

(3.3)

The proof can be found in [67] in Appendix B.2. We see that, for static MIMO channels,
the energy-efficiency defined in Eq. (3.2) is maximized by transmitting at very low
powers. This kind of scenario occurs for example, when deploying sensors in the ocean
to measure a temperature field (which varies very slowly). In some applications however,
the rate obtained by using such a scheme can be insufficient. In this case, the benefit to
cost ratio can turn out to be an irrelevant measure and other performance metrics have
to be considered (e.g., minimize the transmit power under a rate constraint).

3.2 Fast Fading Links

In this section, the frequency with which the channel matrix varies is the reciprocal of
the symbol duration (X(7) being a symbol). This means that it can be different for
each channel use. Therefore, the channel varies over a transmitted codeword (or packet)
and, more precisely, each codeword sees as many channel realizations as the number of
symbols per codeword. In this framework, let us define energy-efficiency by:

En [log, |In, + pPHQH™|]
r(Q)

The proof in Section 3.1 can be applied for any channel realization and thus the trivial
solution is obtained irrespective of the channel distribution.

Giast (Q) =

. (3.4)

Proposition 3.2.1 The energy-efficiency of a MIMO communication over a fast fading
channel, measured by Giast, 1S mazimized when Q = 0 and this mazimum is

TR Tr(E [HH"]) a5
fast — ET ( : )
We see that, for fast fading MIMO channels, maximizing energy-efficiency also amounts
to transmitting at low power. Interestingly, in slow fading MIMO channels, where outage
events are unavoidable, we will see that the answer can be different.

Before studying the slow fading channel, we make the following remark w.r.t. the
non-cooperative power allocation game for the MIMO multiple access channel. For
any decoding technique (single user decoding or successive interference cancellation, see
Chapter 2), the trivial solution Qi = O represents a strictly dominating strategy for
transmitter k. Thus, at the energy-efficient NE point, none of the transmitters will send
any information.
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3.3 Slow Fading Links

In this section, the channel remains constant over a codeword and varies from block
to block. As a consequence, the Shannon achievable rate is equal to zero. A suitable
performance metric that measures the benefit of the transmission in slow-fading channels
is the probability of an outage for a given transmission rate target R given in [24]. This
metric allows one to quantify the probability that the rate target R is not reached by
using a good channel coding scheme and is defined as follows:

Pout(Q, R) = Pr [log, [, + pHQH'| < R]. (3.6)

For the sake of simplicity, we will restrict our attention to the case where the entries
of H are i.i.d. zero-mean unit-variance complex Gaussian random variables. In terms
of information assumptions, here again, it can be checked that only the second-order
statistics of H are required to optimize the precoding matrix Q. In this framework, we
propose to define the energy-efficiency as follows:

R[1 — Pout(Q, R)]
Q)

In other words, the energy-efficiency or goodput-to-power ratio (GPR) is defined as the
ratio between the expected throughput (see [68],[69] for details) and the average transmit
power. The expected throughput can be seen as the average system throughput over
many transmissions. In contrast with static and fast fading channels, energy-efficiency
is not necessarily maximized at low transmit powers. Thus, a non-trivial solution may
exist to the optimization of GPR. In the remaining of this section, we study both,
the determination of the optimal covariance matrix maximizing the GPR and the quasi-
concavity property of the GPR. The latter issue is not only useful to study the maximum
of the GPR but is also an attractive property in the multi-user scenario. For example,
by considering MIMO multiple access channels with SUD at the receiver, the distributed
power allocation game where the transmitters’ utilities are their GPR is guaranteed to
have a pure Nash equilibrium (see Debreu-Fan-Glicksberg theorem in [15]).

Finding the optimal covariance matrix is not trivial. Indeed, even the outage proba-
bility minimization problem w.r.t. Q is still an open problem [14], [70], [71]. The result
is conjectured as follows.

Q. R) = (3.7)

Conjecture 3.3.1 There exists a power threshold Py such that:

o if P < Py then Q* € argmciznPout(Q,R) = Q*¢€ arngxF(Q,R);

e if P> Py then T(Q, R) has a unique mazimum in Q* = E1,,, where p* < P.

ne

This conjecture states that, if the available transmit power is less than a threshold,
maximizing the GPR is equivalent to minimizing the outage probability. If it is above
the threshold, the uniform power allocation is optimal. However using all the available
power is generally suboptimal in terms of energy-efficiency. Regarding the optimization
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problem associated with (3.7) several comments are in order. First, there is no loss of
optimality by restricting the search for optimal precoding matrices to diagonal matrices:
for any eigenvalue decomposition Q = UDU¥ with U unitary and D = Diag(p) with
p = (p1,.--,pn,), both the outage and trace are invariant w.r.t. the choice of U. The
energy-efficiency can be written as:

R[1 — Pout (D, R)]
nt N
> pi
=1

Second, the GPR is generally not quasi-concave w.r.t. D. In [67] Appendix B.2, we
give a counter-exemple for which the GPR is proven not to be quasi-concave. Third,
the conjecture was validated using Monte-Carlo numerical simulations for the 2 x 2 case
where both the transmitter and receiver are equipped with two antennas. Fourth, the
conjecture 3.3.1 was rigorously solved for MISO channels where the receiver is equipped
with a single antenna (see [67] Appendix B.2 for details).

I'(D,R) = (3.8)

Proposition 3.3.2 Foralll € {1,...,n;—1}, let ¢, be the unique solution of the equation

l+1
(in x) Pr [ZHZ‘X ?<z| —Pr [ZZ’X > <z| = 0 where X; are i.i.d. zero-mean
i=1 i=1
Gaussian random variables with unit variance. By convention cg = 400, ¢, = 0. Let
ng—1 4
Un, be the unique solution of the equation (in y) ﬁ Z Y —0. Then the optimum
=0 !
precoding matrices have the following form:
P D c c
- . a?2(2F-1) P e S c .
min ¢ — —=, -1, if P>
nt t Cny—1

where ¢ = 0?(2% — 1) and ¢, € Sp.

Similarly to the optimal precoding scheme for the outage probability minimization [71],
the solution maximizing the GPR consists in sharing the available power uniformly
among a subset of ¢ < n; antennas. As i.i.d entries are assumed for H, the choice
of these antennas does not matter. What matters is the number of antennas selected,
which depends on the available transmit power P: the higher the transmit power, the
higher the number of used antennas. The difference between the outage probability
minimization and GPR maximization problems appears when the transmit power is
In this regime, saturating the power constraint is

-1
suboptimal for the GPR optlmlzatlon The conjecture 3.3.1 has also been solved for the
SIMO channel where the transmitter is equipped with a single antenna, and also for the
MIMO channel assuming the extreme SNR regimes (low and high SNR regimes)
A special case of interest is the case of uniform power allocation (UPA): D = 21,

where p € [0, P] and T'ypa(p, R) =T (%Int, R). One of the reasons for studymg thls
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case is the famous conjecture of Telatar in [14]. This conjecture states that, depending
on the channel parameters and target rate (i.e., 0, R), the power allocation (PA) policy
minimizing the outage probability is to spread all the available power uniformly over a
subset of ¢* € {1,...,n;} antennas. If this can be proved, then it is straightforward to
show that the covariance matrix D* that maximizes the GPR is ?—:Diag(gp), where e/« €
V=1, Thus, D* has the same structure as the covariance matrix minimizing the outage
probability except that using all the available power is not necessarily optimal, p* €
[0, P]. In conclusion, solving Conjecture 3.3.1 reduces to solving Telatar’s conjecture
and also the UPA case.

The main difficulty in studying the outage probability and/or the energy-efficiency
function is the fact that the probability distribution function of the mutual information
is generally intractable. In the literature, the outage probability is often studied by as-
suming an UPA policy over all the antennas and also using the Gaussian approximation
of the p.d.f. of the mutual information. This approximation is valid in the asymptotic
regime of large number of antennas. However, simulations show that it also quite ac-
curate for reasonable small MIMO systems [72], [73] (for e.g., assuming four-antenna
terminals, the approximation is very good and assuming eight-antenna terminals, the
error is negligible).

Under the UPA policy assumption, the GPR T'ypa (p, R) is conjectured to be quasi-
concave w.r.t. p.

Conjecture 3.3.3 Assume that D = %Int. Then T'ypa(p, R) is quasi-concave w.r.t.

pe[0,P].

This conjecture was proved for the special cases of MISO and SIMO. Furthermore,
it was proved for the general MIMO case assuming the large system approach for three
cases: ny < +oo and n, — 4o00; ny — +oo and n, < +o0; Ny — +00, N — 400
with lim — = 8 < 400. Numerical simulations were provided to validate the

n;—+oo,ie{t,r} Nt
conjecture for finite number of antennas. Furthermore, the numerical simulations show
that the optimal value of the energy-efficiency function is increasing with the number of

antennas.

3.4 Conclusion and Open Issues

In this chapter, we have analysed the energy-efficiency power allocation problem for the
single-user MIMO channel. For the static and fast fading links, the solution is proved to
be trivial. In order to be energy-efficient, the transmitter sends data at fading transmit
power which imply fading data rates. For the slow fading links, the optimization problem
is more difficult and the solution is proven to be non-trivial in general. The contributions
are as follows:

ny
!The set Ve = v € {0, 1}’“|Zvi = E} represents the set of n;-dimensional vectors containing ¢
i=1
ones and ny — £ zeros, for all £ € {1,...,n:}.
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e We conjecture the result for the general problem and solve it for special cases:
in the high and low SNR regimes and in n the particular cases where one of the
terminals is equipped with a single antenna (MISO and SIMO channels).

e An interesting case of study is the uniform power allocation case where the energy-
efficiency function is conjectured to be quasi-concave with respect to the transmit
power and it has been proved to be quasi-concave using the large system assump-
tion.

For the static and fast fading cases, the energy-efficiency function seems to be a non-
suitable performance metric. The trivial solution that maximizes the energy-efficiency
function can be explained by the fact that the circuitry energy consumption is not taken
into account. An important extension would be to consider the circuitry power as well.
In this case, if the transmitter remains silent, it won’t be at zero-cost and the trivial
solution will no longer be optimal. Also, having multiple antennas at the terminals may
turn out to be suboptimal w.r.t. the single-antenna case. Another way to avoid the
trivial solution is to consider minimal QoS constraints (e.g., minimal data-rates).

The fact that the solution is no longer trivial for the slow fading case can be explained
by the fact that the benefit of the transmission is inherently different. For the static and
fast-fading channels the transmission is constrained to be asymptotically reliable (with
zero-error probability). This constraint turns out to be too stringent and energy-efficient
communication is not possible at non-zero transmit powers. For the static channel, there
is an optimal trade-off between the outage probability and the transmit rate that allows
energy-efficient communication at non-zero transmit powers.

Many open problems are introduced by the proposed performance metric, here we
just mention some of them:

e First of all, the conjecture of the optimal precoding schemes for general MIMO
channels needs to be proven.

e The quasi-concavity of the goodput-to-power ratio when uniform power allocation
is assumed remains to be proven in the finite setting.

e A more general channel model should be considered. We have considered i.i.d.
channel matrices but considering non zero-mean matrices with arbitrary correla-
tion profiles appears to be a challenging problem for the goodput-to-power ratio.

e The connection between the proposed metric and the diversity-multiplexing trade-
off at high SNR has not been explored.

e Only single-user channels have been considered. Clearly, multi-user MIMO chan-
nels such as multiple access or interference channels should be considered. The
problem of distributed multi-user channels and the non-cooperative power alloca-
tion game. is an interesting issue. In this respect, only one result is mentioned
here: the existence of a pure Nash equilibrium in distributed MIMO multiple
access channels assuming uniform power allocation transmit policy.
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The main difficulty lies in the fact that the optimization problem of the outage
probability is still an open problem. We have seen that to solve the general problem it
suffices to prove Telatar’s conjecture and the uniform power allocation case. Optimizing
the outage probability is a difficult problem even from a numerical point of view. This
is why, in the following chapter, we will see whether, using simple learning algorithms,
the transmitter may converge to the solution maximizing the outage probability.



Chapter 4

Learning Algorithms in Resource
Allocation Games

In Chapter 2, we have studied one-shot non-cooperative power allocation games where
the transmitters choose their optimal power allocation policy to maximize their achiev-
able rates. Computing the Nash equilibria required rationality at the transmitter level
and perfect knowledge of the game structure. Furthermore, player rationality was as-
sumed to be common knowledge. The iterative best-response algorithms which allowed
the transmitters to compute the equilibria were as well very demanding in terms of
knowledge assumptions and computational capabilities.

In this chapter, we study an alternative way of explaining how the players may
converge to an equilibrium point of the one-shot game. This alternative is offered by
the theory of learning in games [74]. Learning algorithms are long-run processes in
which players, with less restrictive knowledge and assumptions, try to optimize their
payoffs relying on simple updating rules. We will mainly study a reinforcement learning
algorithm similar to [75]. In this framework, the users are simple automata capable of
choosing their actions from a finite set of actions. Their choices are based on past results
and feed-back from the environment. Thus, they can improve their performance over
time while operating in an almost unknown environment.

Two different scenarios are considered. First, we study a similar power allocation
game to the one described in Section 2.1.2. The difference consists in the action sets
of players which are discrete and finite sets. Because of this difference, the analysis
conducted in Section 2.1.2 is no longer valid. Therefore, we must analyse the Nash
equilibrium for the one-shot non-cooperative game. Then, we will see that, using simple
adaptive rules, the players converge to one of the Nash equilibrium points. Second,
we focus on the slow fading MIMO channel in Section 3.3. We see that the optimal
precoding matrix optimizing the outage probability can be computed applying a similar
reinforcement algorithm.
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4.1 Dynamical Systems and Stochastic Approximation

Before analysing the aforementioned scenarios, we will discuss the basic mathematical
tools used to analyse the asymptotic behaviour of the learning algorithms: dynamical
systems and stochastic approximation algorithms.

Dynamical systems are mathematical formalizations used to capture the evolution
in time of systems. In general, they consist of three components:

e System state, z(t), representing the parameters which characterizes the system at
time t;

e State space, U, representing all the possible states of the system;

e State transition function ® : U x [0, +00) — U, which is a flow defining the change
in the system state from one moment to the other (i.e., ®-(z;) = z translates the
fact that the system is in state z at time ¢ = 7 starting from z, at t = 0). If
this function is differentiable, then it can be characterized by the solution of an
autonomous ordinary differential equation (ODE):

dz
T =), (4.1)

where v(z(t)) is the vector field describing the speed of evolution of the system
state and which does not depend explicitly on time. The existence of a uniqueness
solution of this ODE, for any initial state £, € U is ensured if the vector field is
Lipschitz continuous, i.e., there exists a constant L > 0 such that, for all z, y:

lo(z) = v(y)ll < Lllz = y]|-

In this chapter, we will be interested in characterizing the asymptotic behaviour of
the dynamical system. To this aim, we define the following notions: stationary states,
stable states, asymptotically stable states.

Definition 4.1.1 A system state & € U such that v(Z) = 0 is called a stationary state
or equilibrium state. The equilibrium states correspond to fixed points of the flow:
O4(2) = 2.

However, the equilibrium regime of dynamical systems does not necessarily consist of
isolated points and can consist of a whole subspace of U (e.g. cycles, periodic orbits).
The general concept is that of invariant set which is defined here below.

Definition 4.1.2 Let W be a sub-space of U. W is called an invariant (respectively
positive invariant) set, if, for all t € R (respectively in Ry ), ®:(W) C W. It is said to
be “internally chain transitive” if, for any x,y € W and any ¢ > 0, T'> 0, there exists
n>1and 2% = g, 28 ...zl = y in W such that the trajectory in (4.1), initiated
at z™ meets with the e-neighbourhood of ™+ for 0 < m < n after a time > T.
Furthermore, if x =y, the set is said to be “internally chain recurrent”.
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The stability issue of the equilibrium regime answers to questions such as: If the
system is moved away from an equilibrium state, will the system return to this equilib-
rium? Can a small deviation, which slightly moves the system away from an equilibrium
state, have important consequences and be amplified in time?

Definition 4.1.3 An equilibrium point & is stable in the sense of Lyapunov if, for any
€ >0, it exists n > 0 such that, for all y € U verifying ||y —z|| < n, then || @:(y) — 2| <€
for allt > 0.

Definition 4.1.4 An equilibrium point T, is asymptotically stable in the sense of Lya-

punov if it is stable in the sense of Lyapunov and, for any y € U sufficiently close to I,
lim & =Z.

A, #ly) =2

Sufficient conditions that ensures the stability or asymptotic stability are given in the

following theorem.

Theorem 4.1.5 If T is an equilibrium point and if exists a differentiable function V :
U — Ry with continuous derivative such that: V(z) = 0, V(y) > 0 for all y # Z and
%/ < 0 (i.e., V is decreasing along all trajectories). Then, T is stable in the sense
of Lyapunov. If dd—‘; < 0 for all y # z, then T is asymptotically stable in the sense of
Lyapunov. Furthermore, if V(x) goes to infinity when x approaches infinity, then all
trajectories tend to x. In this case, T is called globally asymptotically stable state.

For further details on dynamical systems and their associated asymptotic behavior,
the reader is referred to [76][77][78].

The stochastic approximation theory is used to study discrete-time stochastic pro-
cesses that can be written as:

X1 = xln) o lnt] ( Fxty ¢ Z[nﬂ]) (4.2)

where X[ is a vector in an Euclidean space which is updated based on a noisy ob-
servation, f(-) is a deterministic vector field and Z"*1 is a random noise. The idea
is to approximate X "] with a certain continuous-time interpolation process, e.g., the
following piecewise linear function given by:

~

X(t) = xP g i (xbl - x Pl ge 7 Aty (43)

n+1] _[n]

n
where 719 = 0 and 71" = Zy[m] (i.e., the parameter that covers the time axis).

m=0
In the asymptotic regime, i.e., n — +o00, and under certain conditions on the quan-

tization step v, on the vector field f (+) and on the noise process Z [”}, this interpolated
process follows the solution of the deterministic ODE:

dx
o = flalt). (4.4)
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Therefore, using the stochastic approximation approach, the study of the iterative pro-
cess X" amounts to the study of the deterministic continuous-time ODE in (4.4). Notice
that the discrete process described by (4.2) can be viewed as a noisy Euler scheme for
numerically approximating the trajectory of the ODE in (4.4).

Two different approaches can be distinguished as a function of the step size: i)
variable step-size (7"} changes at each iteration); ii) constant step-size (y[") = &,Vn).
For the case where the step size is variable, the main convergence result is given in
[79] and a clear proof is presented in [80]. The author of [79] proved the almost sure
convergence (convergence with probability one) in the asymptotic regime (n — +00)
under the following conditions:

[H1] The learning steps satisfy:

A > 0,Vn
lim ~™ =0
n—-+o0o
[m] —
i )y oo 49)
n 2
i [m]
dm 32 ()" < oo

The parameters {7[”]} correspond to the quantization steps and, thus, small values
are desirable to suppress the quantization errors. Too small values however imply
a long convergence time of the algorithm. In conclusion, relative large values of
A" are desirable at the initial steps (n = 1,2,...) but, as n grows large, ~["
should become very small. Since the discrete process will be approximated by the
continuous-time ODE, the discrete steps must cover the entire time axis, Zv["] =
n>0
+00. The errors introduced by the noise must also be asymptotically suppressed.
2
The condition Z (’y[n]> < 400 is necessary to this purpose.
n>0

[H2] The vector field f(-) is Lipschitz continuous.

[H3] The discrete process remains bounded with probability one, i.e., sup,, [| X" <
+o0.

[H4] The noise sequence {Z [”]} is a Martingale difference sequence such that with

probability one E [Z[”*'” ‘Z[m},m < n] =0.

2
[H5] The noise sequence {ZM} is square integrable, i.e., E [HZ["‘H] H ’Z[m},m < n] <

2
+00. This condition, together with Z (’y[n}) < +00, asymptotically suppresses
n>0
the overall contribution of the noise. Thus, the discrete process converges asymp-
totically to the mean behaviour given by the deterministic ODE (4.4).
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Before stating the main results, we define X*(t),s < t as the trajectory that starts
at time s > 0 in the point X(s):

) = fX@)
{)?S(s) X (49)

Also, X ,(t),s >t is the trajectory that ends at time s > 0 in the point X(s) defined as:

{dj%oe) = J(X,0) (47)

X (s) = X(s)
The following convergence results for stochastic approximation are due to Benaim [79].

Theorem 4.1.6 [79] Assuming that the hypothesis [H1]-[H5] are met, we have that,
for all T > 0:

Pr| lim sup [ X(t)—X°(t)|=0] = 1
S—r+00 tE[S,S+T] (4 8)

Pr| lim sup |X(¢)—-X, ()| =0 = 1.
i s X0 - X0

Furthermore, the discrete process {XM} in (4.2) converges almost surely, when n —
+00, to a (possibly path dependent) compact connected internally chain transitive set of
the ODE (4.4).

Intuitively this means that, in the asymptotic regime (i.e., n — +00), the inter-
polation process converges almost surely to the solution of the deterministic ODE in
(4.4).

For the constant-step size case, 7["] = ~ for all n, only weak convergence results (con-
vergence in distribution) can be proved in the asymptotic regime (y — 0 and n — +00)
[81]. The corresponding theorems can be found in [81]. The sufficient conditions en-
suring the weak convergence are less restrictive than the conditions ensuring the almost
sure convergence. Thus, if the conditions [H2]-[H5] are satisfied the weak convergence
is guaranteed. For a more detailed discussion, the reader is referred to the specialized
books [80], [81].

In conclusion, the asymptotic study of the iterative process X [ is reduced to the
asymptotical study of the ordinal differential equation (4.4).

4.2 The Fast Fading MIMO Multiple Access Channel

In this section, we study the power allocation game in fast fading MIMO multiple access
channels, similarly to Section 2.1.2. We will restrict our attention to the case where
single user decoding is used at the receiver side. The same notations will be used in
this section. However, the power allocation game we study here differs from the game
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in Section 2.1.2 in two respects. First, the action sets of the players are discrete and
finite sets, as opposed to the convex and compact set of positive semi-definite matrices
of constrained trace. Second, the channel matrices are restricted to live in compact
sets of bounded support: |Hg(7,j)| < hAmax < +00 (no other constraints are made on
the channel matrices). The analysis of the Nash equilibrium for the discrete game is
completely different than in Section 2.1.2. For example, the existence of a pure strategy
Nash equilibrium is generally not guaranteed for this type of games. Also, the concavity
property of the payoff functions and the results in [20] cannot be used here. We propose
the following action set for user k which is a simple quantized version of APYP in (2.2):

Py,
Dy, = {;Diag(ee)

e{l,...,n},e € {O,l}”*,i:eg(i) zf}. (4.9)

Notice that Dy represents the set of diagonal matrices consisting in uniformly spreading
the available power over a subset of ¢ € {1,...,n;} eigen-modes. The components of

the game are GoUP = (IC, {UEUD} reic 2 \ Dk e ,C) where the payoff function is given by

the achievable ergodic rate in (2.11). As discussed in Section 2.1.2, the discrete game
is an exact potential game. The potential function is given by the achievable system

sum-rate:
K

L, +p) HQHY
k=1

V(Qb s QK) = ElogQ : (410)

Thus, the game QISDUD has at least one pure-strategy Nash equilibrium. However, the
uniqueness property of the NE is lost in general. In [82] (see Appendix C.1), we prove
that for full-rank channels the NE is unique whereas for unit-rank channels all the
strategy profiles are NE points. Knowing that the game is an exact potential game,
by the Finite Improvement Property [19], the iterative algorithms based on the best-
response dynamics converge to one of the possible pure strategy NE depending on the
starting point.

In the remaining of this section, we will study a reinforcement learning algorithm
similarly to [75]. As opposed to the best-response type algorithm, the users are no
longer rational devices but simple automata that know only their own action sets. They
start at a completely naive state choosing randomly their action (following the uniform
distribution over the action sets, for example). After the play, each users obtains a
certain feed-back from the nature (e.g., the realization of a random variable, the value
of its own payoff). Based only on this value, each user applies a simple updating rule on
its own discrete probability distribution or mixed strategy over its action set. It turns
out that, in the long-run, the updating rules converge to some desirable system states.
It is important to notice that the transmitters don’t even need to know the structure
of the game or that a game is played at all. The price to pay for the lack of knowledge
and rationality will be reflected in the longer convergence time.

Let us index the possible actions that User k can take as follows: Dy = {DS), ce D,ng )}
with My = Card(Dy) (i.e., the cardinality of D). At step n > 0 of the iterative process,

User k randomly chooses a certain action QLn] € Dy based on the probability distribu-
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tion QE:L_I] from the previous iteration. As a consequence, it obtains the realization of a

random variable, which is, in our case, the normalized instantaneous mutual information
[n] ]

[n] o Nk(Qk 7Q,k>

My, Y S

€ [0,1] such that:

Imax

K
1i(Qr, Q1) = logy (L, + pHLQRHJ! + p> HQH]'| —log, |, + pY H,QH/'
O£k O£k

and I,y is the maximum value of the mutual information. Under the assumption that
the channel takes values in a compact set we have I, < +00. Based on this feed-back,
User k updates its own probability distribution as follows:

[n] [n—1] [n] [0l [0

— —1] [n]
i = Phg = Ay 1 (4.11)

a=p{)

[n]

. k:]k
chooses D,(f’“) at iteration n. Notice that the assumption on the channel matrices w.r.t.
their bounded support is required for the normalization of the mutual information. In

order to make sure that the discrete probability distribution in (4.11) is well defined, the

where 0 < 'y[”] < 1 is the step-size and p represents the probability that user &

random payoff must be bounded as follows 0 < ,uLn] < 1. An intuition behind this simple
reinforcement algorithm is that the frequency with which an action is played depends
on its score (i.e., the payoff obtained by playing this action) such that the actions which
perform well are increased in probability.

In order to study the asymptotic behaviour and convergence properties of the discrete
stochastic process in (4.11), the objective is to prove that it can be approximated with
the solution of the following deterministic ODE:

My,
dpk;
diﬁjlC = Phji Z Phir [P gy (B_k) = i (B—k)]’ (4.12)
ip=1

where

hia(p_) = Y u ™ (DPY, DY) T b
iy 04k

The idea is to apply the stochastic approximation results and, in particular, to check
whether Theorem 4.1.6 applies or not in our context. To this aim, we have to verify
that the conditions [H2]-[H5] in Section 4.1 are satisfied. The vector field of the ODE

in (112) 15 ) = { i@ Yy gcpr,. gy Vith

M,
Frge®) = Prje Y Priglhieg(p_) = Pra (0],

ir=1

where p represents the concatenation vector of the discrete probability distributions of
all the players. It is easy to see that f(p) is a class C ! vector field (i.e., differentiable with
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continuous partial derivatives). This implies that f(p) is Lipschitz continuous ([H2]).

Since p € HA(Dk), the condition [H3| is straight forward. The noise process is given
k
by:

[n] [n] [n—

_ 1] [n] -1
Zk,jk = THE Py +'ukn 1<Q£cn]:D§cjk)) - kak(B[n ])

We can observe that {]3[”], (Q—1, E[”_l]) }n is a Markov process where Q1 = {QEFH ek

and H[”_l] = {,uLnil]}ke;C. Also, for time invariant distributions B[”_” = p, the sequence
(Q[, 5", is an i.i.d. sequence which implies that condition [H4] is met. Also, con-
dition [H5] can be verified easily since p*~1) € HA(Dk) and ,uLn] € [0,1]. Therefore,

k
depending on the choice of the step-size (either constant or verifying [H1]) the almost

sure or weak convergence are guaranteed.

Therefore, in order to study the stochastic process p%k, we can focus on the study
of the deterministic ODE that captures its average behaviour. Notice that the ODE
(4.12) is similarly to the replicator dynamics [83]. The mixed and pure-strategy NE are
rest points of this kind of dynamics. However, all the pure-strategy profiles, even those
which are not NE are also rest points. Moreover, the border of the domain where the
vector of probability distributions p lives is an invariant set. Using the fact that the
game is an exact potential game the pure-strategy NE points can be proved to be stable
in the sense of Lyapunov.

Numerical simulations.

We consider the following scenario: K = 2, n, = ny = 2, the entries of the channel
matrices are drawn independently following a truncated complex Gaussian distribution,
i.e., [Hg(i,5)| < hmax = 1 and p = 10 dB, P; = Py = 1 W. The actions the users can
take are: D,(Cl) = P.diag(0,1), D,(f) = Pdiag(1,0), DS’) = Ldiag(1,1). The beam-
forming strategies are identical in terms of payoff and the users can be considered as
having only two strategies: beam-forming (BF) (either DS) or D,(f)) and uniform power

allocation (UPA) (D,(CS) ). The payoff matrix for user 1 is given by its ergodic achievable
rate:

2.6643 1.9271
BR. = < 3.0699 2.2146 )
and since the example is symmetric we have ERy; = ERT. The elements of these
matrices correspond to the payoffs of the two users in the following situations: ERy(1, 1)
when both players choose BF; ERj(1,2) when User k chooses BF while the opponent
plays UPA; ER(2, 1) when User k chooses UPA while the opponent plays BF; ER(2,2)
when both players choose UPA. In this case, we observe that the unique NE consists in
playing the uniform power allocation by both users.
We apply the reinforcement algorithm considering I,.x = 8.7846 bpcu (i.e., the
maximum single-user instantaneous mutual information under the assumption that
hmae = 1). In Fig. 4.1, we plot the expected payoff depending on the probability

distribution over the action sets at every iteration for User 1 in Fig. 4.1(a) and for
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Figure 4.1: Expected payoff vs. iteration number for K = 2 users.

User 2 in Fig. 4.1(b) assuming P; = P = 5 W. We observe that the users converge to
the Nash equilibrium after approximatively 1.3 x 10* iterations while, by using a best-
response algorithm, the convergence is almost instantaneous (only 2 or 3 iterations).
However, in the latter case, the rationality of the players and the perfect knowledge of
the game structure are required.

4.3 The Slow Fading MIMO Channel

We will now study the single-user slow fading MIMO channel, under the same assump-
tions as in Section 3.3. As we have already discussed, when slow fading is assumed, the
mutual information is a random variable, varying from block to block, and thus it is not
possible to guarantee that it is above a certain threshold. In this case, the achievable
transmit rate in the sense of Shannon is zero. A more suitable performance metric is the
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probability of an outage for a given transmission rate target [24]. This metric allows one
to quantify the probability that the rate target is not reached by using a good channel
coding scheme and is defined as follows:

Pout(Q, ) = Pru(Q) < R]. (4.13)

Here, 11(Q) denotes the instantaneous mutual information:

1(Q) = logy |I,, + pHQH"|. (4.14)

The idea is to implement a reinforcement algorithm that allows the transmitter to
compute its best precoding matrix minimizing the outage probability. We start with
the same simple action set given in Section 4.2:

D= {IZDiag(g) e {l,...,n:},e, € {0, 1}7”,;6@(2') = K} . (4.15)

The choice of this set is motivated by two reasons: i) for Rayleigh fading, the optimal
covariance matrix is diagonal; ii) Telatar [14] conjectured that the optimal covariance
matrix is to uniformly allocate the power on a subset of antennas.

We assume that the only feed-back the transmitter receives at iteration n is an
ACK/NACK bit denoted sl" ie., the realization of the following random variable:
S = 0if 4(Q) < R otherwise S = 1. Therefore, if an outage occurs at time n the
receiver feed-backs sl = 0, otherwise sl = 1. Notice that the random variable S
follows a Bernoulli distribution of parameter ¢ = 1 — Py (Q, R). Its expected value
is equal to 1 — Poy(Q, R) and, therefore, if the instantaneous payoff is sl then its
expected payoff is exactly the success probability: 1 — Py (Q, R).

Based only on s, the user applies a simple updating rule over its own probability
distribution over the action space. Let us index the elements of D = {D®M), ... D®)}
with M = Card(D) (i.e., the cardinality of D). We want to find out whether using a
simple reinforcement learning algorithm will allow us to solve the open problem:

i D) 4.16
Uma je{rﬁf}fM}U( ), (4.16)

where u(DU)) = 1— P, (DY, R) represents the success probability. At step n > 0 of
the iterative process, the transmitter randomly chooses a certain action Q" € D based
on the probability distribution B[”_l] from the previous iteration. As a consequence, it
obtains the realization of a random variable, which is, in our case, si™. Based on this
value, the transmitter updates its own probability distribution as follows:

[n] [n—=1]

where 0 < 'y[”] < 1is a step size and p[.n} represents the probability that the transmitter

A J
choses D) at iteration n. Notice that, as opposed to the previous section (Sec. 4.2),

no assumptions on the channel matrix have to be made since s € {0,1}.
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The sequence B["] can be approximated in the asymptotic regime with the solution
of the following ODE:

M
(ﬁJ = p; [u(D(J)) _ § piu(D) | (4.18)
=1

for all j € {1,..., M}.
Similarly to the previous section, the conditions [H2]-[H5] can be proven to be
satisfied. First, we observe that the vector field f(p), with the components given by

M
fi(p) = p; [u(D(j)) - Zpiu(D(i)) for all j € {1,..., M}, is a class C! function. This
i=1

implies that f(p) is Lipschitz continuous and [H2| is met. Since the updated process
corresponds to the discrete probability distribution, Q["] € A(D), it is always bounded
([H3]). The noise here is given by:

n n] [n—1 n n-
ZJ[- 1 _ gl ]pﬁ» ] + sl ]11(Q[n]:D<j>) - fj(B[ 1])

Here as well, by construction, we have that {]3[”], (Q["_l], S[”_”)}n is a Markov process
and for a time invariant distribution pl»~1 = p (Q~U s"=1]) is an i.i.d. sequence,
which implies that condition [H4] is met. Also, condition [H5] can be easily verified.

We can observe that only the corner points of the simplex A(D) (i.e., the pure-
actions) are stationary states of this ODE. It turns out that, the only stable states are
solutions to the optimization problem in (4.16).

Numerical simulations.

Consider the simple case of i.i.d. channel matrix of complex standard Gaussian
entries, ny = n, = 2, R = 1 bpcu, P = 0.1 W, p = 10 dB. In this case, the user can
choose between beam-forming and the uniform power allocation: D) = Pdiag(0,1),
D® = Pdiag(1,0), D®® = Ldiag(1,1). The success probability is given by (D)) =
u(D®) = 0.7359, u(D®)) = 0.8841. Notice that, the positions of the active antennas
do not matter and only the number of active modes has an influence on the success

M
probability. In Fig. 4.2, we trace the expected payoff Zpg-n}u(D(j)) in function of

j=1
the iterations. We assume " = ~ = 0.01 (constant step-size) and observe that the
optimal solution is reached after 2554 iterations. However, the performance of the
algorithm depends on the choice of the learning parameter: the larger v, the smaller the
convergence time. The problem with large steps is that the algorithm may converge to
a corner of the simplex which is not a maximizer of the success probability. In Tab. 4.1,
the same scenario is investigated. Here, we summarize the results of the reinforcement
algorithm obtained after 1000 experiments in terms of average number of iterations
and convergence to the maximum point. We observe that there is a trade-off between
the convergence time and the convergence to the optimal point. This trade-off can be
controlled by tuning the learning step-size 7.
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Figure 4.2: Average payoff vs. number of iterations.

Table 4.1: Trade-off between the convergence time and the convergence to the optimal
point
v | Time [nb. iterations] | Convergence to optimum [%]
0.001 3755 100
0.1 261 71
0.5 27 45
0.9 9 39
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4.4 Conclusion and Open Issues

In this chapter, we have investigated reinforcement learning algorithms that allow the
transmitters to converge to desirable network states: NE or other system operating
points. These algorithms have several appealing features. They are completely dis-
tributed, adaptive and low complexity algorithms in which the users update the prob-
abilities of choosing their actions based on a certain feed-back from the environment.
The updating rule does not require any other knowledge on the environment (e.g., the
network topology, channel state information) nor any assumption on users’ rationality.
However, all these benefits come at the cost of large convergence time. Moreover, the
algorithms are stochastic in nature and only asymptotic convergence in probability can
be ensured. In practice, this translates the fact that a very careful choice of the learn-
ing step-size has to be made to ensure a good performance. We have seen that there
is a trade-off between the probability (frequency) of convergence and the convergence
time. These problems are due to the inherent properties of reinforcement learning and
replicator dynamics. Reinforcement learning algorithms allow the users to converge to
the solutions of the ODE describing the replicator dynamics. All the pure-strategies,
even those which are not optimal, are stationary points of this dynamics. This is one
of the reasons for the numerical methods to fail in converging to the optimal points.
One possibility to overcome these issues, is to consider other learning techniques such
as Boltzman-Gibbs learning and Q learning [84].

In order to relax the constraint on the channel matrices in Sec. 4.2, the projected dy-
namics and stochastic algorithms [81] [80] dedicated to processes constrained to bounded
sets can be applied. In Sec. 4.3, we have seen that learning algorithms can be used to
numerically compute the optimal precoding matrix minimizing the outage probability
for the single-user MIMO channel. This analysis can be extended to the energy-efficiency
problem defined in Section 3.3. Furthermore, another interesting extension is to study
the general case of multi-user scenario of MIMO multiple-access channels. At last, a
rising issue is to evaluate the performance gap between the continuous case studied in
the previous chapters ( Chapter 2 and Chapter 3) and the discrete case studied in this
chapter. Notice that for the standard Rayleigh channel there is no gap of optimality
between the two approaches. However, for general channel models the problem is not
trivial and a deep mathematical analysis is required.

65






Chapter 5

Conclusion and Perspectives

In this manuscript, our primary objective was to study decentralized wireless networks
in which the terminal nodes are equipped with multiple antennas. Rising topics, such as
self-optimizing networks, green communications and distributed algorithms have been
approached mainly from a theoretical perspective. To this aim, we have used a diversified
spectrum of tools from Game Theory, Information Theory, Random Matrix Theory and
Learning Theory. Although there is still a large gap to be filled in order to make these
studies relevant from a real-world point of view, their importance lies in the fact that
they represent the limits of performance that can be achieved in practice.

We started our analysis with the study of the power allocation problem in dis-
tributed networks. The transmitters were assumed to be autonomous and capable of
allocating their powers to optimize their Shannon achievable rates. A non-cooperative
game theoretical framework was used to investigate the solution to this problem. Itera-
tive algorithms based on the best-response functions were implemented to compute the
Nash equilibrium solutions. Two different models were considered: the MIMO multiple
access channel and the SISO parallel interference relay channel.

The first model was characterized by the fact that a more complex decoding tech-
nique could be implemented at the receiver: the successive interference cancellation. We
have seen that, using a simple coordination signal dictating the decoding order at the
receiver, the system sum-rate at the Nash equilibrium is fairly close to the centralized
network solution. Furthermore, the distribution of this public signal can be manipulated
in a centralized way to control the network operating point. Assuming fast fading links,
random matrix theory was used to determine the Nash equilibrium point. An interesting
particular case is the case of static parallel MAC, which was studied from a routing game
perspective. Several Braess paradoxes have also been highlighted. The second model
was characterized by the presence of the supplementary relaying nodes. These nodes
could have been exploited by the transmitters to improve their network performance.
Three different relaying protocols were investigated and their performance compared
via numerical simulations: amplify-and-forward, decode-and-forward and estimate-and-
forward. The parameters of the relaying nodes can be manipulated by the owner of the
system to control the operating point of the network. Several interesting open issues
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arose: the study of the general game involving all the freedom degrees of the transmit-
ters, the multiplicity of the Nash equilibria, the Stackelberg formulation.

Several major issues appear in the one-shot non-cooperative games and with the
iterative best-response algorithms. First, the transmitters are assumed to be strictly
rational devices. Second, the information needed at the transmitter side with respect
to his own payoff function and channel state or statistics is often unavailable in realistic
scenarios. Third, the best-response based iterations involve an arguable large amount
of network signaling. Fourth, proving the convergence of these algorithms is generally a
difficult problem.

The learning theory in games appears to be a candidate solution to all these issues.
We have seen that using simple updating rules (e.g., reinforcement learning), each user
converges to one of the Nash equilibria of the initial game even though, in this framework,
the users are no longer rational devices but simple automata. Furthermore, the only
needed knowledge of the environment is a feed-back (e.g., the payoff value) that scores
the choices of the users. It turned out that, based on this feedback, the users adapt
and learn in time their optimal strategies. However, these algorithms are stochastic in
nature and only probabilistic convergence can be guaranteed. Also, the convergence in
practice involves a relatively long time.

Another major issue that has been considered is related to the energy-efficiency
aspect of the communication. Indeed, in order to achieve high transmission rates, the
used power has to be high as well. In networks where the power consumption is the
bottleneck, the Shannon achievable rate is no longer suitable performance metric. This
is why we have addressed the problem of optimizing an energy-efficiency function. This
performance metric translates the average number of bits that can be conveyed through
the channel per unit of energy consumed. Because of the encountered difficulties, our
work was limited to the MIMO single-user channel. From an information-theoretic
perspective, if no error probability is tolerated at the receiver, then energy-efficient
transmission is not possible at non-zero transmit power and non-zero data rate. However,
assuming a fixed transmission rate, if a certain error probability is tolerated, then energy-
efficient communication is possible at a non-zero transmit power.

For the slow fading MIMO case, the general problem of finding the optimal precoding
matrix optimizing the proposed goodput-to-power ratio is still an open issue. We have
seen that it amounts to solving the particular case of uniform power allocation over
the antennas, and to proving Telatar’s conjecture [14]. However, finding the optimal
precoding matrix minimizing the outage probability turned out to be a challenging issue.
As we have seen, learning theory provides effective numerical algorithms to compute
this optimal solution. Also, once that the aforementioned conjectures are solved, an
important extension of our work would be the study of the multi-user scenario (e.g., the
multiple access channel or the interference channel) from the energy-efficient perspective.
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A.1 ITEEE-TWC-2009

E. V. Belmega, S. Lasaulce, and M. Debbah, “Power allocation games
for MIMO multiple access channels with coordination”, IEEE Trans.
on Wireless Communications, vol. 8, no. 6, pp. 3182-3192, Jun. 2009.
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IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 8, NO. 6, JUNE 2009

Power Allocation Games for
MIMO Multiple Access Channels with Coordination

Elena-Veronica Belmega, Student Member, IEEE, Samson Lasaulce, Member, IEEE,
and Merouane Debbah, Senior Member, IEEE

Abstract—A game theoretic approach is used to derive the op-
timal decentralized power allocation (PA) in fast fading multiple
access channels where the transmitters and receiver are equipped
with multiple antennas. The players (the mobile terminals) are
free to choose their PA in order to maximize their individual
transmission rates (in particular they can ignore some specified
centralized policies). A simple coordination mechanism between
users is introduced. The nature and influence of this mechanism
is studied in detail. The coordination signal indicates to the users
the order in which the receiver applies successive interference
cancellation and the frequency at which this order is used. Two
different games are investigated: the users can either adapt
their temporal PA to their decoding rank at the receiver or
optimize their spatial PA between their transmit antennas. For
both games a thorough analysis of the existence, uniqueness and
sum-rate efficiency of the network Nash equilibrium is conducted.
Analytical and simulation results are provided to assess the
gap between the decentralized network performance and its
equivalent virtual multiple input multiple output system, which
is shown to be zero in some cases and relatively small in general.

Index Terms—Game theory, large systems, MAC, MIMO, Nash
equilibrium, power allocation games, random matrix theory.

I. INTRODUCTION

E consider a special case of decentralized or dis-
tributed wireless networks, the decentralized multiple
access channel (MAC). In this context, the MAC consists
of a network of several mobile stations (MS) and one base
station (BS). In the present work, the network is said to be
decentralized in the sense that each user can choose freely his
power allocation (PA) policy in order to selfishly maximize a
certain individual performance criterion. This means that, even
if the BS broadcasts some specified policies, every (possibly
cognitive) user is free to ignore the policy intended for him if
the latter does not maximize his performance criterion.
The problem of decentralized PA in wireless networks is
not new and has been properly formalized for the first time in
[2], [3]. Interestingly, this problem can be formulated quite
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naturally as a non-cooperative game with different perfor-
mance criteria (utilities) such as the carrier-to-interference
ratio [4], aggregate throughput [5] or energy efficiency [6],
[7]. In this paper, we assume that the users want to maxi-
mize information-theoretic utilities and more precisely their
Shannon transmission rates. Many reasons why this kind of
utilities is often considered are provided in the literature
related to the problem under investigation (some references
are provided further). Here we will just mention three of them.
First, Shannon transmission rates allow one to characterize the
performance limits of a communication system and study the
behavior of (selfish) users in a network where good coding
schemes are implemented. As there is a direct relationship
between the achievable transmission rate of a user and his
signal-to-interference plus noise ratio (SINR), they also allow
one to optimize performance metrics like the SINR or related
quantities of the same type (e.g., the carrier-to-interference
ratio).

From the mathematical point of view, Shannon rates have
many desirable properties (e.g., concavity properties), which
allows one to conduct deep performance analyses. Therefore
they provide useful insights and concepts that are exploitable
for a practical design of decentralized networks. Indeed, the
point of view adopted here is close to the one proposed
by the authors of [8] for DSL (digital subscriber lines)
systems, which are modeled as a parallel interference channel;
[9] for the single input single output (SISO) and single
input multiple output (SIMO) fast fading MACs with global
CSIR and global CSIT (Channel State Information at the
Receiver/Transmitters); [10] for MIMO (Multiple Input Mul-
tiple Output) MACs with global CSIR, channel distribution
information at the transmitters (global CDIT) and single-user
decoding (SUD) at the receivers; [11], [12] for Gaussian
MIMO interference channels with global CSIR and local CSIT
and, by definition of the conventional interference channel
[13], SUD at the receivers. Note that reference [14] where
the authors considered Gaussian MIMO MACs with neither
CSIT nor CDIT differs from our approach and that of [8],
[9], [10], [11], [12] because in [14] the MIMO MAC is seen
as a two-player zero-sum game where the first player is the
group of transmitters and the second player is the set of MIMO
sub-channels. In the list of the aforementioned references, [9]
seems to be the closest work to ours. However, our approach
differs from [9] on several technical key points. First of all, not
only the BS but also the MSs can be equipped with multiple
antennas. This is an important technical difference since the

1536-1276/09$25.00 © 2009 IEEE
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power control problem of [9] becomes a PA problem for
which the precoding matrix of each user has to be determined.
Also the issues regarding the existence and uniqueness of the
network equilibrium are more complicated to be dealt with, as
it will be seen. Specifically, random matrix theory will be ex-
ploited to determine the optimum eigenvalues of the precoding
matrices. In [9], several assumptions made, especially the one
involving the knowledge of all the instantaneous channels at
each MS can be argued in some contexts. One of our objectives
is to decrease the amount of signaling needed from the BS.
This is why we assume that the BS can only send to the users
sufficient training signals for them to know the statistics of
the different channels and a simple and common coordination
signal. The underlying coordination mechanism is simple
because it consists in periodically sending the realization of
a K!-state random signal, where K is the number of active
users. As it will be seen in detail, such a mechanism is
mandatory because, in contrast with [10], we assume here
successive interference cancellation (SIC) at the BS. Thus each
user needs to know his decoding rank in order to adapt his
PA policy to maximize the transmission rate. The coordination
signal precisely indicates to all the users the decoding order
employed by the receiver. Therefore the proposed formulation
can be seen from two different standpoints. If the distribution
of the coordination signal is fixed, then the addressed problem
can be regarded as a non-cooperative game where the BS is
imposed to follow the realizations of the random coordination
signal. In this case the respective signal can be generated by
any device (and not necessarily by the BS), in order to select
the decoding order. On the other hand, if the distribution of
the coordination signal can be optimized, the problem can
be addressed as a Stackelberg game. Here the BS is the
game leader and chooses his best mixed strategy (namely a
distribution over the possible decoding orders) in order to
maximize a certain utility, which will be chosen to be the
network uplink sum-rate.

In the described framework, one of our objectives is to know
how well a non-cooperative but weakly coordinated system
performs in terms of overall sum-rate w.r.t. its centralized
counterpart (by “centralized” we mean that the users are
imposed to follow the BS PA policies) when SIC is used at the
BS. In this setting, several interesting questions arise. When
the users’ utility functions are chosen to be their individual
transmission rates, is there a Nash equilibrium (NE) in the
corresponding game and is it unique? What is the optimum
way for a selfish user to allocate (spatially or temporally) his
transmit power? How to choose the coordination signal that
maximizes the network sum-rate? What is the performance
loss of the decentralized network w.r.t. the equivalent virtual
MIMO network?

This paper is structured as follows. After presenting the
system model (Sec. II), we study in detail two PA games.
In the first case (Sec. III), each MS is imposed to share his
power uniformly between his transmit antennas but can freely
allocate his power over time. In the second case (Sec. IV), we
assume that the temporal PA is uniform and thus our objective
is to derive the best spatial PA scheme. For each of these
frameworks the existence, uniqueness, determination and sum-
rate efficiency of the NE is investigated. Numerical results are
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provided in Sec. V to illustrate our theoretical analysis and
in particular to better assess the sum-rate efficiency of the
different games considered. We conclude the paper by several
remarks and possible extensions of our work in Sec. VI.

II. SYSTEM MODEL

Throughout the paper v, M, (.)7 and (.)¥ will stand for
vector, matrix, transpose and transpose conjugate, respectively.
For simplicity and without loss of generality, we will assume
a MAC with K = 2 users. Note that the type of multiple
access technique assumed corresponds to the one considered
in the standard definition of the Gaussian MAC by [15],[16]:
all transmitters send at once and at different rates over the
entire bandwidth. In this (information theoretic) context, very
long codewords can be used and the receiver is not limited in
terms of complexity. Thus the codewords of the different trans-
mitters can be decoded jointly using a maximum likelihood
decoding procedure (see [16] for more details). Interestingly,
the transmission rates of the capacity region corresponding
to the coding-decoding procedure just mentioned, can also be
achieved, as discussed in [16], by using perfect SIC at the
receiver. In this paper we also adopt this decoding scheme,
which means that not only the different channel matrices are
perfectly known to the receiver but also that the codewords
of all the users are decoded reliably. The case of imperfect
CSIR and error propagation in the SIC procedure is thus
seen as a useful extension of this paper. Since we assume
SIC at the BS and that the users want to maximize their
individual transmission rates, it is necessary for them to know
the decoding order used by the BS. This is why we assume
the existence of a source broadcasting a discrete coordination
signal to all the terminals in presence. If this source is the
BS itself, this induces a certain cost in terms of downlink
signaling but the distribution of the coordination signal can
then be optimized. On the other hand, if the coordination
signal comes from an external source, e.g., an FM transmitter,
the MSs can acquire their coordination signal for free in
terms of downlink signaling. However this generally involves
a certain sub-optimality in terms of uplink rate. Analyzing this
kind of tradeoffs is precisely one of the goals of this paper.
In both cases, the coordination signal will be represented by
a Bernouilli random variable denoted with S € S. Since we
study the 2—user MAC, § = {1, 2} is a binary alphabet and
S is distributed as Pr[S = 1] = p, Pr[S =2] =1—-p £ p.
Without loss of generality we assume that when the realization
of S is 1, user 1 is decoded in the second place and therefore
sees no multiple access interference; in a real wireless system
the frequency at which the realizations would be drawn is
roughly proportional to the reciprocal of the channel coherence
time (7T,on). Note that the proposed coordination mechanism
is suboptimal in the sense that the coordination signal does not
depend on the realizations of the channel matrices. We will
see that the corresponding performance loss is in fact very
small.

We will further consider that each MS is equipped with n;
antennas whereas the BS has n, antennas. In our analysis, the
flat fading channel matrices of the different links vary from
symbol vector to symbol vector. We assume that the receiver
knows all the channel matrices whereas the transmitters have
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only access to the statistics of the different channels. At this

point, the authors would like to re-emphasize their point of

view:

¢ On the one hand, we think that in some contexts our
approach can be interesting in terms of signaling cost.
We have seen that S lies in a K!—element alphabet and
the realizations are drawn approximatively at ﬁ[HZ],
therefore the coordination mechanism requires at most
% bps from the BS and 0 bps if it is built from an
external source. Another source of signaling cost is the
acquisition of the knowledge of the statistics of the uplink
channels at the MSs. For example, in the context of
coherent communications where the BS regularly sends
some data to the MSs and channel reciprocity assumption
is valid (e.g., in time division duplex systems) the corre-
sponding cost can be reasonable. In general, this cost will
have to be compared to the cost of the centralized system
where the BS has to send accurate enough quantized
versions of the (possibly large) precoding matrices at a
certain frequency.
¢ On the other hand, even if our approach is not interesting

in terms of signaling, it can be very useful in contexts
where terminals are autonomous and may have some
selfish reasons to deviate from the centralized policies.
In such scenarios, the concept of network equilibrium is
of high importance.

The equivalent baseband signal received by the BS can be
written as:

K
y (1) =" Hi(mz (1) + 29(7), (1)

where g,(f) (7) is the ns-dimensional column vector of symbols

transmitted by user k£ at time 7 for the realization s € S
of the coordination signal, Hy(7) € C"*™ is the channel
matrix (stationary and ergodic process) of user k and z(*) (1) is
an n,-dimensional complex white Gaussian noise distributed
as N(0,0°1,,); for sake of clarity we will omit the time
index 7 from our notations. As [17] we assume that, for
each s € S, the data streams of user k are multiplexed in
the eigen-directions of the matrix ng) =E |:£I(€s)£§:)’H } £
V,gS)PECS)V,(:)’H. Finding the optimal eigen-values P;CS) and
coordinate systems V,(:) that maximize the transmission rate
of user k is one of the main issues we will solve in the next two
sections. In order to take into account the antenna correlation
effects at the transmitters and receiver, we assume the different
channel matrices to be structured according to the Kronecker
propagation model [18] with common receive correlation [19]:

ke {1,..K}, Hy = R?©,T? 2)

where R is the receive antenna correlation matrix, T} is
the transmit antenna correlation matrix for user k£ and Oy
is an n, X ny matrix whose entries are zero-mean independent
and identically distributed complex Gaussian random variables
with variance 7% The motivation for assuming a channel
model with common receive correlation is twofold. First,
there exist some situations where this MIMO MAC model

is realistic, the most simple situation being the case of no
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receive correlation i.e., R = T (see e.g., [20]). Although
it is not explicitly stated in [19] the second feature of this
model is that the overall channel matrix H = [H;...Hg]| can
also be factorized as a Kronecker model, which will allow us
to re-exploit existing results from the random matrix theory
literature. Therefore the case where the overall channel matrix
is not separable can be seen as a possible extension of this
paper that can be dealt with by using the results in [21].

In this paper we study in detail two special but useful cases
of decentralized PA problems. In the first case (Game 1), we
assume (for instance because of practical technical/complexity
constraints) that each user is imposed to share his power
uniformly between his transmit antennas but can freely al-
locate his power over time; this problem will be referred to
as temporal PA game (Sec. III). In the second case (Game 2),
for every realization of the coordination signal, each user is
assumed to transmit with the same total power (denoted by
Py) but can freely share it between his antennas; this problem
will be referred to as spatial PA game (Sec. IV). For both
games the strategy of user k € {1,2} consists in choosing the
distribution of QS), for each s € S in order to maximize his
utility function which is given by:

2

u(Q”,Q1”, Q7. Q) = D Pis =R (Q)7, Q)
s=1

3)

where

B (Q,Qg)
Elog T + nH,Q\VHH | if k=s
= | Elog [T+ 7Y, H,Q HY| @
—Elog|T+nH_,QY)HA,| if k# s

with 7 £ % and the usual notation for —k, which stands

for the other user than k. Note that we implicitly assume
Gaussian codebooks for the two users since this choice is
optimum in terms of their individual Shannon transmission
rates (see e.g., [22]). This is why the strategy of a user
boils down to choosing the best pair of covariance matrices
(1) ~2) . o
(Q;.7,Q)7). The corresponding maximization is performed
under the following transmit power constraint for each MS:

Tr <Z§:1 Pr[S = S]ij))
between Games 1 and 2 relies precisely on how this general
power constraint is specialized. In Game 1, the precoding
matrices are imposed to have the following structure: Vk €
{1,2},vs € {1,2},Q” = o\ P.1,,, which amounts to
rewriting the total power constraint as follows

< nyP,. The main difference

2
ZPI[S = s]a,(j) <1. 5
s=1

On the other hand, in Game 2, the power constraint expresses
as
Vi € {1,2},Vs € {1,2}, Te(Q\Y) < n, Py (6)

In both game frameworks, an important issue for a wireless
network designer/owner is to know whether by leaving the
users decide their PA by themselves, the network is going
to operate at a given and predictable state. This precisely
corresponds to the notion of a network equilibrium, a state
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from which no user has interest to deviate. The main issue is to
know if there exists an equilibrium point, whether it is unique,
how to determine the corresponding strategies and characterize
the efficiency of this equilibrium in terms of network sum-rate.

III. TEMPORAL POWER ALLOCATION GAME

As mentioned above, in the temporal power allocation
(TPA) game, the strategy of user k € {1,2} merely consists

in choosing the best pair (o¢,(C ),a; )). Since each transmis-

sion rate is a concave and non-decreasing function of the

04,(:) ’s, each user will saturate the power constraint (5) i.e.,
(s)

Eizl Pr[S = sla 1, which leads to optimizing a

single parameter a,fl) or a,(f)

From now on, for sake of
clarity we will use the notations agl) = a1, ag) .
Indeed, it is easy to verify that the power constraints are

characterized completely, for the first user by a§2) = 1;%;‘1

with a1 € A;FPA = [O,ﬂ, and for the second user by

ol = 1_(1?%73)0’2 with ap € ATPA £ 10,2 |. Thus
the strategy of user k& € {1,2} consists in choosmg the
best fraction oy from the action set AFTA. Our main goal
is to investigate if there exists an NE and determine the
corresponding profile of strategies (a)'F, a)¥). It turns out
that the issues of the existence and uniqueness of an NE can
be properly dealt with by applying Theorems 1 and 2 of [23] in
our context. For making this paper sufficiently self-contained,
we review here these two theorems (Theorem 2 is given for the
2—user case for simplicity and because it is sufficient under
our assumptions).

Theorem 1: [23] Let G = (K, {Ak}reic, {urtrex) be a
game where K = {1, ..., K} is the set of players, A1, ..., Ak
the corresponding sets of strategies and uy, ..., uy, the utilities
of the different players. If the following three conditions are
satisfied: (i) each uy is continuous in the vector of strategies
(a1,...,ak) € Hi{:l Ay (ii) each uy, is concave in aj, € A,
(iii) Ay, ..., Ax are compact and convex sets; then G has at
least one NE.

Theorem 2: [23] Consider the K-player concave game
of Theorem 1 with K 2. If the following (di-
agonally strict concavity) condition is met: for all
(a},al) € A3 and (dh,ay) € A3 such that (a},ay) #

(af,a8), (af — a}) |Gut(al,ah) — Gt (af,ay)| + (af —
ab) {gzz (a},ab) — g—x(a’{, a’Q’)} > 0; then the uniqueness of

the NE is insured.
At this point we can state the first main result of this paper,
which is provided in the following theorem. For sake of clarity

we will also use the notations: p;, = p if k =1 or pp, £ 7 if
k=2.

Theorem 3 (Existence and uniqueness of an NE in Game 1):

the temporal PA game described by:
K = {1,2}; the sets of actions AFTA =

the set of players
o7

Pk
up (g, a_g) = pR,(cl)(ak, a_f) —l—ﬁRl(f)(ak, a_y), where the
rates R,(f) follow from Eq. (4) has a unique NE.

Proof:

Existence of an NE. It is guaranteed by the geometrical and

topological properties of the utility functions and the strategy

and utilities
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sets of the users (over which the maximization is performed).
Indeed, we can apply [23] in our matrix case. Without loss
of generality, let us consider user 1. The utility of user 1
comprises two terms corresponding to the two coordination
signal realizations: ul(al,ag) pR(l)( )+ pR (,)
Using the fact that < log X + tYYH]

—Tr [YH(X +tYYH)~ 1YYELI(X +tYYH)~ Y} it
to verify that -ETx[BBY] < 0
52 R(2)

is

easy

92RM
T.é(ah az)

and “5—(oq,0) = —ETX[CCH] < 0 where
1

B = le{{(I + p1041H1H{{)_1H1i C =

%le{{ (I + P1 I_%HlH{{ + pQ(XQHQHé:I H1 and

p1 = NP1, po = NP correspond to the signal-to-noise ratios
of the users. Thus for every user k, the utility uy, is strictly
concave w.r.t. to ay. Also it is continuous in (i, as) over
the convex and compact strategy sets AEPA. Therefore the
existence of at least one NE is guaranteed. Interestingly, we
observe that for a fixed game rule, which is the value of
the parameter p, there will always be an equilibrium. The
users adapt their strategies to the rule of the game in order to
optimize their individual transmission rates.

Uniqueness of the NE. We always apply [23] in our matrix
case (see Appendix A) and prove that the diagonally strict
concavity condition is actually met. The key of the proof is
the following Lemma which is proven in Appendix B.

Lemma 1: Let A’, A", B’ and B" be Hermitian and
non-negative matrices such that either A’ #= A" or B’ #
B”. Assume that the classical matrix order = is total
for each of the pairs of matrices (A',A”) and (B’,B")
ie., either A’ = A" (resp. B = B”) or A = A’
(resp. B” = B’). Then we have Tr(M + N) > 0 with
M = (A// _ A/) [(I—I—A/)_l _ (I+A/’)_1], N = (B// _
B/) [(I—I—B/—I—A/)_l _ (I—&-B”—i—A”)_l]

It can be shown (see Appendix A for more details) that the
diagonally strict concavity condition writes in our setup as
pTW + 573 > 0 where Vs € {1,2}, T is defined
by 7¢) = Tr(M®) 4 N)) where the matrices M(*),
N() have exactly the same structure as M, N in the above
Lemma. For example if we consider two palrs of parameters
(al,al) (ATPA) and (ahy,af)) € (ATPA) such that either
o) # o or aly # ol as in Theorem 2, 7! can be obtained
by using the followmg matrices A’ = plalH H]7H, A" =
profHiHY | B’ = p, P HLHY, B” = p, "I H,HY
The term 7 has a s1m11ar form as T(l thus, applying
Lemma 1 twice and considering the special structure of the
four matrices (A’, A”, B/, B”), one can prove that the term
pT M + 5T is strictly positive. Therefore the unconditional
uniqueness of the NE is guaranteed. [ ]

Determination of the NE. In order to determine the selfish
PA of the users at the NE, we now exploit the large system
approach derived in [24] for single-user fading MIMO chan-
nels. This will lead us to simple approximations of the utility
functions which are much easier to optimize. From now on, we
assume the asymptotic regime in terms of the number of an-
tennas: n; — 00, 1, — 00, and

Uz
lim — =c < 0.

Nt —>00,Npr—>00 N,

In this asymptotic regime, references [24], [25], [26] provide
an equivalent of the ergodic capacity of single-user MIMO
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channels, which corresponds exactly to the situation seen
by user 1 (resp. 2) when S = 1 (resp. S = 2); this
gives directly the approximation of the rates Rgl) and Rg);
see Eq. (4). From Eq. (4) we also see that the rates R§2)
and Rél) correspond to the difference between the sum-rate
of the equivalent Kn; x n, virtual MIMO system and an
ng X n, single-user MIMO system, therefore the results of
[24], [25], [26] can also be applied directly. The corresponding
approximates can then be easily checked to be:

Rgl)(oq,ag) = ZlogQ [1 + nalpldgT) (i)’yl}

i=1

+ 27: log, [1 +nd®) (j)él}

j=1
—nny101 logs e

ZIOgQ [1 + 2nan Pydy” (i)’h}
i=1

nt —
1—
+ E log, {1 + 277%%@”(%’)%]

z 1

RV (01,00) =

+ Zlog2 {1 + 2nd® (5 )52}
j=1
—4nny262 log, e — ]:Zgl) (a1, a2).
(7
where Vk € {1,2},d§€T)(i), i € {1,...,n,} are the eigen-
values of the transmit correlation matrices T (see Eq. (2)),
d®(j), j € {1,...,n,} , are the eigenvalues of the receive
correlation matrix R and the parameters ;, ¢; are the unique
solutions of the following systems of 2—degree equations:

1 gn dm(
m = Z ()
J

T+ nd ™ (5)3,
ne (T) (®)
5 - 1 Oélpldl (Z)
VT, (M),
t =1 1+ nag Prdy (i)m
? 2nt <1+ 2nd(R (7)d2
ny (T) /-
1 Oélpldl (Z)
b= 5| o ©)
2 1 —|-2’I70¢1P1d1 (l)’)/g
ny 1—50213 d(T)(‘)
+Z 1 pocz )
— 1+ 2n—L=2Pp, d (1)y2

The approximate functions REQ)(~,-) and Ré”(-) can be
obtained in a similar way and the approximated utility of

user k € {1,2} follows: ug(a1, ) = pR,il)(al,ag) +
ﬁR,(f)(al,ag) . Now, in order to solve the constrained

optimization problem, we introduce the Lagrange multipli-
ers (A11,A\12, A21, Ma2) € [0,4+00)* and define for k €
{1,2} the function Li(aq, ag, Ap1, Ak2) = —Uk(aq, az) +
Akl g ar — = | — Ageay. The Kuhn-Tucker optimality condi-

pk
tions follow. Therefore, the optimum selfish PAs, (a'®, a)F),

can be obtained by using a fixed-point method and an it-
erative algorithm, following the same idea as in [10] for
non-coordinated MIMO MACs with single-user decoding. At
this point we have to make an important technical comment.
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Our proof for the existence and uniqueness of the NE holds
for the exact game. For the approximated game, we need
the approximated utilities to have the same properties as
their exact counterparts. It turns out that the large system
approximation of the ergodic mutual information can be shown
to have the desired properties [27]. In particular, the results of
[27] show that the approximated utilities are strictly concave
and that if the iterative PA algorithm converges, it converges
towards the global maximum.

Sum-rate efficiency of the NE. Now, let us focus on
the sum-rate of the decentralized network and compare it
with the optimal sum-rate of its centralized counterpart.
The centralized network sum-rate, denoted by Rggr)n, is
by definition obtained by jointly maximizing the sum-rate
over all the pairs of power fractions (aj,a2) € [0,1]%

RO 2 max uy(o,as) + ua(ay, az). Knowing that log |- |

1,02
is a concave function, one can easily verify that the max—
imum is obtained for (af,a3) = (1,1) and that RS, =

Elog [T+ pyHiHY + p,HyHE|. As the optimum precoding
matrices are proportional to the identity matrix, it can be
checked that the network sum-rate at the NE (denoted by
RNE ) is equal to the centralized network sum-rate for p = 0
and p = 1: RNE (0) = RNE (1) = R{S). Indeed, let us
consider that p = 1. In this case, user 1 is always decoded
in the second place (Pr[S = 1] = 1). This means that
there is no temporal power allocation game here and each
user always allocates all of his available power for the case
where S = 1: (a'® ad'®) = (1,0). Replacing in Eq. (4) the
corresponding correlation matrices: le) =1, le) =1,
and Q(Q) = O, (the square zero matrix), Qg) = 0,, we
obtain that RNE (1) = R{Gh.

sum

In the high SNR regime, where n — o0, we obtain
from (8),(9) that & — ==, ndy — - and thus 7
and o are the unique solutions of the following equations:

1 . d™ (4) _ 1 Ny d™ (5) _
ne 2ujml pkd® G = L gy 2t pramgy = L The
approximated utilities become:
(1 S T
Rg )(a1,a2) = ZlogQ |:1 + 770[1P1d§ )(Z)’}/1:|
= 1
dR)
+Zlog2 {1 + 7(])} —n¢logy e
1

j=1

R (a1, 02) = 210g2 [1 + 2nay Pyd{" (D’Yz}

i=1
ng

1—%
+ Z log, {1 + QU%PngT) (i)’yz]

1=1
[

+> log, {1 + d(R)m}

=1 72

—2n¢logy e — Rﬁl)(al, ag).

(10)
By setting the derivatives of 41 (-, ) w.r.t. oy and a(-,-) w.r.t.
a9 to zero, we obtain that, for each user, the PA at the NE
is the uniform PA (o), a)F) = (1,1), regardless of the
distribution of the coordination signal p € [0, 1]. Therefore,
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at the equilibrium, we have that

1 — 2
RYE(p) = pR(a)P NE>+pR“< E )
+pRSY (AP, adP) 4 PRV ()P, o))

pElog [T+ lelHl |

+pElog [T+ pyHiH{' + poHoHY |
—pElog [T+ pyHHY|

+pElog [T+ pyH HY + poHHY |
—pElog |1+ prH HY'|

+PElog [T + p2HoHy' |

R

sum *

(1D

Knowing that the uniform spatial PA is optimal in the high
SNR regime [17], [10], the centralized network sum-rate coin-
cides with the sum-capacity of the centralized MAC channel,
R:ng)n - Csum-

In the low SNR regime, where n — 0, we obtain from (8),
(9) that nd; — 0, ndz — 0 and thus v = - 377", dP(j),
Y2 = 5= 27 d™)(j) . Approximating In(1 + ) ~ x for
x << 1, the achievable rates become:

~ P
R§1)<a1) _ hha ZdR) Zd(T) )log,

~ ’I7P2 pOZQ Z d(R)

Ry (o, )

We see  that the  utilities
LpPe Yo, d® () 0 diP (i) log, e
the network sum-rate at the NE coincides
again  with the centralized network sum-
R e S A () (0P S 4 0)
+nPy Yt S (i )) log, e. the price
of anarchy [28] is minimal for any distribution of the
coordination signal.

To sum up we have seen that there is no loss of optimality
in terms of sum-rate by decentralizing the PA procedure
in at least four special cases: 1) p = 0; 2) p = 1; 3)
when 7 — oo for any p € [0,1]; 4) when n — 0 for
any p € [0,1]. Additionally, in case 3), since there is no
loss by imposing the spatially uniform PA [17], [10], the
centralized (and cooperative) MAC sum-capacity is achieved.
If we further assume that there is no correlation among
the transmit antennas, T = I, the uniform spatial PA is
optimal [17] for any 7. Thus, the centralized sum-rate is
always 1dentlcal to the sum-capacity of the centralized MAC
channel, Rsum = Csum. This means that if the BS chooses
to use a completely unfair SIC-based decoding scheme, the
selfish behavior of the users will always lead to achieving the
centralized sum-capacity. This result is in agreement with [9],
where the authors have proposed a water-filling game for the
fast fading SISO MAC (assuming perfect CSIT and CSIR) and
shown that the equilibrium sum-rate is equal to the maximum
sum-rate point of the capacity region. However, as opposed
to the SISO MAC with the proposed coordination mechanism
[1], the decentralized MIMO MAC with coordination does
not achieve the sum-rate of the equivalent virtual MIMO

~
~

i=1
(12)

(o, )

converge

here
rate:

In this case also,

Z d(T)( )log, e
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network for any value of p and for an arbitrary noise level
at the BS. In particular, the fair choice p = % is not optimal.
We will quantify the corresponding performance gap through
simulation results. Furthermore, in the low and high SNR
regimes, the centralized sum-capacity is also achieved for
any value of p. The consequence of these results is that any
binary coordination signal can be used without loss of global
optimality.

IV. SPATIAL POWER ALLOCATION GAME

In this section, we assume that the users are free to share
their transmit power between their antennas but for each
realization of the coordination signal the transmit power is
constrained by Eq. (6). In other words we assume that the users
cannot distribute their power over time: they cannot decide the
amount of power they dedicate to a given realization of the
coordination signal. As a consequence of this power constraint
(Eq. (6)), the two precoding matrices that each user needs to
choose can be optimized independently and each of them does
not depend on p. Consider for example user 1. Its objective
is to maximize its own payoff (Eq. (3)):

(S)

Q<I1I>1%{< ,u(Q )
1 1 2 2 2
= Q(Ill)lag((z) {pRg )(Qg )) +(1 p)Rg )(Qg )7 g )>}
' 1 1 2 2 2
= pmax V@) + (- p) max RV @Q)7. Q).

(13)
where the last inequality follows directly form the power
constraint (Eq. (6)). The strategy set of user k in the spatial
PA (SPA) game is:

H
ASPA — {Qk —( 121)7 122)) ‘Qg) - O,ng _ 1(61) ,

Q") < nePr, QY = 0,Q = QP Q) < Py
(14)

Theorem 4 (Existence and uniqueness of an NE in Game 2):
The SPA game defined by the set of players K = {1,2}, the
strategy sets AIESPA) and utilities uy (o, _) given by Eq.
(3), has a unique NE.

Proof: The main feature of the game under the aforemen-
tioned power constraint is that there exists a unique NE in each
sub-game defined by the realization of the coordination signal.
The proof is much simpler than that of the time PA problem
since the use of Rosen’s Theorem [23] is not required. Without
loss of generality assume that S = 1. Whatever the strategy of
user 2, user 1 sees no interference. Therefore he can choose
le) independently of user 2. Because Rgl)(Q(ll), le)) is a
strictly concave function to be maximized over a convex set,
there is a unique optimum strategy for user 1. As we assume
a game with complete information and rational users, user
2 knows the utility of user 1 and thus the precoding matrix
he will choose The same concavity argument can be used for

1) (Q1 , Qzl)) and therefore guarantees that user 2 employs
a unlque precoding matrix. [ |

Determination of the NE. In order to find the optimum
covariance matrices, we proceed in the same way as described
in [10]. First we focus on the optimum eigenvectors and then
we determine the optimum eigenvalues by approximating the
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. . . P,=1P,=10 n=n=4 =508
utility functions under the large system assumption. In order to 17.85 :
determine the optimum eigenvectors, the proof in [20] can be
. . . . C) [centralized sum-capacity]
applied in our context to assert that there is no loss of optimal- ol
. .. . . . 178 +R [achlevable sum-rate at the NE]|- - - -
ity by restricting the search for the optimum covariance matrix &
when imposing the structure Q,(;) = UkP,(:)UkH , where U, £
is a unitary matrix coming from the spectral decomposition of 5 773 ]
<
transmit correlation matrix Ty = UkaUH definedin Eq. (2) ¢
and the diagonal matrix P{* = Dlag(P(s)( 1),..,P% () 2wt 1
©
represents the powers user k allocates to the dlfferent eigen- @
vectors. As a consequence, we can exploit once again the < 17651 |
results of [24], [25], [26] assuming the asymptotic regime in et
terms of the number of antennas. The new approximated rates
1 1 1 1 1 1 1 1 1
are: 17-60 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
nt P
p(1) (p (1) _ W)\ 7(T)
Ry(PyY) = Z logy |1+nP; 7 (i)dy " (i) i .
=1 Fig. 1. Temporal PA game. Achievable network sum-rate versus p for P; =
Ny 1, P, =10, n, = n¢ = 4, n = 5 dB. The sum-capacity of fading MIMO
(R)( } MAC:s is reached for both unfair SIC decoding schemes (p7 = 0 and p3 = 1)
+ Z 10g2 {1 T 7’]d (‘7)61 and is very close to this upper bound for any distribution of the coordination
j=1

—n1y101 logy e

2 ng
> togy [14 20P () ()32

=1 i=1

+ log, [1 +2nd™ (j)52]
j=1

—4nyny2ds logy € — Rﬁ“ (Pgl))

(15)
where Vk € {1,2},d,(€T)(i), i € {1,...,m} are always the
eigenvalues of the transmit correlation matrices T, d®) (9),
j€{1,....,n,.} , are the eigenvalues of the receive correlation
matrix R and the parameters ~;, 5j are the unique solutions

of the following systems of equations:

1 ()
_Z 1+77d(R ()61

L3 AP
& o= — 7
()di" (i)m

(1 1 1
RO @Y PY) =

"Moo=
(16)

1
e =1 4P

1 &

d(R)( )
Y2 = 5

1 + 2nd®) ()
(i)™ (0)
0 0

17
n P(1) (17)

Qnt ZZZ

1ic1 L+2nP,

5y =

Then, optimizing the approximated rates R,(Cl)() W.LL.
Pk(l)(i) leads to the following water-filling equations:

J’_
1 1

vk e {1,2}, PONEG) =
w2 nd” (i)

(18)

where )\,(Cl) > 0, k € {1,2}, are the Lagrangian multipliers
tuned in order to meet the power constraints given in (6):
Sty P,gl)’NE(i) = nyPy. We use the same iterative PA
algorithm as the one described in [10]. Under the large systems
assumption, in this game also, the approximated utilities have
the same properties as the exact utilities.

Sume-rate efficiency of the NE. Unlike the temporal PA game,
we have not assumed a particular structure for the precoding
matrices and thus the centralized solution coincides with the

signal, Vp € (0, 1).

sum-capacity of the virtual MIMO network, Rﬁg,)n = Csum-
Another important point to notice here is that the equilibrium
precoding matrices do not depend on p. This considerably
simplifies the BS’s choice for the sum-rate optimal value for p.
Indeed, as we have already mentioned, the precoding matrices
do no depend on p and therefore the sum-rate Rgum(p) is
merely a linear function of p: RNE (p) = ap + b where

Elog [T+ yH, Q)" ™ HI + nHoQy " HY|
~Elog I+ nH, Q) "PHI + nH,QP "FH|
Elog [T+ yH, Q)" " HI 4 nHQy” "HY|.

(19)
Depending on the sign of a, if the BS wants to maximize the
sum-rate, it will choose either p = 0 or p = 1. If it wants a fair
game it will choose p = % and accept a certain loss of global
optimality. Note that even for p € {0,1} the sum-capacity
is not reached in general: this is because the matrix le)’NE
(resp. Q(2 NE) does not coincide with the first (resp. second)
component of the pair of precoding matrices that maximizes
the (strictly concave) network sum-rate. However, as we did
for the temporal PA game, in the low and high SNR regimes
one can show that the decentralized MIMO MAC has the same
performance (w.r.t. the sum-rate) as its equivalent Kn; X n,
virtual MIMO network.

a =

b

V. SIMULATION EXAMPLES

All the results will be provided by assuming the asymptotic
regime in the numbers of antennas. We know, from many
contributions (see e.g., [10], [27], [29], [30]) that large-system
approximates of ergodic rates are accurate even for relatively
small systems. We also assume that R = 1.

For the TPA problem, we look at the case where there
is no transmit correlation, T, = I. We have seen that the
performance of decentralized MAC depends on the rule of
the game i.e., the value of p. This is exactly what Fig. 1
depicts for the following scenario: P, =1, P, =10, n =5
dB, n; = n, = 4. First, we see that the MAC sum-rate
is a convex function of p and the maximum of RYE (p) is
reached for p € {0,1}. In these points, which correspond
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P1=F' F’2=10P nr=n‘=4 n=5dB
35 T T T

30+ . . . 4

251 : : : 8

@
2L
[
£ 20+ =
=3
2 ) L
o oY i
Qo
S 151 8
2
<
Q
<
101 —8— Unfair SIC (p=0), TPA|. .. |
—+— Centralized
—%— Fair SIC (p=1/2), TPA
5 —&— 8SUD q

Fig. 2. Temporal PA game. MAC sum-rate versus the transmit power P for
P, =P, P, =10P, n, = ny = 4, n = 5 dB. Comparison between the fair
SIC decoding scheme (p = %), the unfair SIC scheme (p = 0), and SUD
decoding scheme.

to the most unfair decoding schemes (either user 1 or 2 is
always decoded first) the centralized sum-capacity of the MAC
is achieved. One important observation to be made is that the
minimum and maximum only differ by about 1%. Many other
simulations have confirmed this observation. This shows that
whatever the value of p, the gap between the sum-rate of a
decentralized MIMO MAC with selfish users and the sum-
capacity of the equivalent cooperative MAC (virtual MIMO
network) is in fact very small. Now, we want to evaluate
the benefits brought by using a SIC instead of single-user
decoding [10]. For the scenario where P, = P, P, = 10P
with P € [0,20], n, = n; = 4 and n = 5 dB, Fig. 2 shows
the achievable network sum-rate at the NE versus the available
power at the first transmitter PP. For the SUD scheme, the users
are decoded simultaneously at the receiver. In this case both
users see all the interference coming from the others. We see
that the SIC scheme performs much better than the proposed
SUD scheme, regardless of the distribution of the coordination
signal: this comparison makes sense especially for the point
p= % since both decoding schemes are fair.

From now on, we consider the SPA problem. In this case
we assume an exponential correlation profile for T such that
Ty (i, 5) = ti ! (note that Tr(Ty) = n,), where 0 < t;, < 1
is the corresponding correlation coefficient [31], [32]. We
already know that the sum-rate is a linear function of p
and therefore is maximized when either p = 0 or p = 1.
It turns out that this slope has a small value. Furthermore,
it has been observed to be even 0 for a symmetric MAC,
i.e., P, = P, and t; = to. These observations have been
confirmed by many simulations. In Fig. 3 we have plotted
the sum-rate achieved by varying p for the scenario: P, = 5,
P, =50, n=3dB, n, =n, =4, ¢t =04, to = 0.3.
Even in this scenario, which was thought to be a bad case
in terms of sub-optimality, the sum-rate is not far from the
sum-capacity of the centralized MAC. For the same scenario,
we have plotted in Fig. 4 the achievable rate region and
compared it to that obtained with SUD. We observe that in
large MIMO MAC channels, the capacity region comprises a
full cooperation segment (approximately) just like SISO MAC
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P,=5 P,=50 n=4 1=[0.4 0.3] n=3 dB
243 : . .

2425 o

24.2

24.15

24.1

24.05

(C) . . N
R — Rsum [centralized sum-capacity]
24+

—k— Rz‘fm(p) [achievable sum-rate at the NE]

Achievable sum-rate for the spatial power allocation game

I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
P

Fig. 3. Spatial PA game. MAC sum-rate versus p for Py = 5, P> = 50,
nr =ntg =4, 1 =3 dB, t1 = 0.4, to = 0.3. The achievable network
sum-rate of fading MIMO MACs is linear w.r.t. p € [0, 1] and is very close
to the centralized upper bound. The optimal distribution obtained with the
Stackelberg game is p* = 0.

i i P.=5 P,=50 n=4 t=[0.4 0.3] n=3 dB
Achievable Rate Region 1 2
22 T T T T T

21k centralized sum-capacity|. |
—*— SIC decoding scheme
201 ~—©— SUD decoding scheme | |

Fig. 4. Spatial PA game. Achievable rate region for P = 5, P» = 50,
ny =n¢ =4, 1 =3 dB, t1 = 0.4, t = 0.3. By varying p allows to move
along a segment close to the centralized sum-capacity, similar to the SISO
MAC channels.

channels. The coordination signal allows one to move along an
almost straight line, corresponding to a relatively large range
of rates.

VI. CONCLUSION

We have provided complete proofs for the existence and
uniqueness of an NE in fast fading MIMO MACs with CSIR
and CDIT where the transmission rate is chosen as user utility.
By exploiting random matrix theory, we have also provided the
corresponding optimum selfish PA policies. We have seen that
the BS can, through a single parameter (i.e., p € [0, 1], which
represents the distribution of the coordination signal), force
the system to operate at many different points that correspond
to a relatively large range of achievable transmission rate
pairs. We know, from [1], [9] that for Gaussian MACs with
single antenna terminals, this set of rate pairs corresponds
to the full cooperation segment of the centralized MAC.
Said otherwise a decentralized Gaussian SISO MAC with
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coordination achieves the same rate pairs as a MAC with
full cooperation or virtual MIMO system. The goal here was
to know to what extent this key result is valid for fading
MAC with multi-antenna terminals. It turns out this is almost
true in the MIMO setting. In the cases of interest, where the
power is optimally allocated either over space or time, the
performance gap is relatively small even though the proposed
coordination mechanism was a priori sub-optimal since it
does take into account the channel realizations (known to the
receiver). Interestingly in large MIMO MAGCs, the capacity
region comprises a full cooperation segment just like SISO
MAC:s. The coordination signal precisely allows one to move
along the corresponding (almost) straight line. This shows the
relevance of large systems in decentralized networks since
they allow to determine the capacity region of certain systems
whereas it is unknown in the finite setting. Furthermore, they
induce an averaging effect, which makes the users’ behavior
predictable. Indeed, in large MIMO MACs the knowledge of
the CSIT does not improve the performance w.r.t. the case with
CDIT. To conclude we review some extensions of this work
which we have suggested throughout it. It would be interesting
to study the case of the decentralized space-time PA, which,
in particular, would require the generalization of Lemma 1
to arbitrary positive matrices and exploitation of some results
in [21]. A second useful extension would be to evaluate the
impact of a non-perfect SIC on the PA problem. At last, we
will mention that it would be useful to evaluate analytically
or bounding the price of anarchy of the NE, which would
require to find a bounding technique different from that used
for non-atomic games [34], [35], [36].

APPENDIX A

We want to prove that the diagonally strict concavity
condition is met for the time PA problem i.e., for all (a},af) €
2 2 .
(ATPA)™ and (oh,af) € (ATPA)” such that either o # of
or oy # oy we want to prove that:

¢ = (af —ah) 3% (at,ab) - 52 (al, 0f)]
+(af — ap) 522 (al, a) — 92 (af,af)] > 0.
(20)
We can write C = p7 () 4 5T where for all s € {1,2}:
(s) (s)
TO = (af —a)) [‘if (ol o) — 2857 (af, ag>]
() (s)
+laf - o) [ o) - %(aacawl
(21)

By expanding 7" we have

71
= (af — )ETr {[(I+ p1ojH,HI) !

—(I+ prof HyH{') o HLHYT

+(aff — a4)ETr {(I+ pro/H H{

+ % py H HE) ! pp S H HY

~ (T+ profHyHY + 224 o HyHE )~y SPHLHY |
= ETr {(A” - A)[(I+A)" — (I+A")"]

—i—(B” _ B/)[(I + B/ + A/)—l _ (I—i—B” + A”)_l]},

(22)
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where A’ = plO/lHlH{{, A = pla’l’HlH{{, B =
02 %HzHéﬂ B’ = p21_+f1/2/H2H§1. We observe that the
matrices A’, A”, B’ and B” verify the assumptions of Lemma
1. First, they are Hermitian and non-negative. Second, as they
write as A’ = o’/HHY, A” = o HHI, B’ = tHyHY
and B” = bv"H>HZE, we also see that the matrix order > is
total for each of the pairs of matrices (A’, A”) and (B’, B”).
This directly follows from the fact that the scalar order >
is total, which implies that either a”” > a’ or a”” < a’ and
either b > b or b < V. By considering the particular
structure of the four matrices and applying Lemma 1, it is
straightforward to see that the term 71 is strictly positive,
7@ > 0. In a similar way we can prove that 72 > 0 and
thus the diagonally strict concavity condition is met: C > 0.

APPENDIX B

Proving Lemma 1 amounts to showing that

T = Tr{{A-B)B'-A™)
+(C-D)[(B+D)' - (A+C)']}
> 0

where the matrices A = I+ A”, B=1+ A/, C = B”
and D = B’ have been introduced for more clarity. Since the
matrix order > is total for A and B, and C and D it suffices
to prove that 7 > 0 for the four following cases: (1) A = B
andC>D;2)A<BandC<D;(3)A > Band C <D;
4)A=<Band C >~ D.

Case (1): A > B and C = D. To prove the desired result
in this case we use the following lemma.

Lemma 2: If M is a Hermitian and non-negative (M =
M# > 0) and N is non-negative (N = 0) but not necessarily
Hermitian, then Tr(MN) > 0.

Proof: We write Tr(MN) = Tr(MY2NM'/2) > 0. We
have used the fact that M is a Hermitian non-negative matrix
to write M = M/2M'/2, Knowing that N is a non-negative
matrix one can easily check that M'/2NM'/? is also a non-
negative matrix and thus the trace (sum of the non-negative
eigenvalues) is non-negative. [ ]
The quantity 7 writes as 7 = Tr(M;N7)+Tr(M2Ny) where
M; = A - B, leBil—Ail, My =C —D and Ny =
(B+ D)~ ! — (A + C)~L. Clearly these four matrices are
Hermitian. Since by assumption M; > 0 and My > 0 we
only need to verify that N; = 0 and N3 = 0 to be able to
apply Lemma 2 to 7. The matrix N is non-negative because
for any pair of invertible matrices (X,Y): X =Y &Y ! =
X! (see e.g., [33]). The same result applies to N5 since by
assumption A + C > B + D. Using lemma 2 concludes the
proof.

Case (3): A > B and C < D. To treat this case we first
prove the following auxiliary Lemma.

Lemma 3: Let X and Y be two distinct, Hermitian and
positive matrices of size n: X = X7 =0, Y =Y = 0 and
X #Y. Then Tr[(X - Y) (YL -=X"1)] >0.

Proof: Tt is easy to see that Tr[(X - Y)(Y 1 -X"1)] =
Tr[Z + Z~' — 21], with the Hermitian and positive ma-
trix Z £ X2Y"!'X2 and thus we further have Tr[(X —

Y)Y (Y 1 -X"1Y))= z”: % > 0 where the matrix
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Az = Diag(Az(1),...,Az(n)) corresponds to the spectral
decomposition of . ]
By applying this lemma to 7 we have that:

T = Tr {(A -B)(B'-A"1)
+[(C+A)-(B+D)[(B+D) - (A+C)]
—(A-B)[(B+ D)‘ —(A+C)7 '}

> Tr{(A-B)B~ -A)
—~(A-B)[B+D)' - (A+C)1]}.
(23)

We know that C < D then C + A < D + A and
also that (C + A)~! = (D + A)~!. Using the fact that
A = B and also Lemma 2 we have that Tr[(A — B)(C +
A)~1] > Tr[(A—B)(D+A)~!] and the trace becomes lower
bounded as 7 > Tr {(A B(B'-A"1)-(A-B)[B

+D)"' - (A+D)” } Now, we are going to prove that this
lower bound, say TL B, 1S positive:
Tis
= Tr{(A —A™Y
[<A+ <B+D)] [(B+D)™' —(A+D)"']}
= Tr{(A- B —AY
[(A+I) (B +1) [(B+I)* —(A+I)*1H
(24)

where we have made the following change of variables:
A = D'/2AD!Y2, B D'/?2BD'/? such that A =
D 2AD /2 = AH » 0 and B = D~ 12BD~1/2 =
BH = 0. By applymg the Woodbury formula (A + It =
A'—AYA+D) 'and (B+I)"' =B '-B (B+I),
the lower bound TL(}B,) rewrites as:
Tr{(A—E) [E‘l 1_B'4+B YB+I)"
+AT -AA+D ]}
Tr {Afrl(fa L) 4 BATNA T
—(A+1)"' - (B +1)*1}.

ToB

(25)
Let us denote the ordered eigenvalues of the two matrices
A and B as A5(1) < A3(2) < ... < Az(n) and Az(1) <
A5(2) < ... < Ag(n). From [37] we know that for two matri-
ces X and Y of size n, Te(XY) > Y0 | Ax(i)A\y (n—i+1),
which implies directly that Tr(XY 1) > S | ’A\X 8) where
Ax () and Ay (7) are the ordered eigenvalues (in the previously
specified order) of the corresponding matrices. Applying this
result we find that

I e
Tr {AB (I+B) ] 2 ;Aé(z’)<1A+ Ag(8)
o L0
Ty{BA (I+A) } =z — Az (0)(1+A5(0)
’ (26)
and finally obtain that:
Ag()2[1+ A5(8) + A5()]
T = B =
27

To conclude the global proof one can easily check that Case
(2) (resp. Case (4)) can be readily proved from the proof of
Case (1) (resp. Case (3)) by interchanging the role of A and
B and C and D.
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Abstract We consider wireless networks that can be mod-
eled by multiple access channels in which all the termi-
nals are equipped with multiple antennas. The propagation
model used to account for the effects of transmit and receive
antenna correlations is the unitary-invariant-unitary model,
which is one of the most general models available in the
literature. In this context, we introduce and analyze two
resource allocation games. In both games, the mobile sta-
tions selfishly choose their power allocation policies in or-
der to maximize their individual uplink transmission rates;
in particular they can ignore some specified centralized poli-
cies. In the first game considered, the base station imple-
ments successive interference cancellation (SIC) and each
mobile station chooses his best space-time power allocation
scheme; here, a coordination mechanism is used to indicate
to the users the order in which the receiver applies SIC. In
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the second framework, the base station is assumed to im-
plement single-user decoding. For these two games a thor-
ough analysis of the Nash equilibrium is provided: the exis-
tence and uniqueness issues are addressed; the correspond-
ing power allocation policies are determined by exploiting
random matrix theory; the sum-rate efficiency of the equi-
librium is studied analytically in the low and high signal-
to-noise ratio regimes and by simulations in more typical
scenarios. Simulations show that, in particular, the sum-rate
efficiency is high for the type of systems investigated and the
performance loss due to the use of the proposed suboptimum
coordination mechanism is very small.

Keywords MIMO - MAC - Non-cooperative games -
Nash equilibrium - Power allocation - Price of anarchy -
Random matrix theory

1 Introduction

In this paper, we consider the uplink of a decentralized net-
work of several mobile stations (MS) and one base station
(BS). This type of network is commonly referred to as the
decentralized multiple access channel (MAC). The network
is said to be decentralized in the sense that each user can
freely choose his power allocation (PA) policy in order to
selfishly maximize a certain individual performance crite-
rion, which is called utility or payoff. This means that, even
if the BS broadcasts some specified policies, every user is
free to ignore the policy intended for him if the latter does
not maximize his performance criterion.

To the best of the authors’ knowledge, the problem of de-
centralized PA in wireless networks has been properly for-
malized for the first time in [1, 2]. Interestingly, this prob-
lem can be formulated quite naturally as a non-cooperative

@ Springer



E.-V. Belmega et al.

game with different performance criteria (utilities) such as
the carrier-to-interference ratio [3], aggregate throughput [4]
or energy efficiency [5, 6]. In this paper, we assume that
the users want to maximize information-theoretic utilities
and more precisely their Shannon transmission rates. In-
deed, the point of view adopted here is close to the one
proposed by the authors of [7] for DSL (digital subscriber
lines) systems, which are modeled as a parallel interference
channel; [8] for the single input single output (SISO) and
single input multiple output (SIMO) fast fading MACs with
global CSIR and global CSIT (Channel State Information
at the Receiver/Transmitters); [9] for MIMO (Multiple In-
put Multiple Output) MACs with global CSIR, channel dis-
tribution information at the transmitters (global CDIT) and
single-user decoding (SUD) at the receivers; [10, 11] for
Gaussian MIMO interference channels with global CSIR
and local CSIT and, by definition of the conventional in-
terference channel [12], SUD at the receivers. Note that ref-
erence [13] where the authors considered Gaussian MIMO
MACs with neither CSIT nor CDIT differs from our ap-
proach and that of [7-11] because in [13] the MIMO MAC
is seen as a two-player zero-sum game where the first player
is the group of transmitters and the second player is the set
of MIMO sub-channels. The closest works to the work pre-
sented here are [9] and [14]. Although this paper is in part
based on these works, it still provides significant contribu-
tions w.r.t. to them, as explained below.

In [9], the authors consider MIMO multiple access chan-
nels and assume SUD at the BS; the authors formulate the
PA problem into a team game in which each user chooses
his PA to maximize the network sum-rate. In [14], the same
type of decentralized networks is considered but SIC is as-
sumed at the BS. As each user needs to know his decoding
rank in order to adapt his PA policy to maximize his indi-
vidual transmission rate, a coordination mechanism has to
be introduced: the coordination signal precisely indicates to
all the users the decoding order used by the receiver. The
present paper differs from these two contributions on at least
four important technical points: (i) when SUD is assumed,
the PA game is not formulated as a team game but as a non-
cooperative one; (ii) we exploit several proof techniques that
are different from [9]; (iii) while [9] and [14] assume a Kro-
necker propagation model with common receive correlation
we assume here a more general model, the unitary-invariant-
unitary (UIU) propagation model introduced by [21], for
which the users can have different receive antenna correla-
tion profiles. This is useful in practice since, for instance, it
allows one to study propagation scenarios where some users
can be in line of sight with the BS (the receive antenna are
strongly correlated) whereas other users can be surrounded
by many obstacles, which can strongly decorrelate the re-
ceive antennas for these users; (iv) while the authors of [14]
restricted their attention to either a purely spatial PA prob-

@ Springer

lem or a purely temporal PA problem, we tackle here the
general space-time PA problem.

In this context, our main objective is to study the equilib-
rium of two power allocation games associated with the two
types of decoding schemes aforementioned (namely SIC and
SUD). The motivation for this is that the existence of an
equilibrium allows network designers to predict, with a cer-
tain degree of stability, the effective operating state(s) of the
network. Clearly, in our context, uniqueness is a desirable
feature of the equilibrium. As it will be seen, it is possi-
ble to prove the existence in both games under investigation.
Uniqueness is proven in the case of SUD while it is con-
jectured for the case of SIC. In order to establish the cor-
responding results, the paper is structured as follows. Af-
ter presenting the general system model in Sect. 2, we ana-
lyze in detail the space-time PA game when SIC and a cor-
responding coordination mechanism are assumed (Sect. 3).
For this game, the existence and uniqueness of the NE are
proven and the equilibrium is determined by exploiting ran-
dom matrix theory when the numbers of antennas are suf-
ficiently large. Its sum-rate efficiency is also analyzed. In
Sect. 4, we analyze the case of SUD since this decoding
scheme, although suboptimal in terms of performance (even
in the case of a network with single-antenna terminals), has
some features that can be found desirable in some contexts:
the receiver complexity is low, there is no need for a coor-
dination signal, there is no propagation error since the data
flows are decoded in parallel and not successively and also it
is intrinsically fair. To analyze the case of the SUD-based PA
game, we will follow the same steps as in Sect. 3 and we will
see that, the equilibrium analysis can be deduced, to a large
extent, from the SIC case. Numerical results are provided
in Sect. 5 to illustrate our theoretical analysis and to better
assess the sum-rate efficiency of the considered games. Sec-
tion 6 corresponds to the conclusion.

2 System model

We assume a MAC with arbitrary number of users, K > 2.
Regarding the original definition of the MAC by [15] and
[16], the system under consideration has two common fea-
tures: all transmitters send at once and at different rates over
the entire bandwidth, and the transmitters are using good
codes in the sense of the Shannon rate. Our system differs
from [15, 16] in the sense that multiple antennas are consid-
ered at the terminal nodes, channels vary over time and the
BS does not dictate the PA policies to the MSs. Also, we as-
sume the existence of coordination signal which is perfectly
known to all the terminals. If the coordination signal is gen-
erated by the BS itself, this induces a certain cost in terms of
downlink signaling but the distribution of the coordination
signal can then be optimized. On the other hand, if the coor-
dination signal comes from an external source, e.g., an FM
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transmitter, the MSs can acquire their coordination signal
for free in terms of downlink signaling. However this gener-
ally involves a certain sub-optimality in terms of uplink rate.
In both cases, the coordination signal will be represented by
arandom variable denoted by S € S. Since we study the K -
user MAC, S =1{0,1,..., K!}is a K!+ 1-element alphabet.
When the realization is in {1, ..., K!} , the BS applies SIC
with a certain decoding order (game 1). When S = 0 the BS
always applies SUD (game 2), where all users are decoded
simultaneously (no interference cancellation). In a real wire-
less system the frequency at which the realizations would
be drawn would be roughly proportional to the reciprocal
of the channel coherence time (i.e., 1/ T¢on). Note that the
proposed coordination mechanism is suboptimal because it
does not depend on the realizations of the channel matrices.
We will see that the corresponding performance loss is in
fact very small.

We will further consider that each mobile station is
equipped with n; antennas whereas the base station has
n, antennas (thus we assume the same number of trans-
mitting antennas for all the users). In our analysis, the flat
fading channel matrices of the different links vary from
symbol vector (or space-time codeword) to symbol vector.
We assume that the receiver knows all the channel matri-
ces (CSIR) whereas each transmitter has only access to the
statistics of the different channels (CDIT). The equivalent
baseband signal received by the base station can be written
as:

K
YO0 =Y H(nX (1) +2% (), e))

k=1

where X ,(f) (7) is the n,-dimensional column vector of sym-
bols transmitted by user k at time t for the realization s € S
of the coordination signal, Hy(z) € C" ™ is the channel
matrix (stationary and ergodic process) of user k and Z ) (1)
is a n,-dimensional complex white Gaussian noise distrib-
uted as NV (0, azlnr). For the sake of clarity we will omit the
time index t from our notations.

In order to take into account the antenna correlation ef-
fects at the transmitters and receiver, we will assume the
different channel matrices to be structured according to the
unitary-independent-unitary model introduced in [21]:
Vke{l,...,K}, = Vi H Wy, )
where V; and Wy are deterministic unitary matrices that al-
low one to take into consideration the correlation effects at
the receiver and transmitter. Also ﬁk is an n, X n; matrix
whose entries are zero-mean independent complex Gaussian
random variables with an arbitrary profile of variances,
such that E| Hy (i, NIE= %j” The Kronecker propagation
model for which the channel transfer matrices factorizes as

1/2

H; = Oy T]/ is a special case of the UIU model where

the proﬁle of variances is separable i.e., E|H (i, DI =
aNoa” P ix Wi
— with for each k: ®j is a random matrix with
zero-mean i.i.d. entries, Ty is the transmit antenna corre-
lation matrix Ry is the receive antenna correlation matrix
ated eigenvalues. In this paper we will con51der that Vy =V
for all users. The reason for assuming this will be made
clearer a little further. In spite of this simplification, we will
still be able to deal with some useful scenarios where the
users see different propagation conditions in terms of receive
antenna correlation.

3 Successive interference cancellation

When SIC is assumed at the BS, the strategy of user k €
{1,2,..., K}, consists in choosing the best vector of pre-
coding matrices Qi = (Qk ,Q(z) .. Q(K )) where Q(Y)
E[X ,((S) X ,((S)’H], for s € S, in the sense of his utility function.
For clarity sake, we will introduce another notation which
will be used in the remaining of this section to replace the
realization s of the coordination signal. We denote by Pg
the set of all possible permutations of K elements, such that
7w € Py denotes a certain decoding order for the K users
and 7 (k) denotes the rank of user k € K and 7~ ! € P
denotes the inverse permutation (i.e. 7~ (7 (k)) = k) such
that 77 ~1(r) denotes the index of the user that is decoded
with rank r € K. We denote by p, € [0, 1] the probability
that the receiver implements the decoding order = € Pk,
which means that erePK pr = 1. At last note that there
is a one-to-one mapping between the set of realizations of
the coordination signal S and the set of permutations Pk,
i.e. £ : S — Py such that £(-) is a bijective function. This
is the reason why the index s can be replaced with the in-
dex m without introducing any ambiguity or loss of gener-
ality. The vector of precoding matrices can be denoted by
Q= (Q]((ﬂ))nepl( and the utility function can be written as:

QL Q=Y p=RTQT.QT)). 3)

nePk

where

R Q. Q™)

1+ pH Q" HY +p Y HQ{H{
ek

=Elog,

I+p ) HQ"H{

tek™

—Elog, C))
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with p = 2 and IC(”) {¢ € K|m(€) = mw(k)} represents,
for a given decodmg order m, the subset of users that will
be decoded after user k. Also, we use the standard notation
—k , which stands for the other players than k. An important
point to mention here is the power constraint under which

the utilities are maximized. Indeed for user k € {1, ..., K},
the strategy set is defined as follows:
A = {Qk = (Q)repy | V1 € Px. Q[ 20,

> paTe(Q) <n Py . )

nePg

In order to tackle the existence and uniqueness issues for
Nash equilibria in the general space-time PA game, we ex-
ploit and extend the results from Rosen [17], which we will
briefly state here below in order to make this paper suffi-
ciently self-contained.

Theorem 1 [17] Let G = (K, {Ak}rec, {uktrexc) be a game
where K = {1,...,K} is the set of players
A1, ..., Ak the corresponding sets of strategies and uy, . . .,
the utilities of the different players. If the following three
conditions are satisfied: (1) each uy is continuous in the all
the strategies a; € A;,VjeK; (ii) each ug is concave in
a, € Ag; (i) Ay, ..., Ax are compact and convex sets;
then G has at least one NE.

Theorem 2 [17] Consider the K -player concave game of
Theorem 1. If the following (diagonally strict concavity)
condition is met: for all k € K and for all (a},, a}}) € A? such
that there exists at least one index j € IC for which c_z’j %+ g/j’ ,
Yo @) — ap) " [Vaur(ay, ay) = Vaur(ay.a’ 1> 0;
then the uniqueness of the NE is insured.

In the space-time power allocation game under investiga-
tion, the obtained results are stated in the following theorem.

Theorem 3 (Existence of an NE) The joint space-time
power allocation game described by: the set of players
k € {1,2}; the sets of actions .A?IC and the utility functions
uEIC (Qx, Q_x) given in (3), has a Nash equilibrium.

Proof 1t is quite easy to prove that the strategy sets ASIC
are convex and compact sets and that the utility functions
uiIC(Qk, Q_) are concave w.r.t. Q; and continuous w.r.t.
to (Qx, Q—x) and by Theorem 1 at least one Nash equilib-
rium exists. For more details, the reader is referred to Ap-
pendix A. (]

@ Springer

Theorem 4 (Sufficient condition for uniqueness) If the fol-
lowing condition is met

> ZTr{(Q(")

nePk k=1

= Vi Q) Q1) > 0 ©)

Q)Y g (Q} QL)

for all Q = QY )repy . QL = Q" Vrep, € AN such
that (Q), ..., Q%) # (Q],...,QY%), then the Nash equilib-
rium in the power allocation game of Theorem 3 is unique.

This theorem corresponds to the matrix generalization of
the diagonally strict concavity (DSC) condition of [17] and
is proven in Appendix B. To know whether this condition
is verified or not in the MIMO MAC one needs to re-write
it in a more exploitable manner. It can be checked that C
expresses as C = ZHEPK pr T where for each w € Pg, T
is given by:

ZTr{(Q(’” QY R @Q. Q7))
— Vo R@QT Q%)

K
=E) :TT{PHn%r)(in(r) ~ Qi) i

r=1

H
[(I+pH” 1(’)Q 1(r> 71(r)

-1
H
Hﬂl(S))

(I+PH 0 Q7 HiL

K
()
+10 Z HH—I(S)QTZT—I(S)
s=r+1

.
()’ H
+r Z Ho0)Q, - H -l(s)) :H

s=r+1

K K —1
=EY TrA™ —AM) [(I +>° AW)

r=1 s=r

K —1
~ (1+ ZA;”)”> } (7)

()’ ()
where A" = pH-1 ) Q7 HIL
Q:T,) 1 (r)H;’ ) and the users have been ordered using their
decoding rank rather than their index.

()"
An —,OH l(r)X
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Theorem 5 (A sufficient condition for DSC) If for any pos-
itive definite matrices A;, B;, A; #B;, i € {1,..., K} we
have that

fofecnllge) - (54) )

®)

then the DSC condition is met: C > 0.

It turns out that the trace inequality (9) always holds for
any K et for any positive matrices.

Lemma 1 Trace inequality For any positive definite matri-
ces A;,Bij,A; #B;,i € {1,..., K} we have that

Sl (E) -(5) -

The proof can be found in [27], for K = 2, and in [28]
for arbitrary K > 2.

Determination of the Nash equilibrium. In order to find
the optimal covariance matrices, we proceed in the same
way as described in [9]. First we will focus on the optimal
eigenvectors and then we will determine the optimal eigen-
values by approximating the utility functions under the large
system assumption.

C))

Theorem 6 (Optimal eigenvectors) For all k € IC, Qi €
AEIC there is no loss of optimality by imposing the struc-

ture Qr = (Qk"™)epy s Q;(f) = WP, Ow,
that:

, in the sense

max, uSIC(Qk,Q K= max uy“(Qx, Q)
QkE.A QkESEI

where SEIC = {Qr = (Qk(ﬂ))ne'Pk € A£IC|Q1(CH)
W PTWHL, s € S, model from (2) and P =
Diag(P" (1), ..., P (ny).

The detailed proof of this result is given in Appendix C. This
result, although easy to obtain, it is instrumental in our con-
text for two reasons. First, the search of the optimum pre-
coding matrices boils down to the search of the eigenval-
ues of these matrices. Second, as the optimum eigenvectors
are known, available results in random matrix theory can be
exploited to find an accurate approximation of these eigen-
values. Indeed, the eigenvalues are not easy to find in the
finite setting. They might be found using numerical tech-
niques based on extensive search. Here, our approach con-
sists in approximating the utilities in order to obtain expres-
sions which are not only easier to interpret but also easier to

be optimized w.r.t. the eigenvalues of the precoding matri-
ces. The key idea is to approximate the different transmis-
sion rates by their large-system equivalent in the regime of
large number of antennas. The corresponding approximates
can be found to be accurate even for relatively small number
of antennas (see e.g., [18, 19] for more details).

Since we have assumed V; =V, we can exploit the re-
sults in [20, 21] for single-user MIMO channels, assuming
the asymptotic regime in terms of the number of antennas:
ny — 00, n; — 00, 2 — B. The corresponding approxi-

> ng
mated utility for user k is:

i AP ek rep) = 3 pa R @ P,

nePk

(10)

where

500 p(T) p0T)
R (P, PTY)

=nl 3 Z1og2(1+(1v(”) +1)

.
teKMutky /=1

x pP (v ()

+ — . ;10g2<1 +
x 3 Zw(i,mé”)(j))

eekcMutky =1

(N + Dy

1 ny
Yo Y P e ()logye

ny ;
eekcM Uy J=1

> S o1+ N 9P (108" ()

" perc =1

- —Zlog2<1+ N(j) PRI jwé”’(j))

i=1 knzlc(”)jl

+— > Z¢§”)<nw,§”)<mogze (1)
ZeIC(”)J 1
where N () |IC(")| and the parameters yk )( j) and
87 () Vjell,...,n}, k € K, m € Pk are the solutions
of:
Viell,...,n ), e e K& Uk}
(@) 0¢(i.j)
yf (‘]) (N,f”‘+l)n Z =1 +N(.,)H)WZ_EK?)U(“Z::lear(i‘m)ﬁin)(m)
() )
SEﬂ)(j)= (N "+DpP, ())

1+ + 0P iy G) 12)
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and ¢ (j), v (j), Vj €{l,...,n;} and w € Px are the
unique solutions of the following system:

Viell, .on)tekd:
) _ o0 (i, j)
o (j) = s -
N ) l+N(ﬂ) Zre)c“” St 0r Gm)ys™ (m) (13)
. N PP ()
v () = LI

1N P (o™ ()
The corresponding water-filling solution is:

1 +
i| ; (14)

(m),NE
PN =
N oy ()

|:ln2n,)\k

where A > 0 is the Lagrangian multiplier tuned in order to
meet the power constraint:

2 Zp”[lnzn,,\k

nePk j=1

1 ]+ —
=n; Pk
N oy ()

Note that to solve the system of equations given above, we
can use the same iterative power allocation algorithm as the
one described in [9].

At this point, an important point has to be mentioned. The
existence and uniqueness issues have be analyzed in the fi-
nite setting (exact game) whereas the determination of the
NE is performed in the asymptotic regime (approximated
game). It turns out that large system approximates of er-
godic transmission rates have the same properties as their
exact counterparts, as shown recently by [23], which there-
fore ensures the existence and uniqueness of the NE in the
approximated game.

Nash Equilibrium efficiency. In order to measure the ef-
ficiency of the decentralized network w.r.t. its centralized
counterpart we introduce the following quantity:

RNE
SRE = —sum _ | (15)

sum

where SRE stands for sum-rate efficiency; the quantity R\E,
represents the sum-rate of the decentralized network at the
Nash equilibrium, which is achieved for certain choices
of coding and decoding strategies; the quantity Cgyy cor-
responds to the sum-capacity of the centralized network,
which is reached only if the optimum coding and decoding
schemes are known. Note that this is the case for the MAC
but not for other channels like the interference channel. Ob-
viously, the efficiency measure we introduce here is strongly
connected to the price of anarchy [24] (POA). The difference
between SRE and POA is subtle. In our context, information
theory provides us with fundamental physical limits on the
social welfare (network sum-capacity) while in general no
such upper bound is available. In our case, the sum-capacity
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is given by:
a H
Coum = (Qlwfgi;;eA(C)Elog I+ p];HkSZka , (16)
with
A© = ((Q,..., ) |Vk € K, 2 =0,
Q= Q7 Tr(R) <n, Py} 17)

In general, it is not easy to find a closed-form expression of
the SRE. This is why we will respectively analyze the SRE
in the regimes of high and low signal-to-noise ratio (SNR),
and for intermediate regimes simulations will complete our
analysis. It turns out that the SRE tends to 1 in the two men-
tioned extreme regimes, which is the purpose of what fol-
lows.

In the high SNR regime where p — 00, we observe from
(12) that 815,”)( Jj)— y(”)(/ . Under this condition, it is easy

to check that by setting the derivatives of Ly w.r.t. Pk(s)( J)
to zero, we obtain that the power allocation policy at the NE
is the uniform power allocation P{""N" = P 1, regardless
the realization of the coordination signal S. Furthermore, in
the high SNR regime, the sum-capacity is achieved by the
uniform power allocation. Thus, we obtain that the gap be-
tween the NE achievable sum-rate and the sum-capacity is
optimal, SRE = 1 for any distribution of S.

In the low SNR regime, where p — 0, from (12) we ob-
tain  that 85”)(j) — 0 and that ye(”)(j) =

1 ’:lr PR . . ~
—(Nf,”)ﬂ)n, > i, 0¢(i, j). By approximating In(1 4 x) ~ x

when x < 1, the power allocations policies at the NE are
the solutions of the following linear programs:

max Z > ﬂP(ﬂ)(])ZUI(l )

()
{P (])}l<]<n, j=1UpePk

(18)
s.t. Z > P () < Piny,
j=lnePg
given by:
.NE, .
> paPTTEG)
nePk
_ n, Py if j = arg maxj<m<n, Z;’;l o (i, m) (19)
o otherwise.

The optimal power allocation that achieves the sum-capacity
is equal to the equilibrium power allocation, P} =
Y nepy Pr P,(C") NE(j) Thus, the achievable sum-rate at the
NE is equal to the centralized upper bound and thus SRE = 1

for any distribution of S. In conclusion, when either the low
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or high SNR regime is assumed, the sum-capacity of the fast
fading MAC is achieved at the NE although a sub-optimum
coordination mechanism is assumed and also regardless of
the distribution of the coordination channel.

4 Single user decoding

In this section the coordination signal is deterministic
(namely Pr[S = s] = 6(s), § being the Kronecker sym-
bol) and therefore the amount of downlink signalling the
BS needs in order to indicate to the MSs that it is us-
ing SUD can be made arbitrary small (by letting the fre-
quency at which the realizations of the coordination signal
are drawn tend to zero). In this framework, each user has
to optimize only one precoding matrix. Indeed, the strategy
of user k € K, consists in choosing the best precoding ma-
trix Q,(co) =E[X ,({0) X EO)H], in the sense of his utility function
obtained with SUD:

$PQY, Q)

1+ pH Q" HY' +p) HQ{"H{'
O£k

=Elog

—Elog[T+p) H.Q"H' (20)

0k

. The strategy set of user k becomes

ASUD

{Q(O) >0, Q(O) — Q](c()),H, TI'(Q]((O)) < nt?k}' (21)

It turns out that the equilibrium analysis in the game with
SUD can be, to a large extent, deduced from the game with
SIC. For this reason, we will not detail the corresponding
proofs. The existence and uniqueness issues are given in the
following theorem.

Theorem 7 (Existence and uniqueness of an NE) The space
power allocation game described by: the set of players
k € KC; the sets of actions ASUD and the payoff functions

kUD (Q(O) Q( ) given in (20), has a unique Nash equilib-
rium.

To prove the existence of a Nash equilibrium we also ex-
ploit Theorem 1 and the four necessary conditions on the
utility functions and strategy sets can be verified using the
same tools as described in Appendix A.

Uniqueness of the Nash equilibrium. Here we can spe-
cialize Theorem 4, which is the matrix extension of Theo-
rem 2. When the strategies sets are not sets of pairs of ma-
trices but only sets of matrices, the diagonally strict con-
cavity condition in (6) can be written as follows. For all

Q. Q" & AP such that @{”',..., Q") # Q"

O//
K

K
¢= Y@ )1V your @ Q)

k=1
= Voom @ Q. 22)
Now we can evaluate C and obtain that:
K
C= ZTr{ [PH Q" — Q) HH/']
k=1
-1
[ferger)
=1
-1
(I oy HQV'H ) ] }
=1
=Tr{(A' = A")[A") " — (A)" 1}, (23)

which is strictly positive for all A’ #A”, A’ = 0, A” = 0
after [27] applied when K = 1. This result can be applied
here since we have

K
O 4
A'=1+p> HQH,
=1

A" —I—l—pZHgQ(O)
=1

Determination of the Nash equilibrium. As for the opti-
mal eigenvectors of the covariance matrices, we follow the
same lines as in Appendix C. In this case also there is
no loss of optimality by choosing the covariance matrices
Q,({O) = WkP,(CO) Wf , where Wy is the same unitary matrix as
in (2) and Py is the diagonal matrix containing the eigenval-
ues of Q,((O).

Here also we further exploit the asymptotic results for the
MIMO channel given in [20, 21]. The approximated utility
for user k is:

ﬁ]?UD (P(O) P(O) )

K n;

—— ZZlogz(l +KpP ()v))

T k=1 j=1

K
+ — Zlog2<1 + % Zzak(l J)Sk(J)>

"i=1 k=1 j=1

- ZZZmnak(nlogz

k=1 j=1

@ Springer



E.-V. Belmega et al.

- — Z Zlogz(l + (K = DpP (e ()

"tk j=1
__Zlog2 T ——— ZZM: De))
(K - 1) ok
+— ZZW(])W(})lng (24)
Mt =1
where the parameters yx(j) and 8x(j) Vj € {l,...,n:}, k €
{1, 2} are solution of:
Yiell,...,m)keK:
N 1 ok (i)
yk(]) — Kny Z[ 1 1+Kn; Z[ lzm IUZ(iym)‘SZ(m) (25)
. KpP
8 (j) = — L

14+K0 P )y ()

and ¢¢ (), Ye(j), Vjefl,...,
of the following system:

n;} are the unique solutions

Vie(l,....n}, LK\ {k}:
o0 (i.j)

N 1

de(j) = (K—n; Zz 1 1+(K Tz Z,#k Zm L o7 m) Yy (m)
(K=DpP” ()

K =DpP (Doe()

Ye(j) =

(26)

Fig. 1 Fair SIC (joint
space-time power allocation) vs. 7

The corresponding water-filling solution is:

P! (), NE(

= 27)

1 +
Kpyk (j)] ’
where Ay > 0 is the Lagrangian multiplier tuned in order to
meet the power constraint:

+ p—
} =Ny Pk

i
o In2n: 2 Kpyk(j)

In what the efficiency of the NE point is concerned, we al-
ready know that the SUD decoding technique is sub-optimal
in the centralized case (SUD does allow the network to op-
erate at an arbitrary point of the centralized MAC capacity
region) and it is impossible to reach the sum-capacity Csym
even if the high and low SNR regime are assumed.

[mznr,\k B

5 Simulation results

In what follows, we assume the regime of large numbers of
antennas. From [9, 20, 21], we know that the approximates
of the ergodic achievable rates in the asymptotic regime
are accurate even for relatively small number of antennas.
For the channel matrices, we assume the Kronecker model
H; = R,i/ 2@)le1{/ 2 mentioned in Sect. 2, where the receive

P,=P P,=10P n =n=10 r=[0.5 0.2] t=[0.5 0.2] p=3dB

SUD decoding. Achievable
network sum-rate versus the
available transmit power P for
p=%n =n; =10, 6l
r=1[0.5,0.2], r =[0.5,0.2],
p = 3 dB. The fair SIC performs
much closer to the sum-capacity
upper bound than SUD 5L
2
T ar
S
3
2]
o
o
g
2 3p
Q
<
2 | -
—+— Sum-Capacity
—+&— Fair SIC decoding (p=1/2)
! SUD decoding
0 1 1 1 1 1 1 1 1 |
0 1 2 4 5 6 7 8 9 10
P
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Fig. 2 SIC decoding,
comparison between the joint

n=n=10 r=[0.3 0] t=[0.5 0.2] P1=5 P2=50 p=4 dB

+ + + + + + + -+
—+— Sum-capacity
—%— Spatial PA

—=&— Joint Space-Time PA
—<— Temporal PA

space-time PA and the two 100 H
special cases: the space PA and
temporal PA. Sum-rate
efficiency versus the distribution |
of the coordination signal 99.5
p €10, 1] for n, =n; =10,
r=1[0.3,0],r=[0.5,0.2],
p=4dB, P =5, P, =50.The
spatial PA outperforms the joint 99
space-time PA (Braess paradox)
S
=
3 985
c
0
L2
k)
2
T o8
£
>
7]
97.5
97
96.5 . .
0 0.1 0.2

and transmit correlation matrices Ry, Ty follow an expo-
nential profile characterized by the correlation coefficients
(see e.g., [25, 26]) r = [r1,r2] and ¢ = [t1, t2] such that
R.(, j) = r,‘:_jl, T, j) = t,lf_jl. By assuming that the re-
ceive antenna is a uniform linear array (ULA) and knowing
that, when the dimensions of Toeplitz matrices increase they
can be approximated by circular matrices we obtain that all
the receive correlation matrices Ry can be diagonalized in
the same vector basis (i.e., the Fourier basis). Thus the con-
sidered model is included in the UIU model that we studied
where V, =V.

Fair SIC decoding versus SUD decoding. First we com-
pare the results of the general space-time PA game consid-
ered in Sect. 3, where SIC decoding is used at the receiver,
and the game described in Sect. 4, where SUD decoding is
used. Figure 1 depicts the achievable sum-rate at the equi-
librium as a function of the transmit power Py = P, = P,
for the scenario n, =n, = 10, r =[0.5,0.2], t =[0.5,0.2],
o =3 dB. In order to have a fair comparison we assume that
p= % (on average each user is decoded second half of the
time when SIC is assumed). We observe that, even in this
scenario, which was thought to be a bad one in terms of sub-
optimality, the sum-rate obtained with the first game is very
close to the sum-capacity upper bound. Also, the sum-rate

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

reached when the BS uses SUD is clearly much lower than
the sum-rate obtained by using SIC.

SIC decoding, comparison between the joint space-time
PA and the special cases of spatial PA and temporal PA.
Now we want to compare the results of the general space-
time PA with the two particular cases that were studied in
[14]: the spatial PA, where the users are forced to allocate
their power uniformly over time (regardless of their decod-
ing rank) but are free to allocate their power over the trans-
mit antennas; the temporal PA, where the users are forced to
allocate their power uniformly over their antennas but they
can adjust their power as a function of the decoding rank at
the receiver. Figure 2 represents the sum-rate efficiency as
a function of the coordination signal distribution parameter
p €[0,1] when n, =n; =10, r =[0.3,0], t =[0.5,0.2],
p=4dB, Py =5, P, =50. We observe that the three types
of power allocation policies perform very close to the upper
bound. What is most interesting is the fact that the perfor-
mance of the network at the equilibrium is better by using
a purely spatial PA instead of the most general space-time
PA. This has been confirmed by many other simulations and
illustrates a Braess paradox: although the sets of strategies
for the space-time case include those of the purely spatial
case, the performance obtained at the NE are not better in
the space-time case.
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Fig. 3 SIC decoding, space PA.

The achievable rate region at the 48—

Achievable rate region (nr=nt=10 r=[0.4 0.2] t=[0.6 0.3] P1=5 P2=50 p=3 dB)

—+— Sum-capacity
—*— SIC decoding
SUD decoding

NE versus the distribution of the
coordination signal p € [0, 1]
for n, =n, =10, r =[0.4,0.2],
t=1[0.6,03], p=3dB, P =5, 46
P> =50. Varying p allows to
move along a segment close to
the sum-capacity, similar to
SISO MAC 4.4+
42+
e
[aV]
o
41+
3.8
3.6
3.4 I I
0.4 0.6 0.8

SIC decoding, spatial PA, achievable rate region. In
Fig. 3, we observe that the rate region achieved at the NE of
the space PA as a function of the distribution of the coordi-
nation signal p for the scenario n, =n, = 10, r =[0.4,0.2],
t =10.6,0.3], p =3dB, P; =5, P, =50.Itis quite remark-
able that in large MIMO MAC:s, the capacity region com-
prises a full cooperation segment just like the SISO MACs.
The coordination signal precisely allows one to move along
the corresponding line. This shows the relevance of large
systems in decentralized networks since they allow to de-
termine the capacity region of certain systems whereas it
is unknown in the finite setting. Furthermore, they induce
an averaging effect, which makes the users’ behavior pre-
dictable.

6 Conclusions

Interestingly, the existence and uniqueness of the Nash equi-
librium can be proven in multiple access channels with
multi-antenna terminals for a general propagation channel
model (namely the unitary-invariant-unitary model) and the
most general case of space-time power allocation schemes.
In particular, the uniqueness proof requires a matrix gener-
alization of the second theorem of Rosen [17] and proving
a trace inequality [28]. For all the types of power allocation
policies (purely temporal PA, purely spatial PA, space-time
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PA), the sum-rate efficiency of the decentralized network is
close to one when SIC is assumed and the network is co-
ordinated by the proposed suboptimum coordination mech-
anism. Quite surprisingly, the space-time power allocation
performs a little worse than its purely spatial counterpart,
which puts in evidence a Braess paradox in the types of
wireless networks under consideration. One of the interest-
ing extensions of this work would be to analyze the impact
of a non-perfect SIC on the PA problem. Indeed, the effect
of propagation errors could then be assessed (which does not
exist with SUD).

Appendix A

A.1 Concavity of the utility functions quC

Let us focus on user k € K. We want to prove that
uEIC(Qk,Q_k) is concave w.r.t. Q; € A?IC. We observe
that the term R,g”) (Q,({”) , Q(_”k) ) in (3) depends only on Q,((”)
and Q(_”k) and not on the covariance matrices Q,(f), Q(_rlz for
any other possible decoding rule t € Pg \ {r}. Thus, in
order to prove that u,EIC(Qk, Q) is strictly concave w.r.t. to
Qi = (Q,(:T))nepK , it suffices to prove that R,En)(Q,(f), Q(_”k))
is concave w.r.t. Q,(cﬂ) for all 7 € Pg.

To this end, we study the concavity of the function
£ =R™ Q™ + (1 —1)Q™") over the interval [0, 1]
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for any pair of matrices (Q(”) Q,(:T)N). The second deriva-
tive of f is equal to:

s

2= —]ETr|: 2HH (I+ pH Q™ H

+ pAH AQHY

—1
+0 ) HzQE’)Hé’) H,AQ"

ek
x Hf! (I + pH; Q™ 'H

+ pAH; AQH/!

-1
+o ) HeQQ’”H?) HkAQ,(f)}

EeIC,((”)
= —ETr[AAQAAQ(],

with

+ P HAQUH{ +p Y- HQVH
ek

—1
) Hy,

which can be proven to be a Hermitian positive definite ma-

wix, AQ{” = Q"

1
b=

"
— Q,(C”) also a Hermitian matrix, and

s

2 = —ETr[A2AQA2A 2 AQI A2

)
= —ETr[BB"] <0,

with B=A"2AQA!/2,

A.2 Continuity of the utility functions u,flc

Considering the Leibniz formula, the determinant of a ma-
trix can be expressed as a weighted sum of products of its
entries. Knowing that the product and the sum of contin-
uous functions are continuous, we conclude that the deter-
minant function is continuous. Also, it is well known that
the logarithmic function is a continuous function. Thus, for
any 7w € Pk, the function R(”)(Q(”) Q(fk) ) is nothing else
but the composition of two continuous functions which is

also continuous w.r.t. (Q,((”), Q(_”k) ). This suffices to prove

that u?IC(Qk, Q_y) is continuous w.r.t. (Qr, Q_z).

A.3 Convexity of the strategy sets APC

In order to prove that the set ASIC is convex, we need to

verify that, for any two matrices (Q;, Q}) € .ASIC .A,flc,
we have:
aQ| + (1 - a)Q] € A},
forall « > 0.
For any Q,,Q] € ABSIO the matrices Q,({”) are Her-

mitian which implies that aQ,({”), + (1 — (x)Q,(C”)” are also
Hermitian matrices, for all w € Pg.

Furthermore, for any Q,,QJ € .A,flc

, we have that

Q,({”) Q(”) are non-negative matrices which implies that

OlQ,(:T) + (1 — a)Q,((”)” are also non-negative matrices, for
all m € Pk.

Finally, knowing that the trace is a linear application we
have that:

3 paTr@Q(” + (1 —)Q™")

wePx

=Y paTri Q)+ (1 —0) Y pTr@Q)

mePy 7ePk

<an P+ (1 —a)n, Py

= l’lth.
Thus Q) + (1 —a)Q] € AIEIC and the set is convex.

A.4 Compactness of the strategy sets AiIC

To prove that the strategy sets are compact sets we use the
fact that, in finite dimension spaces, a closed and bounded
set is compact.

First let us prove that .A;:’IC is a closed set. We define the
function g : AFC — [0, n, Py ], with

FQO= Y paTrQ).

nePk

We see that g(-) is a continuous function and that its im-
age is a compact and thus closed set. Knowing that the con-
tinuous inverse image of a closed set is closed, we conclude
that A,EIC is closed.

Now we want to prove that the set A,fIC is a bounded

set. We associate to the tuple of matrices (Q,(("))ﬂep,( the

following norm ||Qx| = ‘/ZHE'PK ||Q(7T)||2 where ||.[|7 is

the spectral norm of a matrix.

@y, — i
197112 =  Jmax{i o e DIy
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Since for all Q¢ € A€, Q,(:T) is a non-negative, Hermitian
matrix we have that:

max{kgm (D) < Tr(Q") < oo,
and thus:

1Q{" 12 = fmax{x g2 (D},

= \/max{)»Q;(n) (i)z},"lzl = 00.

In conclusion the associated norm || Q|| < oo.

Appendix B

We suppose that there exist two different equilibrium strat-
egy profiles: Q. Q_p) € .A,flc X As_lkc and (ﬁk,(/j,k) €
AiIC x ASIC. such that (Qx, Q) # (Qk, Q_x). Then the
condition given in the theorem, C > 0 is met for the par-
ticular choice of (Q,,Q",) = (Qk, Q_;) and QLQ" )=
(Qx, Q—p)-

By the definition of the Nash Equilibrium, the strategies
(~)k, k € K, are the solutions of the following maximization
problems:

max i (Qg, Q—p).
QreAJIC

Thus, ék satisfy the following Kuhn-Tucker optimality
conditions:

(1) Qk € ASIC which means that:
Q=@ =0, VrePg

Y wep, PrTHQ) <1, Py,

(2) There exist 'Xk > 0, and the following Hermitian non-
negative matrices of rank 1, (b,((”), for all & € Pk, such
that:

Tt repy PTHQ) — /Pl =0
Tr(®' Q) =0, VrmePxk,

(3)
V€ Pk :

VQ]((H)Mk(ék, é—k) = ankl - 51(:[)-

Having assumed that (ak, a—k) is also a Nash Equi-
librium, Qy, with k € K are the solution of:

max i (Qg, Q—p),
QreAfIC
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and thus Gk satisfy the following Kuhn-Tucker optimal-
ity conditions:
@) Q€ AgIC, which means that:
" =@ =0,

ZNEPK pﬂTr(Q]((ﬂ)) = nfﬁkv

V€ Pk

(5) There exist Xk >0, k € K and the following non-
negative, Hermitian matrices of rank 1, dbl((”), for all
7 € Pk such that:

Ml g epy P TEQY) — 0, Pyl =
Te(®Q) =0, Vm e Pk,

(6)
V€ Pk :

VQ;(muk((A)k, Q1) = priid — B

Using the third and the sixth optimality conditions, the
condition given in (6) becomes:

K
C= > Y {paiaTr@Q) + pr i Tr( Q")

nePk k=1
— Pk THQ) = pr i Tr(@Q)™)
- Tr(@Q" &™) - r Q"3

+Tr Q" ) + Tr Q" &)}
K
< Z{xk[ > paTe(@Q7) - nsz}
k=1

Pk
+ A [ Y paTr@Q) - nzﬁk} }

nePg

<0.

From the other four K-T conditions, we obtain that all the
terms on the right are negative and thus C < 0. But this con-
tradicts the diagonally strict concavity condition and so the
Nash Equilibrium is unique.

Appendix C

We want to prove that there is no optimality loss when re-
stricting the search for the optimal covariance matrices to
Qx € ASIC such that Q(") P,(:T)W,fl, for all 7 € Pg.
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Let us consider user k € K. We have that:

arg max uk(Qk,Q k)

QeeA
=arg max Z prElog, I+ ,onQ(”)
QkE'A ITGPK
+r Y H,Q{ H/!
L’eIC,((”)

=arg max Z p-E
Q« eAk TPk

x logy |14+ pVE,WH QW Hf v

+p > VAW QW RV
tekc”

Z prE

nePk

=arg max
Qi EAS[C

x logy |14+ pHWE Q7 W, HY

+p Y HW/QPWH

ek
O, < OH
=arg max Elog, I+ pH X, "H
QreAfC Z g kT

JTGKI(;T)
+p Y HWIQPWH] T, (28)
ek

where we denoted with X,(C”) 2 WHQ'W. Knowing that
the utility function is concave w.r.t. the new defined matrices
X,(:T), and the channel matrix H; has independent entries,
we can directly apply the results given in [22] to prove that
annulling the non-diagonal entries of X,((”) can only increase
the values of the functions

Elog, I+ pH X HY +p > H,WH QW H!

Lekc”

In conclusion the optimal matrices X,((”) are diagonal, that
we will denote with P,({”). The spectral decomposition of the

optimal covariance matrices are: Q,(c”) = WkP,((”)W,fI .
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Successive Interference Cancelation

The proof of the uniqueness of the Nash equilibrium in Section 3 [27] (see Appendix
A.2), on page 3 (SIC) should be read as follows:

“This theorem corresponds to the matrix generalization of the diagonally strict con-
cavity (DSC) condition of [17] and is proven in Appendix B. To know whether this
condition is verified or not in the MIMO MAC one needs to re-write it in a more ex-
ploitable manner. It can be checked that C expresses as C = Z PrTx where for each

TEPK
T € Pk, Tr is given by:

T. = ijr{(Q,S””—Q,&“)') Vo BPQ Q) - Vo r7 @@ |
k=1

K
= E ZTI‘ {pHﬂ-—l(T) (Q7(T7i)1 (7‘) - Q7(_‘_7r,)1 (r))HfrI_l(’f‘)

r=1

K —1
(I +PH ) QU B 4 p Y Hﬂl(s>Q§r@l<s>H”H_l(s)> )

s=r+1

—1
(I—i—pI‘I7T 1( QTr 1(T) )+,0 Z H_- 1( Q( f 1(5)>

s=r+1
K K -1 K _
= EY Tr (A" - A (I +3° Agﬂ’) - (I +3° A@”)
r=1 s=r p—
2 E[F:(H)]

(A1)

where A{™" = pH1)Q, B, A" = pH Q) HIT ) and the users
have been ordered using their decoding rank rather than their index. Notice that since

the expectation operator is linear we can switch between the trace and expectation.
Let us denote by H = [Hy,...,Hg], Q" = (Q}),crr » Q' = (Q)pexcr QM =

(m)! (m)" (m)"” A = (AT A — (A"
(Q’“ >keic’ - Q <Q >keic’ ( k )wePK,keIC7 ( k >7re7>K,ke/C'
In order to prove that the DSC condition holds we have to prove that for all Q' # Q"

we have C > 0.
Let us give a very useful result.

Lemma 1 For any positive definite matrices A1, B1, and any positive semi-definite
matrices A;, B;, i € {2,..., K}, we have that

-1 . -1

K 7
i=1 Jj=1 Jj=1

where the equality holds if and only if A; = B; for all j € {1,..., K}
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The proof can be found in [42], for K = 2, and in [43] for arbitrary K > 2. Using
this result, we can prove that for any channel realization, any Q’, Q” and any 7 € P:

1

K -1 K -
FL(H) = Tr (AP — AP <I+ ZA@'> - <I+ ZA@") >0 (A3)

implying that 7, > 0 and that C > 0. Let us consider now two arbitrary covariance
matrices such that Q" # Q”. This means that there is at least one decoding order
¥ € Pk such that Q) #* Q" . We will prove that 7y > 0 which will imply the desired
result C > 0.

Remark: Assuming that rank(HkHHk) =mny, for all k € K, and n; < n, + 1, then
Q' # Q" implies that A’ # A”. This means that for any channel realization we have
Fy(H) > 0 which implies directly 7y > 0 and C > 0.

For the general proof, let us define the following sets:

Ar(QY, QW) = {H e Dylvk e K: Hy(Q' - Q") Hf = 0} (A4)
Ay(@W, Q") = {HeDykek HQ - QB[ #0} '
We know that:
Ty = E[Fy(H)]
_ / Fy(H)L(H)dH
Dy
-/ Fo(H)L(H)GH + [ Fy(E)LHEdH  (A)
Ap(QM,Q(") Ap(QM,Q(")
- Fy(H)L(H)dH
AH (Q(ﬂ)/7Q(19)l/)

where L(H) > 0 stands for the p.d.f. of H € Dy = C"*&"_ The second equality
follows since Dy = AH(QW)/,Q(’?)N) U AH(Q(ﬂ)/,Q(ﬁ)H). The third equality follows
since for all H € Ax(Q™", Q") we have that Fy(H) = 0 from Lemma A.2. We
know that for all H € Ay (Q®W', Q") we have that Fy(H) > 0. It suffices to prove
that A (Q™", Q™") is a subset of non-zero Lebesgue measure to imply that 7y > 0
and thus that C > 0. It turns out that we can prove the existence of a compact set
U C AH(Qw)/, Q(ﬂ)”) for arbitrary Q)" # Q®”. Thus, we have the desired result
Cc>0"

Single User Decoding

The proof of uniqueness of the Nash equilibrium in Section 4 [27] (see Appendix A.2)
on page 12 should be read as follows:

“Uniqueness of the Nash equilibrium. Here we can specialize Theorem 4, which is the
matrix extension of Theorem 2. When the strategies sets are not sets of pairs of matrices
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but only sets of matrices, the diagonally strict concavity condition in (6) can be written
as follows. For all Q,(CO) , ’20) ASUD such that (Q Q(O) ) # (ng) ""ngg) ):

K
> {(Q - Q) |[V0u@ . Q) - V ou@ Q)] }.
k=1

(A.6)
Now we can evaluate C and obtain that:
K . K o -1
¢ = EYy_ Ty [pHQ - Q)H| <I+pZHeQ§ ) H?)
k=1 =1
= B AT
- (I—l—pZHgQéO) Hf) (A.7)
/=1
= ETr{(B'-B")[(B") ™" - (B)]},
— E[Fy(H)]
K
which is positive for any B' = I + ZHZQ(O)/Hf ,B' =1+ H,QV"H{ from (A.2)
=1 =1
for K = 2. We need to prove that for any (Q Yo ,Q ) #* (ng)", el Qgg)") we have

C > 0.

Remark: Assuming that rank(H”H) = Kn; and Kn; < n, + K, then Q' # Q"
implies that B’ # B”. This means that for any channel realization we have Fy(H) > 0
which implies directly that C > 0.

For the general proof, we define the following sets:

Bu(Q",Q0") = (He Dyl Hy( Qi - @")H{ =0 A8)
Bu(Q", Q") = {HeDy| i, Hy( Qe — 0" HJ #0 '
We know that:
C = E[Fo(H)]
= / Fo(H)L(H)dH
Dy
_ / Fy(H)L(H)dH + / RE)LEME — A9)
B (Q,Q™") B (Q,Q®")
By (Q®',Q®")
The second equality follows since Dy = By (Q©', QO") U Bx(Q©', Q). The

third equality follows because Fy(H) = 0 for all H € Br(Q©' QO from Lemma 1.
We also know that Fy(H) > 0 for all H € By (Q®)',Q©"). It suffices to prove that
B H(Q(O),, Q(O)H) is a subset of non-zero Lebesgue measure to imply that C > 0. Here as
well, the existence of the compact set can be proved (similarly to the proof for the SIC
decoding technique). ”
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1. INTRODUCTION

Trace inequalities are useful in many areas such as the multiple input multiple output (MIMO)
systems in control theory and communications. The trace inequality derived in this paper is used
to prove the sufficient condition that guarantees the uniqueness of a Nash equilibrium in certain
MIMO communications games with K > 1 players (see [2] for details). To be more specific,
the diagonally strict concavity condition of Rosen [3] is proven to be satisfied in the scenario of
[2]. The trace inequality under discussion has already been proven in two special cases: in [4]
for K = 1andin [1] for K = 2. In what follows, we will provide the proof for the general case
where K > 1 is arbitrary.

Theorem 1.1. Let K be a strictly positive integer, A1, By be any positive definite matrices and
Vk € {2,..., K}, Ay, By be any positive semidefinite matrices. Then

K

L —1 N 1
(1.1) T & Tr Z(Ak — By) (ZBZ) - <ZA5> >0,
=1 =1

k=1

where Tr(-) denotes the matrix trace operator.

2. AUXILIARY RESULTS
In order to prove Theorem 1.1, we will use the following auxiliary results.

Lemma 2.1. [1] Let A, B be two positive definite matrices and C, D be two positive semidefi-
nite matrices and X a Hermitian matrix. Then

2.1) Tr {XA'XB'} - Tr {X(A+C)'X(B+D) '} >0.
The proof can be found in [1].

Lemma 2.2. Let A, B be two positive definite matrices, C, D, two positive semi-definite ma-
trices. Then

(2.2) Tr{<A_B)(B+D)_1(C—D)(A+C)—1}},

Tr{(C-D)(B+D)}(A-B)(A+C)”
Proof. To prove this result, let us define £ as follows:

(2.3) E=Tr{(C-D)[(B+D)"'—(A+C)']}
We observe that £ can be written in two different ways:

& = Tr{(C-D)B+D)'[A+C-B-D|(A+C)"'}
(2.4) = Tr{(C-D)B+D)(C-D)(A+C) '} +
Tr{(C-D)(B+D)'(A-B)(A+C) '},

e R.

and
E = Tr{(C-D)A+C)'[A+C-B-D|(B+D)'}
(2.5) = Tr{(C-D)(A+C)(C-D)(B+D)'}+
Tr{(C-D)(A+C)"'(A-B)(B+D)'}.
Using this fact and the commutative property of the trace of a matrix product, the desired result
follows directly. The only thing left to be proven is that £ is real. To this end, if we denote by

AJMAA, Vol. , No. , Art. , pp. 1-5,2010 AJMAA
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M= (C-D)(B+D) (A —-B)(A+C)" !, we observe that M? = (A +C) (A -B)(B+
D)~ }(C — D). Therefore, we obtain that Tr(M*) = Tr(M) and also Tr(M) € R. &

3. PROOF OF THEOREM 1.1

k k
Define, for all k > 1, X, = Z A,and Y, = Z B;. Notice that X, and Y, are positive

=1 =1
definite matrices. We observe that 75 can be re-written recursively as follows:

Ti = Tr{(A - B)Y; (A - B)X; '}
(3.1 Tk = Tik-1+Tr{(Ax —Br)Y (Ax — Br)X '} +
Tr {(AK — BK)Y;(l (XK,1 — YKfl)X;(l}
We proceed in two steps. First, we find a lower bound for 7 and then we prove that this bound
is positive.
We start by proving that, for all X' > 1:
(3.2)

1 1
Tie > 5D Tr{(A = B) Y (A = B)X '} + ST { (X = Vi) Vi (Xie = Yio) X'}
i=1

To this end we proceed by induction on K. For all K > 1, define the proposition:
(3.3)

K
1 1
ko T > EE Tr{(A; —By)Y; (A — Bi)X;1}+§Tr {(Xx = Yr) Y (Xx — Yr)XE' )
=1

It is easy to check that, for K = 1, P is true:
(3.4)
7’1 = Tr {(Al — Bl)Yl_l(Al — Bl)Xl_l}

= 1Tr {(A; —B)Y; (A —B)X{ '+ 3T {(X4 = Y)Y ' (X — Y1) X'}

Now, let us assume that Px_; is true and prove that Py is also true. We have that:

K-1
Teer > 3> Tr{(Ai=B)Y; (A, - B)X; '} +
(3.5) i=1

v

%Tr {(XK—l - YK—l)YI_(l—l(XK—l - YK—l)X]_(l_l} .

From (3.5) and the recursive formula (3.1), we further obtain:

AJMAA, Vol. , No. , Art. , pp. 1-5,2010 AJMAA
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(3.6)
K-1
T > 3y Tr{(A-B)Y; (A -B)X; '} +
i=1
3T { Xkt = Y )Yl (Xieon = Y )X )+
Tr {(AK — BK)YI_(l(AK — BK)Xl_(l} -+ Tr {(AK — BK)YI_{I(XK,1 — YKfl)XI_(l}
(a)
>

K-1
P T {(A - BOY (A~ BX T}
=1

%TI’ {(XK—I — YK—I)Y[_(1<XK—1 — YK_l)XI_(l} +

Tr {(AK — BK)YI_(I(AK — BK)XI_{l} + Tr {(AK — BK)YI_(I(XK_l — YK_l)XI_(l}

K-1

i=1

—
=

%TI' {(XK,1 — YKfl)Yfi(l(XK,l — YKfl)Xl}l} -+
Tr {(AK — BK)YI_(l(AK — BK)Xl_(l} -+ %TI‘ {(AK — BK)YI_(l(XK,1 — YKfl)Xl_(l} -+
I {(Xko1 — Y)Y (A — Br) X'}

— %ZTr {(A; =B)Y, "(A; —B)X; '} +

=1
I {(Xo1 — Y)Y (Xwo1 — Y1) X b+
I {(Axk —Br) Y (Axk —Br) X b+ 2Tr {(Ax — Br) Y (Xko1 — Yro) X5+

%Tl" {(XK—l — YK_l)Y;(l(AK — BK>X;(1}

K
= D Tr{(A;-B)Y,; (A, - B)X; '} +
i=1
%TI' {(XK,1 + AK — YK,1 — BK)Y;(l(XK,1 + AK — YK,1 — BK>X;(1}

K
1
D IS T {(A - BOY (A - BOX ST { (X - Vi) Vi (X = Yi) X5
=1

The inequality (a) follows by applying Lemma 2.1 to the second term on the right and also
by considering that X = X 1+ Ax and Y = Y _1 + Bg. The equality (b) follows from
Lemma 2.2.
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The last step of the proof of Theorem 1.1 reduces to showing that the term on the right side
of the equality (c) is positive. This can be easily checked by observing that all the terms of the
form Tr {XB~'XA ™'}, with X a Hermitian matrix, A and B two positive definite matrices,
can be re-written as Tr(NN*) > 0 with N = A~Y/2XB~/2, Thus, for all K > 1, Tx > 0 and
the desired result has been proven.

Acknowledgment. The first author’s work was partially supported by the French L’Oréal
Program “For young women doctoral candidates in science” 2009.
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ABSTRACT

We model the interaction of several radio devices aiming to
obtain wireless connectivity by using a set of base stations
(BS) as a non-cooperative game. Each radio device aims to
maximize its own spectral efficiency (SE) in two different
scenarios: First, we let each player to use a unique BS (BS
selection) and second, we let them to simultaneously use
several BSs (BS Sharing). In both cases, we show that the
resulting game is an exact potential game. We found that
the BS selection game posses multiple Nash equilibria (NE)
while the BS sharing game posses a unique one. We provide
fully decentralized algorithms which always converge to a
NE in both games. We analyze the price of anarchy and
the price of stability for the case of BS selection. Finally,
we observed that depending on the number of transmitters,
the BS selection technique might provide a better global
performance (network spectral efficiency) than BS sharing,
which suggests the existence of a Braess type paradox.

General Terms

Game Theory, Potential Games, Base Station Selection, Base
Station Sharing, Self-Configuring Networks, Braess Para-
dox.

1. INTRODUCTION

In this paper, we consider the case where several radio
devices aim to obtain wireless connectivity by using several
base stations (BS). Here, each device must strategically de-
termine the set of BSs to use, as well as the corresponding
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power level allocated to each BS to maximize its own spec-
tral efficiency in bps/Hz. In this context, we consider two
different scenarios. First, we let each player to use a unique
BS (BS selection) and second, we let them to simultaneously
use several BSs (BS Sharing).

Note that if only one BS is considered, our model simplifies
to a multiple access channel (MAC). Here, when all trans-
mitters access the BS using the same carrier, each device
uses its maximum transmit power. When, the BS is acces-
sible through out several carriers, each transmitter uses a
water-filling power allocation (PA) considering the observed
multiple access interference as background noise at each car-
rier [29]. In the first case, such solution is Pareto optimal,
if and only if the sum of the achieved Shannon rates lies in
the convex hulk of the capacity region of the corresponding
MAC [10]. Generally, this condition may require certain co-
ordination between the transmitters, which can be achieved
by using pricing methods [1]. Conversely, in the second case,
the solution is always Pareto optimal [29]. In a more general
context, when there exists several BSs and regardless of the
performance metric, the model remains being a subject of
intensive research [3], [4], [12], [11], [24], [28].

Up to the knowledge of the authors, the state of art of
the BS sharing and BS selection scenarios is described by
the following contributions: [18], [3], [4], [24]. In [18], the
BS selection problem is investigated by considering that each
node is characterized by a fixed single user spectral efficiency.
Here, the authors showed that based on the scheme of expo-
nential learning, players converge to an evolutionarily stable
equilibrium. Additionally, the authors showed that the price
of anarchy of such a game is unaffected by disparities in the
nodes’ characteristics. In [24], the authors studied the BS se-
lection scenario assuming that the transmitters aim to min-
imize their transmit power level required to achieve a target
signal to interference plus noise ratio (SINR). Here, the in-
teraction between the radio devices is modeled as an atomic
and non-atomic potential game [19] to study the existence,
uniqueness and efficiency of the NE. Other contributions us-
ing potential games for radio resource allocation are [23, 27,



16, 8, 9]. In [4], the non-atomic extension of the BS selection
game and the atomic extension of the BS sharing game are
investigated. Therein, the performance metric is the Shan-
non rate and channel realizations are considered identical
for all transmitters. Regardless of the possibly unrealistic
assumption, the authors of [4] identified the existence of at
least one NE in the non-atomic BS selection game and the
existence of a unique equilibrium in the atomic BS sharing
game. In [3], the authors study the BS selection and shar-
ing scenarios when the number of receivers is equal to the
number of transmitters and the performance metric is their
overall SINR, i.e., the sum of the SINRs obtained at each
BS. In this context, it is showed that when all players ob-
served the same channel realization (as in [4]), restricting
each player to choose only one BS produces a socially opti-
mal NE. Conversely, when the players are left free to share
their powers among several BSs, their utilities are strongly
decreased. This effect is known as the Braess Paradox in the
frame of congestion games [6].

In this paper, we tackle the BS selection and BS Shar-
ing scenarios by modeling them as potential games. Con-
trary to previous works [24], we consider as performance
metric the spectral efficiency of each player and we let the
channel realization for each transmitter to be independently
drawn from a given probability distribution. In the former
case, we study both the atomic and non-atomic extensions
of the game. In the atomic case, we show the existence
of multiple NE and we use the best response dynamics to
provide fully distributed algorithms to achieve a NE. This
algorithm is proved to converge independently of the chan-
nel realization and the bandwidth allocated to each BS. We
measure the price of anarchy of this solution and we ob-
served that the performance of the fully decentralized solu-
tion (self-configured network) is close to that one obtained
when there exists a central controller (optimally configured
networks). In the non-atomic extension, we provide the op-
timal fractions of transmitter which must join each BS de-
pending on their available bandwidths. Regarding, the BS
sharing game, we show the existence of a unique NE. As in
the previous case, we provide a fully decentralized algorithm
which allows achieving a NE with probability one. Finally,
we compare both scenarios and identify that BS selection
performs better than BS sharing when there exists almost
the same number or more transmitters than BSs. As iden-
tified in [3], this observation constitutes a Braess type para-
dox, which implies that increasing the space of strategies of
each player, i.e., the number of BSs each player can use, ends
up degenerating the global performance of the network.

2. SYSTEM MODEL

Notation: In the sequel, matrices, vectors and scalars are
respectively denoted by boldface upper case symbols, bold-
face lower case symbols, and italic lower case symbols. The
transpose and Hermitian transpose of a vector & (matrix
X) is denoted by 27 and « (resp. X7 and X¥). The
sets of natural and real numbers are denoted by IN and R,
respectively. Finite sets of natural numbers are denoted by
calligraphic upper case letters. Given two sets denoted by
A and B, their Cartesian product is denoted by A x B. The
cardinality of set A is denoted by |A|. The S-dimensional

vectors es, for all s € {1,...,5} and S € IN, denotes a vec-
tor with zeros in all its entries except the s-th entry which
is unitary. The operator [z]*, with z € R, represents the
operation max (0, z).

Consider aset L = {1, ..., K} of transmitters and a set of
S ={1,...,5} receivers, e.g., base stations (BS) or access
points (AP). Each transmitter can access the network by
using a (non-empty) set of BSs. Each BS operates in a spe-
cific frequency band and we neglect any type of interference
due to the adjacent bands (adjacent channel interference).
We denote the bandwidth associated with BS s € S by Bs
and the total network bandwidth by B = Y7 | B,. Each
transmitter sends private messages only to its corresponding
BSs and it does not exist any kind of information exchange
between transmitters neither before nor during the whole
transmission. Both transmitters and BSs are equipped with
single antennas. Transmitter k € IC is able to simultaneously
transmit to all the BSs subject to a power constraint,

s
VE €K, D prs < Prmax; (1)

s=1
where py s and pr, max respectively denote the transmit power
dedicated to BS s by transmitter £ and its maximum to-
tal transmit power. Without any loss of generality, we as-
sume that all transmitters are limited by the same maximum

transmit power level, i.e., Vk € K, pi max = Pmax-

For all (k,s) € K x S, we denote the channel coefficients
between transmitter k¥ and BS s by hy . Each channel co-
efficient hy s is a realization of a circularly symmetric com-
plex Gaussian random variable A with zero mean and unit
variance. We consider a slow fading channel, so that all
channel realizations remain constant during the transmis-
sion time. The baseband received signals sampled at sym-
bol rate at BS s, denoted by ys, can be written as a vector
y=(y1,-.. ,ys)T, such that

Vs e S,
Here, for all (k,s) € K x S, the K-dimensional vector hs =

Ys = hs:cST + w. (2)

(h1,s,...,hK,s). The K-dimensional vector s = (z1,s,...,ZTK,s),

and zy, s represents the symbol sent by transmitter k& to BS
s. The power allocation vector of transmitter k is the vector
(Pray---yprs), and prs = E [mksxzq} represents the power
transmitted toward BS s by player k. The S-dimensional
vector w = (w1,...,ws), with ws ~ N (0,07) represents
the noise at the receivers. Here, 02 = Ny B,, where N
denotes the noise spectral density.

The SINR of transmitter k at BS s is denoted by ~i, s and
V(k,s) e K xS,

Yo = Dhishes (3)
Ck,s

=02 4 Z Dj,sgj,s represents the noise plus
JER\E
multiple access interference (MAI) undergone by player k at
BS s and gi,s = |hg,s|? represents the channel gains. We
denote by ICs the set of transmitters using the BS s. Then,
we define two different scenarios depending on the conditions
over the sets Ks for all s € S. In the first scenario, named
BS selection, each transmitter uses a unique BS. Thus, for
all s € S, the sets Ky such that |[Ks| > 0 form a partition
of the set K, i.e., V(j,k) € S? and j # k, K;NKyp = 0

where, i



and K1 U...UKs = K. In the second scenario, named BS
Selection, a given transmitter is allowed to simultaneously
use several BSs. Thus, for all s € S, the sets s form a cover
of the set K, i.e.,, Vs € §, Ks C K. In the following two
sections, we study both scenarios. Later, we compare their
performance by simulation results.

3. BASE STATION SELECTION GAMES

Assume that each transmitter can be modeled as a ra-
tional selfish player and that such an assumption is com-
mon knowledge among all players. Then, the BS selection
scenario can be modeled by a non-cooperative game G; de-
scribed by the tuple (K, (Pk),ex » (ur)rex). Here, the set
of transmitters KC is the set of players. The strategy of a
given player k € K is its PA scheme, i.e., the S-dimensional
PA vector p;, = (Pk,1,---,Pk,s) € Pr, where Py is the set
of all actions of player k (strategy set). Since each player
only transmits to a unique BS, its strategy set is defined as
a finite set Py,

P = {pres:pk €[0,pmax], Vs €S, es = (€s,1,...,€5,8)

and Vr € S\ s,es,r =0, and es s = 1}. (4)
Then, a strategy profile of the game is a super vector

p:(ph'"?pK)epa

where P is a finite set obtained from the Cartesian product
of the strategy sets P, for all k € K, ie., P =P1 X...XPxk.
Let us denote by p_, any vector in the finite set P_p =
Pi1 X ... X Pr_q X Pk+1 X ... X Pg. For a given k € K:,
the vector denoted by p_,, represents the strategies adopted
by all the players other than player k. The utility function
for player k, is defined as ur : P — R4 and measures the
satisfaction of player k& with respect to its chosen strategy
[21]. In this study, we define the utility function for all play-
ers as their spectral efficiency, i.e., the ratio between their
Shannon transmission rate and the available bandwidth B:

By
uk (PP ) = D 5 logs (1 7.5). (5)
seS

where i s is given by (Eq. 3) and p € P.

In the sequel, we consider a finite number of transmitters
(players) such that each player is concerned with the strat-
egy (BS selection and transmit power allocation) adopted by
all the other players due to mutual interference. We name
this model: atomic BS selection game. In the second part,
we consider a high number of players such that each of them
is indifferent to the strategy adopted by every single player.
In this case, each player is rather concerned with the frac-
tion of players adopting the same strategy. We name this
model non-atomic BS selection games.

3.1 Atomic BS Selection Games

In the atomic extension of the BS selection game Gi, our
interest is to find a strategy profile p* € P such that no
player is interested in changing its own strategy. Once the
network configuration p* is reached, any unilateral devia-
tion of a given player decreases its own utility. A network
configuration p* is known as a Nash equilibrium [20].

DEFINITION 1 (NAsH EQUILIBRIUM). In the strategic game
g1, a strategy profile p € P is an NE if it satisfies, for all
k € K and for all p), € Py, that

(P P_i,) = we(Phs P_y)- (6)

In the following, we analyze the existence, multiplicity and
determination of such strategy profiles.

3.1.1 Existence of at least one NE

Our first step toward identifying the strategy profiles lead-
ing to a NE is to prove that there exists at least one NE for
any specific number of transmitters and BSs regardless of
the channel realizations. There exist several methodologies
for proving this [15]. In our case, we first show that the
game G; is a potential game (PG).

DEFINITION 2 (EXACT POTENTIAL GAME). Any strate-
gic game G defined by the tuple (IC, (Pr)rex > (uk)ke,c) is an
exact potential game (PG) if there exists a function ¢ (p)
for all p € P such that for all players k € K and for all
p; € Px, it holds that

o(p) —o(p"), (7)

7pK)

Def. 2 together with Eq. (5) allow us to write the following
proposition:

uk(plwpfk) _uk(p;wpfk) =

where p’ = (P17~~~7Pk71:17;wpk+1:---

PROPOSITION 3. The strategic game Gi is an exact po-
tential game with potential function

K
Bs
¢(p) =Y 3 logs (Ug + Zpk,sgk,s) : (8)
seS k=1
Since the BS selection game G; is a PG (Prop. 3), the
following proposition (Prop. 4) is an immediate consequence
of Corollary 2.2 in [19].

PROPOSITION 4 (EXISTENCE OF THE NE). The BS se-
lection game G always has at least one NE in pure strategies.

3.1.2 Multiplicity of the NE

Once we have ensured the existence of at least one NE,
we determine whether there exists a unique NE or several
NE. As a first step, we show that rational players always
transmit at the maximum power level pmax:

PROPOSITION 5. In the BS selection game Gi, all players
will always transmit at the maximum power independently
of the channel chosen to transmit.

PRrROOF. The utility function of player k € K transmitting
to a given BS s € S is uix(pres,p_,) = log, (1 + 1’122771:5)
Then, since the logarithmic function is an increasing func-
tion, we have that V(k,s) € K x S, and Vpr € [0, pmax],
ur(pres, p_j,) = logy (14767 ) < uk(pmaxes, p_,) = logy (1+

Pmaxdk,s
Ch,s
imum transmit power level. []

). Hence, rational players will always use their max-

Prop. 5 shows that the strategy set in (4) can be re-defined
as follows

Pr = {pmax es;: Vse S, €es = (6371,. . .,ES,S)

and Vr € S\ s,es, =0, and es,s = 1}. (9)



The re-definition of the strategy sets Pr in Eq. (4) allows us
to study the multiplicity of the NE by using basic elements of
graph theory. First, let us index the elements of the strategy
set P by using the set Z = {1, e SK} such that they are
ordered following the index i € Z. Denote by p® the i-th
element of the strategy set P. Let us write each vector p(i>

with i € Z, as a vector p¥ = (pgi), e ,p(I?), where for all

jekr, pg-l) € P;. Second, consider that each of the strategy
profiles p(i) with ¢ € 7 is represented by a vertex v; in a
given non-directed graph G. Each vertex is adjacent to the
K (S —1) vertices representing the strategy profiles obtained
by letting only one player to change its own strategy. Let
us denote by V; the set of indices of the adjacent vertices of
vertex v;. More precisely, the graph GG can be defined by the
tuple G = (V, A), where the set V = {v1,...,vgx } contains
the S¥ possible strategy profiles of the game and A is a
symmetric matrix (adjacency matrix of G) with dimensions
S% x S and entries defined as follows V(i,j) € Z? and

i 7 Js
1
@ij = aji =4 g

and a;; = 0 for all ¢ € Z. In the non-directed graph G,
we define the distance between vertices v; and wv;, for all
(i,§) € I? as the length of the shortest path between v; and
v;. Considering the structure of G, a more precise definition
can be formulated for the shortest path,

ifieV;

otherwise , (10)

DEFINITION 6. [Shortest Path] The distance (shortest path)

between vertices v; and vj, with (i,7) € I? in a given non-
directed graph G = (V, A), denoted by d; ;(G) € N is:

K
dij(G) =d;i(G) = L1040 (11)
k=1

Note that the non-directed graph G satisfies the property:
V(i,j) € I?, with i # j, 1< d;;(G) < K. Thus, for a
specific number S of BSs and K transmitters, the maximum
number of NE which can be observed is obtained as follows:

PROPOSITION 7. In a given BS selection game G1 where
the condition

i) €T, withi# g, o (p7) #0(p?)  (12)

always holds, the mazimum number of NE which can be ob-
served is SE~1.

PROOF. Assume that a given strategy profile p(* (vertex
v;) with ¢ € 7 is a NE (Prop. 4). Then, given the condition
(12) it follows that none of the vertices in the set V; is a
NE. Hence, two NE vertices must be separated by a min-
imum distance two in the non-directed graph G = (V, A).
Thus, we obtain the maximum number of NE by calculat-
ing the maximum number of vertices mutually separated
by minimum distance two in G. Given any two vertices
v; and wvj, for all (i,j) € Z? with i # j we have that
d;,;(G) = 1. Then, the vertex v; and all the vertices v;

such that j € Jix = {n e T\ {i} :p,(cn) # pg)}, for any
k € K, are separated by minimum distance d; ;(G) > 2.

Then, for any (i,k) € Z x K, the set J;, has cardinal-
ity |Jikx| = S¥7' — 1. Then, the total number of points

p® p
(3) /
P "
l P
6)
p® Pm p
(5)
p

Figure 1: (a) Non-oriented graph and (b) oriented
graph representing the BS Selection game with K =
3, S = 2, under the condition ¢(p?) > ¢(p@) >
o(p") > () > ¢(pW) > ¢(p ) > ¢(p®) > ¢(p'?).
Total number of vertices: S* = 8, number of neigh-
bors per vertex: K(S —1) = 3. Maximum Number
of NE: S¥~! = 4. Number of NE: 2 (red vertices in

(b))-

mutually separated by minimum distance 2 (including the
reference vertex v;) is |Ji x| + 1 = S¥71, which completes
the proof. [

3.1.3 Determination of the NE

To evaluate the number of NE of the game G, for a specific

set of channel gains, we use an oriented graph G= (V, A),

where the adjacency matrix A is a non-symmetric square
matrix whose entries are V(i,7) € Z? and i # j,

G — 1 if 1€ Vjand ¢ (p(j>) > ¢ (p(i))
v 0 otherwise ,

and a;; =0 for all ¢ € 7.

In the graph G, we say that a given vertex v; is adjacent
to vertex vj;, if and only if ¢(p;) > #(p;) and di;(G) =
1. Note that the condition for adjacency in G represents
the rationality assumption of players: A player changes its
strategy if the new strategy brings a higher utility function,
i.e., increases the potential function. In Fig. 1, we show an
example of the non-directed G and oriented G graphs for
the case where K =3 and S = 2.

From the definition of the matrix A, we have that a neces-
sary and sufficient condition for a vertex v; to represent a NE
strategy profile is to have a null out-degree: deg™ (v;) = 0
(sink vertex), in the oriented graph G. Hence, obtaining the
number of NE in the game G; boils down to identifying all
the sinks in the oriented graph G. For doing so, it suffices
to identify the indices of the rows of matrix A containing
only zeros. If the i-th row of matrix A is a null vector,
then the strategy profile p is a NE. However, building
the matrix A requires complete CSI, since it is necessary to
determine whether ¢(p) > ¢(p), d(p?) = ¢(p) or
o) < p(p¥) for all i € T and j € V.

To determine a strategy profile leading to a NE, in a dis-
tributed fashion with a less restrictive CSI at each radio
device, we introduce the following definition:

(13)

DEFINITION 8  (RANDOM WALKS). A walk through an
oriented graph G is an ordered list of vertices viy,...,Viy
such that vertex Vi is adjacent to verter v;, , with i, € T
for alln € {1,...,N}, and N < S¥. We say that a walk



is random if given a verter vq, , the vertex v;, , is chosen
randomly from the set V;, .

From Def. 8, we have the following result:

_ ProposiTION 9. Any random walk in the oriented graph
G ends in a vertex representing a NE.

PROOF. Each step of the walk, i.e. the transition from
vertex v, to vi,,,, can be interpreted as changing from
one strategy profile p{")| i,, € T to another strategy profile
plint1) i, € Vs, such that ¢(pl)) < ¢(pln+1)). Since
there exists a finite number of vertices in the graph, it turns
out that any sequence ¢(p'')) < ¢(p''?)) < ... < ¢(p"'N)),
with i, € T for all n € {1,..., N}, is finite, i.e., N < S¥.
Moreover, the walk is ended if and only if the vertex vx does
not have any adjacent node, i.e., vertex vy is a sink vertex.
From the definition of the adjacency matrix A in Eq. (13)
it follows that any sink vertex represents a NE (Def. 1).
Thus, any random walk in the oriented graph G ends in a
NE. This completes the proof. []

In practical terms, to perform a walk through the oriented
graph G implies imposing certain rules on each transmit-
ter of a given self-configuring network: (a) A given player
changes its strategy if and only if the potential function can
be strictly increased. (b) Two or more players do not change
their strategy simultaneously. (¢) All players have the same
chances to update their strategies. The first condition de-
rives from the fact that each player aims to maximize its
own utility function. The second condition is to ensure that
each step in the random walk is equivalent to going from a
given vertex to one of its adjacent vertices. The third con-
dition is to ensure a random walk, i.e., to ensure that each
step is done with the same probability to any of the adja-
cent vertices. The last two conditions might require certain
synchronization system among the transmitters.

Algorithm 1 Base Station Selection Algorithm
Require: Vk € K,

MALI Vector: ¢, (0) = (Ck,l(o): ERE Ck,s(o))
Channel Realizations: g, = (gx,1,---,9k,5), Vk € K
t < 0.
repeat

t<—t+1

for k=1 to K do

s +— argmax log, (Pmaxgk,s + Ek,s(t — 1))
€S
Py (t) < Pmax€s .
Cru(t) + Cp(t = 1) + (pi(t) — pr(t — 1)) g3
until p(t) = p(t—1)

Note that if the algorithm is implemented in a distributed
way, each player k € IC requires the knowledge of two pa-
rameters. First, the MAI level at each BS, i.e., the vector

¢ =(G,...,¢s), where (s =02 + Zpk,sgk,s and which is

kek
common to all the players. Second, the channel realization

with respect to each BS, i.e., the vector g, = (gk,1,- -, gk,s)-
Each element of the vector ¢ is obtained by feedback from
the corresponding BS at a frequency higher than the recip-
rocal of the channel coherence time. Each element of the

S 5T -e-Random Updates. Trial 1
= & , A Random Updates. Trial 2.
b=} 4 ¢ , —e—-Random Updates. Trial 3.
3 ---NE1
é ; e NE 2
al -=NE3
-0
oL
s
| i | | | | | | | i
2 4 6 8 10 12 14 16 18 20
Steps

Figure 2: Evolution of the potential at each update
of the players using the BS Selection Alg. 1. At
each step one player is randomly chosen to update
its strategy. All the sequences are obtained using
the same set of channel realizations hy s, V(k,s) €
K x S. Number of players K = 5, Number of BSs

S =3, 2L =0.14, 22 = 040, and 22 = 0.46. SNR =

101og;, (5’;53) —10 dB.

vector g, must be estimated by transmitter k£ using channel
estimation techniques, e.g., combining channel reciprocity
and training sequences in a two-way link. An important re-
mark regarding the proposed algorithm is that the NE where
a given walk ends, mainly depends on the starting vertex in
the graph G and the order we let each player to update its
strategy. Thus, if each player is randomly chosen for up-
dating at a given point of time, it is not possible to predict
the NE where a walk ends. Hence, this might lead us to
the situation where the convergence point is a non-optimal
NE regarding a global metric, e.g., the network spectral ef-
ficiency. We analyze the optimality issues in Sec. 3.3. In
Fig. 2 we show a walk through the directed graph G of a
given BS selection game with K =5 and S = 2 and a given
set of channel realizations. The potential obtained at each

possible strategy profile p(i)7 i.e., ¢ (pm) with ¢ € 7 is plot-
ted in Fig. 3 as a function of their index 4. In Fig. 2, it can
be seen how different walks end in different NE.

3.2 Non-Atomic Base Station Selection Games

In the non-atomic BS selection game, we consider that
there exists a large number of players, such that players
are indifferent to the strategy adopted by any single player.
Each player is rather concerned with simultaneous devia-
tions of fractions of the total number of players. Let us
denote by x, the fraction of players transmitting to BS s,
and assume that

Vs € Sk, Ts = “E(.Sl

S
E X; =
i=1

‘We denote the ratio between the available total bandwidth
B and the total number of transmitters K by o = %. Thus,

(14)

[y
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SNR = 101og,, (52 ) = 10 dB.

the ratio between the available bandwidth at BS s and K,
denoted by as = %, satisfies Zle as = a. Using, these
notations, the potential function ¢ can be written as follows

K
¢(p) = Z 10g2 <Us + Zpk s9k, 5>

seS k=1
= Z 10g2 <O's + Pmax Z Ik, s>
seS keKs

B
= Z ES 10g2 K No as + pmax
sES

§ gk s
kEKs

ng5>

keKs

= —1 No as smax
ZBOg2<Oa+(‘Tp "C|

seS

+ Z log, (K (15)

sES

Note that the term Z

seS
the strategy of the players. Thus, following Lemma 2.7 in

[19], the function

Z log, (No s + (ZsPmax) |IC | Z Ik, s)

seS kEK s
(16)

can be considered as another exact potential function of the
BS selection game G;. Now, we assume that the number
of players grows toward infinity at the same rate that the
bandwidth available at each BS, i.e.,

® log, (K) does not depend on

e B—00and K — oo,

o i B < and
11m - = o0 8l
B, K00 K ’

. Bs
OVSGS,B.hm ?—as<oo.

s, K—00
From a practical point of view, when the number of trans-
mitters grows toward infinity while the total bandwidth or
number of BSs remain constant, the MAI becomes a dom-
inant parameter and thus, independently of the strategy
adopted by each player, their own utility function tends to
zero. Thus, no quality of service can be guaranteed, for in-
stance, in terms of minimum transmission rates. For avoid-
ing such a situation, we have considered that the number of
players grows to infinity at the same rate as the total band-
width. This ensures that the utility function of each player
does not tend to zero when the load (number of transmitters
per BS) of the network is increased. Under these conditions,
it holds that for all s € S, |Ks| — oo, and thus:

|K|ng9%/ MF,(\) = Q, (17)
kEK
where Fy is the cumulative probability function associated
with the probability density function f; of the random vari-
able g (channel gains) described in Sec. 2: dFg(X\) = f(A)dA.
This result allows us to write the function ¢ as a function
of the fractions z1,...,xs,

Z % log, (No s + Tspmax2),  (18)
seS

¢($1,. .

,1’5) -

and thus, finding a set of fractions such that no player is
interested to modify, i.e. a NE in the non-atomic extension
of the game G; boils down to solve the following optimization
problem (OP) [26],

As
s (19)
5.t > wi=1and Vi€, z; >0,

i=1
which has a unique solution of the form
Bs

Ts = 5 (20)
In Fig. 4, we show the fractions zs, with s € S, obtained by
Monte-Carlo simulations and using Eq. (20) for a network
with S = 6 BSs and K = 100 transmitters. Therein, it
becomes evident that Eq. (20) is a precise estimation of the
outcome of the non-atomic BS selection game. Note that if
all the BSs are allocated with the same bandwidth Bs = £
Vs € S, the fraction of players at each BS is identical, i.e.,
Vs € S, xs = % This result is a generalization of the one
in [4], where similar fractions were obtained for the case
where each BS is allocated with the same bandwidth and
players observe the same channel gains, i.e., V(k,s) € K xS,
gk,S =1.

Vs € S,

3.3 Efficiency of the Nash Equilibria

Here, we evaluate the performance of the network when
a completely decentralized stable configuration is achieved
(Nash equilibrium) and the performance when there exists a
central controller that dictates a configuration which max-
imizes a given global metric. In this study, we consider as
global metric, the sum of the utilities of each player, i.e.,
the network spectral efficiency. To carry out such a study
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we consider two metrics known in the game theory jargon
as price of anarchy and price of stability [14]. We formally
define such parameters as follows:

DEFINITION 10. In the strategic game (IC7 (Pr)pexc s (uk)kelc),

denote the set of NE strategy profiles by P* C P. Then, the
price of anarchy (PoA) and the price of stability (PoS) are
the ratios,

PoA = —*L (21)

and

Po§ = — =L (22)

respectively.

The discrete nature of the strategy set of the players makes
obtaining a closed-form expression for both the PoA and
PoS, a very difficult task. Thus, we evaluate both PoA and
PoS using Monte-Carlo simulations. For instance, in Fig 5,
we respectively plot the PoA and PoS for a network with
S €{2,3} BSs, and K € {1,...,9} players. Therein, we ob-
serve that the loss due to decentralization is minimum since
PoA — 1, when the number of players increase. Simi-
larly to the PoA, the PoS is also close to unity but different
from the PoA. This implies that effectively, the case where
several NE are observed, takes place often. As a conclud-
ing remark regarding the efficiency of NE, we state that
the self-configuring nature of the network does not imply a
significant loss of optimality, i.e., if the network were cen-

tralized by enforcing signaling protocols between all trans-
mitters and the different BSs, the gain in network spectral
efficiency will not justify the increment of signaling traffic
due to the feedback of the optimal strategies.

3.4 Equilibrium in Mixed Strategies

For any player k € K, let the vector q,, = (qr.,1,---,qk,s)
represent a discrete probability distribution over the set of
pure strategies P;. Here, g s represents the probability of
player k transmitting to BS s. The mixed-strategy space of
player k is the standard simplex Qj:

S
7qk-,5) € RS : quvs = 17

s=1

and Vs € 87 qk,s 2 0}7 (23)

and the space of mixed-strategies is @ = Q1 X ... X Q.
Let s = (s1,...,8K) be a vector in the discrete set A
Let us also index each element of the set S¥ with the set
{1, ey SK} such that elements are ordered following the

index i € {1,...,5%}. Denote by s = (sgi),...,sg?), the

i-th element of such a set S¥. Denote by p@c, the vector

A = {lar -

@ _ () (4) (%) (%)
p_k - (pl 7"'7pk_17pk+17"'7p}() 9

where for all j € IC, pé-i)
strategy extension of the BS selection game Gi, the utility
function Uk (q), with ¢ = (q,,...,qx) € Q, is defined as the
expected value of the corresponding pure strategy utilities
with respect to the probability distributions g, for all & € IC,

1.e.

= Pmax€ (i) € P;. In the mixed-
J

sK K
Us(@ra-1) =3 [[ g, om@”p%). (29)
i=1 k=1

Following Lemma 2.10 in [19], and since, the game G; is an
exact PG (Prop. 3), we claim the existence of a potential
function in the mixed-strategy extension of G;. We denote
such a potential by ¢(q),

sK K
@ => 11 qk’sgpqﬁ(pm), (25)
i=1 k=1
where g € Q. From [20], we know that there always exists a
NE in mixed strategies for the game G;. Thus the following
OP must have at least one solution,

sK Kk

max ST qusgcmﬁ(P(i))
S

(k.5 )y(noyerxs =1 kel
(26)
s.t. VEEK, > qr=1,

s=1
V(k,s) e xS, qsir=>0.

However, the solution to the OP (26) might not be neces-
sarily a fully mixed strategy, i.e., a vector g, with more
than one entry different from zero. Indeed, depending on
the channel realizations, it is possible that no NE in fully
mixed strategies is observed, i.e.,

3(k78) ELXS: vq € Qv Uk(eSaq—k) > Uk(qlmq—k)'
(27)
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For instance, consider the case when there exist two players
and two BSs, i.e., K = 2, and S = 2. Then, we obtain that
if there exists a pair (k,s) € K x S, such that

2

Jk,—s < 0_s

S )
9k,s 0’3 + Pmax9—k,s

(28)

the condition (27) always holds and thus, it does not exist
a NE in fully mixed strategies. Here, we denote by —s and
—Fk the element other than s and k, in the binary sets S
and K, respectively. Note that the non-existence of a NE in
fully mixed strategies does not mean that it does not exist
a NE in mixed strategies [20]. The existence of at least one
NE in pure strategies has been proved (Prop. 4) and a pure
strategy NE is also a (degenerated) mixed strategy NE.
There exists several algorithms to iteratively solve the OP
(26). Those algorithms are known in the domain of machine
learning theory as linear reward inaction and linear reward
penalty [25]. Several applications of those algorithms are
presented in [27, 22, 17]. Contrary to the algorithms pre-
sented in this paper, linear reward inaction and penalty al-
gorithms requires to set up some parameters to refine the
convergence speed and the accuracy of the obtained prob-
ability distributions [25]. These parameters depend on the
channel realizations, which means that at each coherence
time such parameters must be re-adjusted by training.

4. BASE STATION SHARING GAMES

In this section, we consider the case where each player
can be associated with several BSs. Here, each player not
only selects its set of BSs but also the specific power level
to transmit to each of its BSs. We define this interaction
as a strategic game denoted by Go = (K, (Pk) sexc » (Uk)kek)s
where the set K remains being the indices of each player as
in the previous section, P represents the space of strategies,

where P =Py X ...Pk and for all £ € K

Py = {(pk,la~~-7pk,5)GRSZVSES, pr,s = 0,

and Zpk,s < pmax} .

seS

The utility function remains being the spectral efficiency of
each player as defined by Eq. (5).

4.1 Existence and Unigueness of the NE
To study the NE of the BS Sharing game G, we first

introduce the following proposition:

PROPOSITION 11. The BS sharing game G2 is an exact
potential game with potential function ¢(p) given by Eq. (8)
forallp e P.

Prop. 11 leads us to the following result:

PROPOSITION 12. In the strategic game G2 the strategy

profile p* = (p,...,Pk), with py, = (pi1,---,Pk,s), where
for all (k,s) e K xS,

* Bs Ck: s :| +
s = - == 29
e = | g - S (29)
is the unique NE of the game. The constant B for each
s

player k is set to satisfy the condition Zp’” = Pmax and
s=1
Ci,s represents the noise plus MAI overcome by player k at

BS s.

ProOOF. To prove the existence of at least one NE, we
use the fact that the BS sharing game G> is a PG (Prop.
11). Then, following Corollary 2.2 in [19], the existence of
at least one NE is ensured. Thus, proving the uniqueness of
the NE ends up being equivalent to prove that the OP:

Bs 2
posses a unique solution. Indeed, since the potential func-
tion ¢ is strictly concave on P and P is a simplex, and thus
convex, the Karush-Khun-Tucker (KKT) conditions are nec-
essary and sufficient conditions of optimality. Hence, we
write:

V(k,s) € K x S, %(Mﬁ)_gwykzo
S
vk € K, Bk (Zpk,s _pmax> =0 (31)
s=1
V(k,s) e K xS, Vkpr,s = 0,

The solution to the system of equations (31) is known to

be unique and achieved by using the water-filling algorithm

[10]. Such a solution is given by expression Eq. (29) where
s

B is uniquely determined to satisfy the condition Zpk,s =
s=1

Pmax, for all k € K. This ends up the proof. [

4.2 Determination of the NE

The NE of the BS sharing game G» is fully determined
by Eq. (29). Here, we study a decentralized algorithm such
that the NE in Prop. 12 can be achieved by players in
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a decentralized fashion. First, consider that the strategy
space P is obtained from the Cartesian product of the closed
convex sets Py, for all k € K. Second, note that the solution
to the OP

max qb(pl,A..7pk71,w7pk+1,.l.7pK) (32)

zEP,

for all k € K and for all p_, € P_j is unique and can be
determined by using the water-filling algorithm [10]. Thus,
the OP (30) can be solved iteratively by using a non-linear
Gauss-Seidel method. Denote by p, (t) the solution to p, at
iteration ¢, where t € IN and p, (¢t 4+ 1) is given by

argmaxqﬁ (pl (t + 1)7 “'7plc—1(t + 1)7pk(t)7pk+1(t)7 “'7pK(t)) .

Then, following Prop. 2.7.1 in [5], the convergence of the
sequence {px(t)}reqi,..., vy for N >> 0 is ensured. Based on
this result, we introduce the algorithm Alg. 2 for the BS
sharing game:

Algorithm 2 Base Station Sharing Algorithm
Require: Vk € K,

MALI Vector: ¢, (0) = (¢4.1(0),...,¢,.5(0))
Channel Realizations: g, = (gk,1,---,9%,3), Vk € I
t <+ 0.
repeat

t<—t+1

for k=1 to K do

P (t) asggix ;S % logy (Pk,sGk,s + Ek,s(t — 1))
Crl(t) = Cr(t = 1) + (pi(t) — Py (t - 1))95
until p(t) = p(t — 1)

In Fig. 6 we show the convergence to the maximum of the
potential function ¢ using Alg. 2 for the case of a network
with K = 6 transmitters and S = 3 BSs. Therein, we show
both a round Robin and random updates. In both cases, the
convergence is achieved in very few iterations.

5. PERFORMANCE ANALYSIS

In this section, we use algorithms Alg. 1 and Alg. 2 to
compare the global performance of the network when BS
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selection and BS sharing are used. We choose the network
spectral efficiency as the global performance metric, i.e., the
sum of the utilities of all players. In fig. 7, we plot the
network spectral efficiency for a network with S € {2,4,8}
BSs and K € {2,...,60} transmitters assuming an SNR
of 10 dB for each player. We observe that when K < S
the BS sharing technique performs better than BS selection.
However, when K > S, the performance of the BS selection
is strongly superior to BS sharing. For a large number of
transmitters both techniques perform similarly.

Note that the strategy space of each player is bigger in the
BS sharing scenario. Thus, one can think that a better per-
formance is always obtained by using BS sharing than using
BS selection. Paradoxically, we have found that on the con-
trary, for nearly fully and fully loaded networks i.e., K ~ S
and K > S, increasing the space of strategies of each player
produces a global loss of performance. A similar paradox is
observed in congestion games where adding extra capacity
to the network ends up reducing the overall performance [6].
A similar paradox to the one presented in this work is also
observed in [3, 7, 13, 2].

6. CONCLUDING REMARKS

We have investigated the BS selection and BS sharing sce-
narios in the context of self-configuring networks using a
non-cooperative model focusing on the spectral efficiency of
each transmitter. We have proved the existence of at least
one NE in both cases. In the BS sharing game a unique
NE is observed, whereas BS selection games might exhibit
several. We have provided fully decentralized algorithms
such that players can calculate their NE strategy based on
local information and the MAI observed at each BS. We
have observed that no significant gain would be achieved by
introducing a central controller in the case of BS selection.
The self-configured network performs almost identical to the



optimally configured network.

Finally, we have identified that depending on the number
of transmitters BS selection might perform better than BS
sharing. This result implies a Braess type paradox, where
increasing the strategy space of each players produces a de-
generation of the global network spectral efficiency.
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Power Allocation Games in Interference Relay
Channels. Existence Analysis of Nash Equilibria

Elena Veronica Belmega, Brice Djeumou, and Samson Lasaulce

Abstract—We consider a network composed of two interfering
point-to-point links where the two transmitters can exploit one
common relay node to improve their individual transmission rate.
Communications are assumed to be multi-band and transmitters
are assumed to selfishly allocate their resources to optimize
their individual transmission rate. The main objective of this
paper is to show that this conflicting situation (modeled by a
non-cooperative game) has some stable outcomes, namely Nash
equilibria. This result is proved for three different types of
relaying protocols: decode-and-forward, estimate-and-forward,
and amplify-and-forward. We provide additional results on the
problems of uniqueness, efficiency of the equilibrium, and con-
vergence of a best-response based dynamics to the equilibrium.
These issues are analyzed in a special case of the amplify-and-
forward protocol and illustrated by simulations in general.

Index Terms—Cognitive radio, game theory, interference chan-
nel, interference relay channel, Nash equilibrium, power alloca-
tion games, relay channel.

I. INTRODUCTION

A possible way to improve the performance in terms of
range, transmission rate or quality of a network composed
of mutual interfering independent source-destination links, is
to add some relaying nodes in the network. This approach
can be relevant in both wired and wireless networks. For
example, it can be desirable and even necessary to improve
the performance of the (wired) link between the digital sub-
scriber line (DSL) access multiplexors (or central office) and
customers’ facilities and/or the (wireless) links between some
access points and their respective receivers (personal com-
puters, laptops, etc). The mentioned scenarios give a strong
motivation for studying the following system composed of two
transmitters communicating with their respective receivers and
which can use a relay node. The channel model used to analyze
this type of network has been called the interference relay
channel (IRC) in [3][4] where the authors introduce a channel
with two transmitters, two receivers, and one relay, all of them
operating in the same frequency band. The main contribution
of [3][4] is to derive achievable transmission rate regions for
Gaussian IRCs assuming that the relay is implementing the
decode-and-forward protocol (DF) and dirty paper coding.

In this paper, we consider multi-band interference relay
channels and three different types of protocols at the re-

The material in this paper has been presented in part at the IEEE Intl.
Conf. on Acoustics, Speech and Signal Processing (ICASSP), Taipei, Taiwan,
April 2009 [1] and the ICST/IEEE Intl. Conf. on Game Theory for Networks
(GAMENETS), Istanbul, Turkey, May 2009 [2].

E. V. Belmega, B. Djeumou, and S. Lasaulce are with LSS (joint lab of
CNRS, Supélec, Paris 11), Supélec, Plateau du Moulon, 91192 Gif-sur-Y vette,
France, {belmega,djeumou,lasaulce}@Iss.supelec.fr.

lay, namely DF, estimate-and-forward (EF), and amplify-and-
forward (AF). One of our main objectives is to study the cor-
responding power allocation (PA) problems at the transmitters.
To this end, we proceed in two main steps. First, we provide
achievable transmission rates for single-band Gaussian IRCs
when DF, EF, and AF are respectively assumed. Second, we
use these results to analyze the properties of the transmission
rates for the multi-band case. In the multi-band case, we
assume that the transmitters are decision makers that can freely
choose their own resource allocation policies while selfishly
maximizing their transmission rates. This resource allocation
problem can be modeled as a static non-cooperative game.
The closest works concerning the game-theoretic approach
we adopt here seem to be [5][6][7][8] and [9][10][11]. In [5]
[6], the authors study the frequency selective and the parallel
interference channels and provide sufficient conditions on the
channel gains that ensure the existence and uniqueness of the
Nash equilibrium (NE) and convergence of iterative water-
filling algorithms. These conditions have been further refined
in [7]. In [9], a traffic game in parallel relay networks is con-
sidered where each source chooses its power allocation policy
to minimize a certain cost function. The price of anarchy [12]
is analyzed in such a scenario. In [10], a quite similar analysis
is conducted for multi-hop networks. In [11], the authors
consider a special case of the Gaussian IRC where there
are no direct links between the sources and destinations and
there are two dedicated relays (one for each source-destination
pair) implementing DF. The power allocation game consists
in sharing the user’s power between the source and relay
transmission. The existence, uniqueness of, and convergence
to a NE issues are addressed. In the present paper however,
we mainly focus on the existence issue of an NE in the
games under study, which is already a non-trivial problem. The
uniqueness, efficiency, and the design of convergent distributed
power allocation algorithms are studied only in a special case
and the generalization is left as very useful extension of the
present paper.

This paper is structured as follows. Sec. Il describes the
system model and assumptions in multi-band IRCs. Sec. Il
provides achievable transmission rates for single-band IRCs.
These rates are exploited further in multi-band IRCs (as users’
utility functions) analyzed in Sec. IV where the existence
issue of NE in the non-cooperative power allocation game is
studied. Three relaying protocols are considered: DF, EF, and
AF. Sec. IV provides additional results on uniqueness of NE
and convergence to NE for the AF protocol. Sec. V illustrates
simulations highlighting the importance of optimally locating
the relay and the efficiency of the possible NE. We conclude



with summarizing remarks and possible extensions in Sec. VI.

Il. SYSTEM MODEL

The system under investigation is represented in Fig. 1. It
is composed of two source nodes S1, S (also called trans-
mitters), transmitting their private messages to their respective
destination nodes Dy, D (also called receivers). To this end,
each source can exploit @ non-overlapping frequency bands
(the notation (q) will be used to refer to band ¢ € {1,...,Q})
which are assumed to be of unit bandwidth. The signals
transmitted by S; and S, in band (q), denoted by qu) and
Xé‘”, respectively, are assumed to be independent and power
constrained:

Q
vie{1,2}, Y EIX”] <P, 1)

q=1

For i € {1,2}, we denote by 07@ the fraction of power that
is used by S; for transmitting in band (q) that is, ]E|Xi(q>\2 =
07@3. Additionally, we assume that there exists a multi-band
relay R. With these notations, the signals received by D1, Ds,
and R in band (q) express as:

Y1(q) hgql)Xl(q) + hg{)Xéq) + hf,[{)Xr(q) + Zi”
Yz(q) hg%)Xl(q) + héqz)XQ(q) + h%)Xr(q) + Zéq) 2)
y, (@) hgz)Xl(q) + hgi)XérI) + 7z

where 29 ~ N (0, N\7), i € {1,2,r}, represents the Gaus-
sian complex noise on band (q) and, for all (i,5) € {1,2}2,
hgj) is the channel gain between S; and D; and h{? is the
channel gain between S; and R in band (¢). The channel gains
are considered to be static. In wireless networks, this would
amount, for instance, to considering a realistic situation where
only large scale propagation effects can be taken into account
by the transmitters to optimize their rates. The proposed
approach can be applied to other types of channel models.
Concerning channel state information (CSI), we will always
assume coherent communications for each transmitter-receiver
pair (S;,D;) whereas, at the transmitters, the information as-
sumptions will be context dependent. The single-user decoding
(SUD) will always be assumed at D; and D,. This is a realistic
assumption in a framework where devices communicate in an
a priori uncoordinated manner. At the relay, the implemented
reception scheme will depend on the protocol assumed. The
expressions of the signals transmitted by the relay, X,(.‘I), q €
{1,...,@Q}, depend on the relay protocol assumed and will
therefore also be explained in the corresponding sections. So
far, we have not mentioned any power constraint on the signals
X7, Note that the signal model (2) is sufficiently general
for addressing two important scenarios. If one imposes an
overall power constraint Z?:1E|X§‘I)|2 < P,, multi-carrier
IRCs with a single relay can be studied. On the other hand,
if one imposes E|X\?|2 < P9 ¢ € {1,...,Q}, multi-band
IRCs where a relay is available on each band (the relays
are not necessarily co-located) can be studied. In this paper,
for simplicity reasons and as a first step towards solving
the general problem (where both source and relaying nodes

optimize their PA policies) we will assume that the relay
implements a fixed power allocation policy between the @
available bands (E| X 7|2 = P9 ¢ € {1,...,Q}).

To conclude this section, we will mention and justify one
additional assumption. As in [4][3][13], the relay will be
assumed to operate in the full-duplex mode. Mathematically,
it is known from [14] that the achievability proofs for the
full-duplex case can be almost directly applied the half-duplex
case. But this is not our main motivation. Our main motivation
is that, in some communication scenarios, the full-duplex
assumption is realistic (see e.g., [1] where the transmit and
receive radio-frequency parts are not co-located) and even
more suited. In the scenario of DSL systems mentioned in Sec.
I, the relay is connected to the source and destination through
wired links. This allows the implementation of full-duplex
repeaters, amplifiers, or digital relays. The same comment can
be applied to optical communications.

Notational conventions

The capacity function for complex signals is denoted by
C(z) £ logy(1+ z); for all a € [0,1], the quantity @ stands
for @ = 1 — a; the notation —i means that —; = 1 if i = 2
and —i = 2 if 4 = 1; for all complex numbers ¢ € C, ¢*,
lc|, Re(c) and Zm(c) denote the complex conjugate, modulus
and the real and imaginary parts respectively.

I1l. ACHIEVABLE TRANSMISSION RATES FOR
SINGLE-BAND IRCs

This section provides preliminary results regarding the
achievable rate regions for the IRCs assuming DF, EF, and
AF protocols. They are necessary to express transmission rates
in the multi-band case. Thus, we do not aim at improving
available rate regions for IRCs as in [13] and related works
[15][16][17]. In the latter references, the authors consider
some special cases of the discrete IRC and derive rate re-
gions based on the DF protocol and different coding-decoding
schemes. In what follows, we make some suboptimal choices
for the used coding-decoding schemes and relaying protocols
which are motivated by a decentralized framework where each
destination does not know the codebook used by the other
destination. This approach, facilitates the deployment of relays
since the receivers do not need to be modified. In particular,
this explains why we do not exploit techniques like rate-
splitting or successive interference cancellation. As we assume
single-band IRCs, we have that @ = 1. For the sake of clarity,
we omit the superscript (1) from the different quantities used
e.g., Xi(l) becomes in this section X;.

A. Transmission rates for the DF protocol

One of the purposes of this section is to state a corollary
from [3]. Indeed, the given result corresponds to the special
case of the rate region derived in [3] where each source sends
to its respective destination a private message only (and not
both public and private messages as in [3]). The reason for
providing this region here is threefold: it is necessary for the
multi-band case, it is used in the simulation part to establish
a comparison between the different relaying protocols under
consideration in this paper, and it makes the paper sufficiently



self-contained. The principle of the DF protocol is detailed in
[14] and we give here only the main idea behind it. Consider a
Gaussian relay channel where the source-relay link has a better
quality than the source-destination link. From each message
intended for the destination, the source builds a coarse and a
fine message. With these two messages, the source superposes
two codewords. The rates associated with these codewords (or
messages) are such that the relay can reliably decode both
of them while the destination can only decode the coarse
message. After decoding this message, the destination can
subtract the corresponding signal and try to decode the fine
message. To help the destination to do so, the relay cooperates
with the source by sending some information about the fine
message. Mathematically, this translates as follows. The signal

transmitted by S; is structured as X; = Xio + /=5
The signals X,y and X,.; are independent and correspond to
the coarse and fine messages respectively; the parameter v;
represents the fraction of transmit power the relay allocates to
user i, hence we have v + v, < 1; the parameter 7; represents
the fraction of transmit power S; allocates to the cooperation
signal (conveying the fine message). Therefore, we have the
following result.

Corollary 3.1 ([3]): When DF is assumed, the region in (3)
is achievable; for i € {1,2}, where j = —i, (v1,12) € [0,1]2
st.v1 4+ <1 and (7'1,7'2) S [0, 1]2, T+ 71 <1

In a context of decentralized networks, each source S;
has to optimize the parameter 7; in order to maximize its
transmission rate R;. In the rate region above, one can observe
that this choice is not independent of the choice of the other
source. Therefore, each source finds its optimal strategy by
optimizing its rate w.r.t. 7;*(7;). In order to do that, each source
has to make some assumptions on the value 7; used by the
other source. This is precisely a non-cooperative game where
each player makes some assumptions on the other player’s
behavior and maximizes its own utility. Interestingly, we see
that, even in the single-band case, the DF protocol introduces a
power allocation game through the parameter 7; representing
the cooperation degree between the source S; and relay. In
this paper, for obvious reasons of space, we will restrict our
attention to the case where the cooperation degrees are fixed.
In other words, in the multi-band scenario, the transmitter
strategy will consist in choosing only the power allocation
policy over the available bands. For more details on the game
induced by the cooperation degrees the reader is referred to

[2].

B. Transmission rates for the EF protocol

Here, we consider a second main class of relaying proto-
cols, namely the estimate-and-forward protocol. A well-known
property of the EF protocol for the relay channel [14] is that it
always improves the performance of the receiver w.r.t. the case
without relay (in contrast with DF protocols which can degrade
the performance of the point-to-point link). The principle of
the EF protocol for the standard relay channel is that the
relay sends an approximated version of its observation signal
to the receiver. More precisely, from an information-theoretic
point of view [14], the relay compresses its observation in

the Wyner-Ziv manner [18], i.e., knowing that the destination
also receives a direct signal from the source that is correlated
with the signal to be compressed. The compression rate is
precisely tuned by taking into account this correlation degree
and the quality of the relay-destination link. In our setup,
we have two different receivers. The relay can either create
a single quantized version of its observation, common to both
receivers, or two quantized versions, one adapted for each
destination. We have chosen the second type of quantization
which we call the “bi-level compression EF”. We note the
work by [19] where the authors consider a different channel,
namely a separated two-way relay channel, and exploit a
similar idea, namely using two quantization levels at the relay.
In the scheme used here, each receiver decodes independently
its own message, which is less demanding than a joint de-
coding scheme in terms of information assumptions. As we
have already mentioned, the relay implements the Wyner-Ziv
compression and superposition coding similarly to a broadcast
channel. The difference with the broadcast channel is that each
destination also receives the two direct signals from the source
nodes. The rate region which can be obtained by using such
a coding scheme is given by the following theorem proved in
Appendix A.

Theorem 3.2: For the Gaussian IRC with private messages
and bi-level compression EF protocol, any rate pair (R1, R2)
is achievable where

1) if
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3) else the rates are given by (8), (9)
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subject to the

N s (11112 Py +|ho1 |2 Po+|hp1 |Pro Prt N1 ) A— A7
wz = [hr1|2v1 Py

N® > (Ih22|? Pa+|h12|? Pr+|hro|? vy Pr+ No) A— A2
we = [hr2]2v2 Pr ’

with N representing the quantization noise corresponding
to receiver i, (v1,12) € [0,1]%, 1 + 12 < 1, the relay PA, A =
|hir|? Py + |hor[* Pa+ Ny, A1 = 2Re(h11hi,) PL+2Re(ha1hs, ) P
and Ay = 2Re(hiahi, ) P1 + 2Re(haahs, ) Po.

The three scenarios emphasized in this theorem correspond
to the following situations: 1) D; has the better link (in
the sense of the theorem) and can decode both the relay
message intended for Dy and its own message; 2) this scenario
is the dual of scenario 1); 3) in this latter scenario, each
destination node sees the cooperation signal intended for the
other destination node as interference.
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C. Transmission rates for the AF protocol

In this section, the relay is assumed to implement an analog
amplifier which does not introduce any delay on the relayed
signal. The main features of AF-type protocols are well-known
by now (e.g., such relays are generally cheap, involve low
complexity relay transceivers, and generally induce negligible
processing delays in contrast with DF and EF-type relaying
protocols). The relay merely sends X, = a,Y, where a,
corresponds to the relay amplification factor/gain. We call
the corresponding protocol the zero-delay scalar amplify-and-
forward (ZDSAF). The type of assumptions we make here fits
well to the setting of DSL or optical communication networks.
In wireless networks, the assumed protocol can be seen as
an approximation of a scenario with a relay equipped with
a power amplifier only. The following theorem provides a
region of transmission rates that can be achieved when the
transmitters send private messages to their respective receivers,
the relay implements the ZDSAF protocol and the receivers
implement single-user decoding. The considered framework is
attractive in the sense that an AF-based relay can be added to
the network without changing the receivers.

Theorem 3.3 (Transmission rate region for the IRC with ZDSAF):

Let R;, ¢ € {1,2}, be the transmission rate for the source
node S;. When ZDSAF is assumed the following region is
achievable:

lar hirhrithiil®ps

S N . ;
lar hjrhrithiil?p; N—i-’-aﬁ\hm |2 %—’;+1

Vi€ {1,2}, RAF < C<

where p; = £, j = —i, and a, is the relay amplification
gain.

The proof of this result is standard [20] and will therefore
be omitted. Only two points are worth being mentioned. First,
the proposed region is achieved by using Gaussian codebooks.
Second, the choice of the value of the amplification gain a,. is
not always straightforward. In the vast majority of the papers
available in the literature, a, is chosen in order to saturate
the power constraint at the relay (E|X,|? = P,) that is:

a, = a, 2 IEllli# = |h11~|2P1+|1:LT21~|2P2+NT' However, as
mentioned in some works [21][22][23][24], this choice can
be sub-optimal in the sense of certain performance criteria.
The intuitive reason for this is that the AF protocol not only

amplifies the useful signal but also the received noise. This




effect can be negligible in certain scenarios for the standard
relay channel but can be significant for the IRC. Indeed, even
if the noise at the relay is negligible, the interference term
for user ¢ (i.e., the term h;, X, j = —i) can be influential.
In order to assess the importance of choosing amplification
factor a, adequately (i.e., to maximize the transmission rate
of a given user or the network sum-rate) we derive its best
value. The proposed derivation differs from [21][23] because,
here, we consider a different system (an IRC instead of a
relay channel with no direct link), a specific relaying function
(linear relaying functions instead of arbitrary functions) and
a different performance metric (individual transmission rate
and sum-rate instead of raw bit error rate [21] and mutual
information [23]). Our problem is also different from [24]
since we do not consider the optimal clipping threshold in
the sense of the end-to-end distortion for frequency division
relay channels. At last, the main difference with [22] is that,
for the relay channel, the authors discuss the choice of the
optimal amplification gain in terms of transmission rate for
a vector AF protocol having a delay of at least one symbol
duration; here we focus on a scalar AF protocol with no delay
and a different system namely the IRC. In this setup, we have
found an analytical expression for the best a,. in the sense of
R;(a,) for a given user i € {1,2}. We have also noticed that
the a,, maximizing the network sum-rate has to be computed
numerically in general. The corresponding analytical result is
stated in the following theorem.
Theorem 3.4: [Optimal amplification gain for the

ZDSAF in the IRC] The transmission rate of user i, R;(a,),
as a function of a, € [0,a,] can have several critical points
which are the real solutions, denoted by 0(1) and c?), to the
following second degree equation:

a; [[mi*Re(pig;) — (|pil® + si)Re(mqin?)] +

ar [|[mal?(|gil* + 1) = i *(Ipal* + 50)] +

(lail* + 1)Re(min]) — [ni|*Re(pigf) = 0
where m; = hirhyin/pi, ni = hii/pi, pi = hjrheiy/py,
i = hji/py, si = |heil? i € {1,2} and j = —i. Thus,
depending on the channel parameters, the optimal amplifica-
tion gain a; = arg max R;(a,) takes one value in the set

(11)

ar€[0,ar]
ar €{0,a,, f}l), ﬁ} If, additionally, the channel gains are

reals then the two critical points write as: c(m? =

(2) miq; +77L7,_sz7.ni
T L

The proof o% this rgsult |ssl provided in Appendix B. Of course,
in practice, if the receive signal-to-noise plus interference ratio
(viewed from a given user) at the relay is low, choosing the
amplification factor a,- adequately does not solve the problem.
It is well known that in real systems, a more efficient way
to combat noise is to implement error correcting codes. This
is one of the reasons why DF is also an important relaying
protocol, especially for digital relay transceivers for which AF
cannot be implemented in its standard form (see e.g., [24] for
more details).

— 2 and
m;

D. Time-Sharing

In terms of achievable Shannon rates, distributed channels
differ from their centralized counterpart. Indeed, rate regions

are not necessarily convex since the time-sharing argument
can be invalid (if no synchronization is possible). Similarly,
depending on the channel gains, the achievable rate for a
given transmitter can be non-concave with respect to its power
allocation policy. This happens if the transmitters cannot be
coordinated (distributed channels).

Assuming that the users can be coordinated, we discuss here
a standard time-sharing procedure similarly to the approach
in [25] for the frequency-division relay channel. More specifi-
cally, we assume that user 1 decides to transmit only during a
fraction o of the time using the power L and user 2 transmits
%nly with a fraction «as percent of the time using the power

12
“*The achievable rate-region with coordinated time-sharing,
irrespective of the relay protocol, is:

— P; P P
Vi € {1,2},R;—rs < OéiﬁjRi ( ) +0626J ( ) ) )

Qi Oy
(12)

where j = —i, (a,05)% € [0,1)% (8:;,8;)? € [0,1]?
such that Sias = (2. The rate R; gﬁ’%,o) represents the
achievable rate of user i (depends on the relay protocol and
was provided in the previous subsections) when user j doesn’t

transmit and user i transmits with power - bR, ( PJ’) is

o)«
the achievable rate when user i transmlts Wlth power Li “and
user j transmits with power . In order to achieve thls rate
region, the users have to be coordlnated This means that they
have to know at each instant if the other user is transmitting
or not. User 4 also has to know the parameters c; and «;. The
parameter 8; € [0,1] represents the fraction of time when
user j interferes with user . Considering the time when both
users transmit with non-zero power, we obtain the condition:
510l2 = ﬂ2041-

IV. POWER ALLOCATION GAMES IN MULTI-BAND IRCs
AND NASH EQUILIBRIUM ANALYSIS

In the previous section, we have considered the system
model presented in Sec. Il for @ = 1. Here, we consider multi-
band IRCs for which Q > 2. As communications interfere on
each band, choosing the power allocation policy at a given
transmitter is not a simple optimization problem. Indeed, this
choice depends on what the other transmitter does. Each
transmitter is assumed to optimize its transmission rate in a
selfish manner by allocating its transmit power P; between
(Q sub-channels and knowing that the other transmitters want
to do the same. This interaction can be modeled as a strate-
gic form non-cooperative game, G = (K, (A;)iexc, (wi)iex),
where: (i) the players of the game are the two information
sources or transmitters and X = {1,2} is used to refer
to the set of players; (ii) the strategy of transmitter 7 con-
sists in choosing 6, = (9(1) ...,O-Q)) in its strategy set

Q

A = {Qr € [0,1)°

qg=1
fraction of power used in band (g); (iii) w;(-) is the utility
function of user ¢ € {1,2} or its achievable rate depending
on the relaying protocol. From now on, we will call state

Z@Eq) <1 p where 6% represents the




of the network the (concatenated) vector of power fractions
that the transmitters allocate to the IRCs i.e., 8§ = (8;,6,).
An important issue is to determine whether there exist some
outcomes to this conflicting situation. A natural solution con-
cept in non-cooperative games is the Nash equilibrium [26]. In
distributed networks, the existence of a stable operating state
of the system is a desirable feature. In this respect, the NE is
a stable state from which the users do not have any incentive
to unilaterally deviate (otherwise they would lose in terms of
utility). The mathematical definition is the following.

Definition 4.1: [Nash equilibrium] The state (67,6 ,) is a
pure NE of the strategic form game G if Vi € K VQQ €
Aiy ui(07,0%,) > wi(8,0",).

In this section, we mainly focus on the problem of existence
of such a solution, which is the first step towards equilibria
characterization in IRCs. The problems of equilibrium unique-
ness, selection, convergence, and efficiency are therefore left
as natural extensions of the work reported here.

A. Equilibrium existence analysis for the DF protocol

As explained in Sec. IlI-A the signals transmitted by S;
and S, in band (¢) have the following form: X-(Q) = X-(q) +
(Q) G(Q)P

T XT("Z) where the signals X(q) and X(q) are Gaus-

sian and independent. At the relay R, the transmitted signal
writes as: X\? = quf + X(‘” For a given allocation policy
0, = (051),...,92@)), the source-destination pair (S;,D;)

(q),DF

achieves the transmission rate Z?Zl R where

qu)’DF —
Réq).,DF

min R(l?i’DF7 Rg?%’DF

(13)
,DF ,DF) >
RY)PF R

min

and qui DF qu% bE R(Q) bE R(‘I) PF are given in (14) and
(9, T(q), (Q)) is a given triple of parameters in [0, 1], 79 +
7'2(‘1) <1

The achievable transmission rate of user 7 is given by:

Q
uPF(0,,0 ) = RWPE (O, 01).

(2

(15)
qg=1
We suppose that the game is played once (one-shot or static
game), the users are rational (each selfish player does what
is best for itself), rationality is common knowledge, and the
game is with complete information that is, every player knows
the triplet GPY = (K, (Ai)iek, (uP)iex). Although this
setup might seem to be demanding in terms of CSI at the
source nodes, it turns out that the equilibria predicted in such
a framework can be effectively observed in more realistic
frameworks where one player observes the strategy played by
the other player and reacts accordingly by maximizing his
utility, the other player observes this and updates its strategy
and so on. We will come back to this later on. The existence
theorem for the DF protocol is given hereunder.
Theorem 4.2: [Existence of an NE for the DF protocol]

If the channel gains satisfy the condition Re(h!?n{9*) > 0,
for all i € {1,2} and ¢ € {1,...,Q} the game defined by

GPF = (K, (Ai)ick, (u DF(9 0_;))iex) with £ = {1,2} and

A; = 9601

ZO(‘I) <1 } has always at least one

pure NE.

Proof: The proof is based on Theorem 1 of [27]. The
latter theorem states that in a game with a finite number of
players, if for every player 1) the strategy set is convex and
compact, 2) its utility is continuous in the vector of strategies
and 3) concave in its own strategy, then the existence of at
least one pure NE is guaranteed. In our setup checking that
conditions 1) and 2) are met is straightforward. The condition
Re(h{Ph\P*) > 0 is a sufficient condition that ensures
the concavity of RP; wr.t. 6\”. The intuition behind this
condition is that the superposition of the two signals carrying
useful information for user 4 (i.e., signal from S; and R) has to
be constructive w.r.t. the amplitude of the resulting signal. As
the sum of concave functions is a concave function, the min
of two concave functions is a concave function (see [28(] for
more details on operations preserving concavity), and R,? ;

a concave function of g, it follows that 3) is also met, WhICh
concludes the proof. ]

Theorem indicates, in particular, that for the pathloss model
where the channel gains are positive real scalars (i.e., h;; > 0,
(i,7) € {1,2,7}2) there always exists an equilibrium. As
a consequence, if some relays are added in the network,
the transmitters will adapt their PA policies accordingly and,
whatever the locations of the relays, an equilibrium will
be observed. This is a nice property for the system under
investigation. As the PA game with DF is concave it is
tempting to try to verify whether the sufficient condition for
uniqueness of [27] is met here. It turns out that the diagonally
strict concavity condition of [27] is not trivial to be checked.
Additionally, it is possible that the game has several equilibria
as it is proven to be the case for the AF protocol.

B. Equilibrium existence analysis for the EF protocol

In this section, we make the same assumptions as in Sec.
IV-A concerning the reception schemes and PA policies at the
relays: we assume that each node R, D; and Dy implements
single-user decoding and the PA policy at each relay i.e., v =
(v, .., (@) is fixed. Each relay now implements the EF
protocol. Under this assumption, the utility for user i € {1,2}
can be expressed as follows

0,,0_,) = Z R(DEF (16)

q=1
where RYFF are given in (17) v@ ¢ [0,1],
A(q) _ ‘h(4)|29(‘1)P + ‘h(q)|29(Q)P + N(Q)
A R0 @@ gng
Alo BORD 0@ P @Dl b What s

interesting with this EF protocol is that, here again, one can
prove that the utility is concave for every user. This is the
purpose of the following theorem.

Theorem 4.3: [Existence of an NE for the bi-level
compression EF protocol] The game defined by GEF
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The proof is similar to the proof of Theorem IV-A. To be able N
to apply Theorem 1 of Rosen [27], we have to prove that the where al@ — a(q)(e(q) e(q)) B,
utility uF°F is concave w.r.t. §,. The problem is less simple than " T\l 5 Y2 ‘h@rp +’IL('1)‘2P2+N
i i (@)
for DF because the compression noise N,/ ; which appearsin .4 p(q) — . Without loss of generality and for the

the denominator of the capacity function in Eq. (17) depends
on the strategy @, of transmitter 4. It turns out that it is still
possible to prove the desired result as shown in Appendix C.

C. Equilibrium analysis for the AF protocol

Here, we assume that the relay implements the ZDSAF
protocol, which has already been described in Sec. IlI-C.
One of the nice features of the (analog) ZDSAF protocol is
that relays are very easy to be deployed since they can be
used without any change on the existing (non-cooperative)
communication system. The amplification factor/gain for the
relay on band (¢q) will be denoted by a'?. Here, we consider
the most common choice for the ampllflcatlon factor that it,
the one that exploits all the transmit power available on each
band. The achievable transmission rate is given by

Q
w00 = Y RPAEP,09)  (19)

q=1
where REq)’AF is the rate user ¢ obtains by using band (q)

when the ZDSAF protocol is used by the relay R. After Sec.
I11-C the latter quantity is:

sake of clarlty we will assume in Sec. IV-C that Y(i,q) €
{1,2,r}x{1,. ..,Q},Ni(q) = N, P9 = P, and we introduce
the quantities p; = % In this setup the following existence
theorem can be proven.

Theorem 4.4: [Existence of an NE for ZDSAF
the following conditions are met: i) ’ (q)h(q)h(q)

and ’aﬁg)hgi)hﬁ‘?’ >
JASURS a(Q)h(Q)h((D and

n {1

iii) o\ = A(q) [O aﬁq)(l 1)] (constant amplification gain),
there exists at least one pure NE in the PA game GAF.

The proof is similar to the proof of Theorem IV-A. The
sufficient conditions ensure the concavity of the function
RIAT wirt. 69, For the first case i) where the direct links
between the sources and destinations are negligible (e.g., in the
wired DSL setting these links are missing and the transmission
is only possible using the relay nodes), the achievable rates are
given Vi € {1,2}, in (21) and it can be proven that qu%AF
is concave w.r.t. 05‘1). The other two cases are easier to prove

If any of
(negligible direct Imks), ||)

(q)
hj;

} (negligible relay links),
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since the amplification gain is either constant or not taken into
account and the rate R§q>7AF is a composition of a logarithmic
function and a linear function of 6’5") and thus concave.

The determination of NE and the convergence issue to one
of the NE are far from being trivial in this case. For example,
potential games [29] and supermodular games [30] are known
to have attractive convergence properties. It can be checked
that, the PA game under investigation is neither a potential
nor a supermodular game in general. To be more precise, it is
a potential game for a set of channel gains which corresponds
to a scenario with probability zero (e.g., the parallel multiple
access channel). The authors of [31] studied supermodular
games for the interference channel with K = 2, @ = 3,
assuming that only one band is shared by the users (IC) while
the other bands are private (one interference-free band for
each user). Therefore, each user allocates its power between
two bands. Their strategies are designed such that the game
has strategic complementarities. However, as stated in [31],
this design trick does not work for more than two players or
if the users can access more than two frequency bands. In
conclusion, general convergence results seem to require more
advanced tools and further investigations.

Special case study
As  we have  just  mentioned, the  unique-
ness/convergence/efficiency analysis of NE for the DF
and EF protocols requires a separate work to be treated
properly. However, it is possible to obtain relatively easy
some interesting results in a special case of the AF protocol.
The reason for analyzing this special case is threefold: a) it
corresponds to a possible scenario in wired communication
networks; b) it allows us to introduce some game-theoretic
concepts that can be used to treat more general cases and
possibly the DF and EF protocols; c) it allows us to have
more insights on the problem with a more general choice
for al?. The special case under investigation is as follows:
Q = 2and Vg € {1,2}, a'? = A9 € [0,a,(1,1)] are
constant w.r.t. 8. We observe that the strategy set of user
¢ are scalar spaces 6; € [0,1] because we can consider
91(1) = 6¢; and GEQ) = 0. For the sake of clarity, we denote
by hi; = h,ﬁjl.) and g;; = hg). Note that the case a\? = A{?
can also be seen as an interference channel for which
there is an additional degree of freedom on each band. The
choice @ = 2 is totally relevant in scenarios where the
spectrum is divided in two bands, one shared band where
communications interfere and one protected band where they
do not (see e.g., [32]). The choice al? = const. has the
advantage of being mathematically simple and allows us to
initialize the uniqueness/convergence analysis. Moreover, it
corresponds to a suitable model for an analog repeater in
the linear regime in wired networks or, more generally, to
a power amplifier for which neither automatic gain control

is available nor received power estimation mechanism. By
making these two assumptions, it is possible to determine
exactly the number of Nash equilibria through the notion of
best response (BR) functions. The BR of player i to player
Jj is defined by BR;(0,) = argn}gaxui(&,ﬁj). In general, it
is a correspondence but in our case it is just a function. The
equilibrium points are the intersection points of the BRs of
the two players. In this case, using the Lagrangian functions
to impose the power constraint, it can be checked that:

BR;(0;) = 1 if F;(0;)>1 (22)
0 otherwise

where j = —i, F;j(0;) & —220; + 4 is an affine
function of 0, for (i,7) € {(1,2),(2,1)}, cu =
21 AN hyihir + has 21 AP grigir + 9602 0i; Cij = 1A b, +
hii|2‘A7(”2)grigjr + gji|*p; + \Ag})hmhjr + hji|2|A£“2)grigir +
giil?pj; di = ‘Ag’l)hrihir + hii|2HA7("2)grigir + giil’pi +
AP grigir + giil2p; + AP|gul? + 1] — |AP) grigin +
giiP(AS.”\hriP + 1). By studying the intersection points
between BR; and BRj, one can prove the following theorem
(the proof is provided in Appendix D).
Theorem 4.5 (Number of Nash equilibria for ZDSAF):

For the game GAF with fixed amplification gains at the

relays, (i.e., 8‘79“(;‘) = 0), there can be a unique NE, two NE,

three NE or an infinite number of NE, depending on the
channel parameters (i.e., hij, gij, pis A9 (i,4) € {1,2,7}2,
q € {1,2}.

Notice that, if A, = 0, we obtain the complete char-
acterization of the NE set for the two-users two-channels
parallel interference channel. In the proof in Appendix D,
we give explicit expressions of the possible NE in function
of the system parameters (i.e., the amplification gain A, and
the channel gains). If the channel gains are the realizations
of continuous random variables, it is easy to prove that
the probability of observing the necessary conditions on the
channel gains for having two NEs or an infinite number of
NEs is zero. Said otherwise, considering the pathloss model
and arbitrary nodes positioning, there will be, with probability
one, either one or three NE, depending on the channel gains.
When the channel gains are such that the NE is unique, the
unique NE can be shown to be:

ciidy — co1dy

Coady — crads
@E—f—< : . (23)
C11C22 — C12C21 C11C22 — C12C21

When there are three NE, it seems a priori impossible to
predict the NE that will be effectively observed in the one-shot
game. In fact, in practice, in a context of adaptive/cognitive
transmitters (note that what can be adapted is also the PA
policy chosen by the designer/owner of the transmitter), it
is possible to predict the equilibrium of the network. First,



in general, there is no reason why the sources should start
transmitting at the same time. Thus, one transmitter, say 4, will
be alone and using a certain PA policy. The transmitter coming
after, namely S_;, will sense/measure/probe its environment
and play its BR to what it observes. As a consequence, user
7 will move to a new policy, maximizing its utility to what
transmitter —i has played and so on. The key question is:
does this procedure converge? This procedure is guaranteed
to converge to one of the NE and a detailed discussion about
the asymptotic stability of the NE can be found in Appendix
D. The arguments for proving this have been used for the first
time in [33] where the “Cournot duopoly” was introduced. In
[33], the BRs of each player is purely affine, which leads in
this case to a unique equilibrium. The corresponding iterative
procedure is called the Cournot tdtonnement process in [34].
In the case with three NE, the effectively observed NE can be
predicted by knowing the initial network state that is, the PA
policy played by the first transmitting player (see Sec. V). To
implement such an iterative procedure, it can be checked [1]
that the transmitters need to know less network parameters
than in the original game where the amplification factor
saturates the constraint. In fact, the needed parameters can be
acquired by realistic sensing/probing techniques or feedback
mechanisms based on standard estimation procedures. As a
comment, note that in the (modern) literature of decentralized
or distributed communications networks where the optimal PA
policy of a transmitter is to water-fill, the mentioned iterative
procedure is called iterative water-filling.

D. Equilibrium analysis for the Time-Sharing scheme

In the previous subsections, we have given sufficient con-
ditions that ensure the existence of the Nash equilibrium.
Our approach is based on the concave games studied in [27]
and consists in finding the sufficient conditions that ensure
the concavity of the transmission achievable rates. We have
seen that, assuming ZDSAF or DF relaying protocols, the
achievable rates are not necessarily concave.

Assuming that the transmitters can be coordinated, and by
using the time-sharing scheme similarly to Subsec. 111-D, the
achievable transmission rate of user i is given by:

TS 9 0 ZR(Q) TS (Q)70811)) (24)

where R,(‘Z)’TS is the rate user ¢ obtains by using band (g) and
time-sharing technique. After Sec. 111-D the latter quantity is:

(9) 0! )P

Vi c {17 2}7REQ)»TS (Q)ﬁj R(Q) v, 0 +
(@) p. 9@ p.
o 40 RO (Giaia Rike )
where j = —3, (ag")7a§-q)) € [0,1)?, (65‘1),5](-")) € [0,1]?

such that B9al? = Bl9a{? These parameters are fixed
and chosen such that thS achieva{le rates are maximized.

9 @p, 049 p;
The rates R\” w7 ), RW (2L 25 ) represent
J

the achievable rates in band (¢) when time-sharing is used.

These rates depend on the relaying protocol and are given by
Eq. (13) for DF and by Eq. (20) for ZDSAF. Notice that, when
EF is assumed, the rates are always concave irrespective of the
channel gains and time-sharing techniques do not change the
achievable rate-region.

Theorem 4.6: [Existence of an NE for TS] There always
exists at least one pure NE in the PA game G5, regardless of
the used relaying scheme and the values of the channel gains.

If the users are coordinated (i.e., each user is aware of the
moments where the other user is transmitting or not) then
their achievable rates RE‘D’TS are always concave W.r.t. 0,5‘1).
This implies directly that [27], irrespective of the relaying
technique and of the channel gains, the existence of an NE
will be guaranteed.

In the particular case where either P\”) = 0 or h{? = 0,
for all ¢ € {1,...,Q} and ¢ € {1,2}, the parallel IRC
reduces to the parallel interference channel [6]. The time-
sharing scheme is useless since the achievable rates are already
concave and «; = 1, 8; = 1 are optimal. Therefore, Theorem
4.6 guarantees the existence of the NE in this case and is
consistent with the known results in [6].

V. SIMULATION RESULTS
Single-band IRCs: AF vs DF vs EF. Here, we assume C% =1
and a path loss exponent of 2 that is, |h;;| = <C£;DJ) * for

(i,5) € {1,2,7}* where dy = 5 m is a reference distance
and v = 2 is the path loss exponent. The nodes S;, Sa, Dy,
D are assumed to be located in a plane. The positions of the
nodes will be indicated on each figure and are characterized
by the distance between them which are chosen as follows:

1 = 11.5 m, d5 = 10 m, djy = 11 m and d5; = 14 m.
As for the relay, to avoid any divergence for the path loss in
d;; = 0, we assume that it is located a hight ¢ = 0.1 m from
this plane i.e., the relay location is given by the (z,,y,, 2,)
where z, is fixed and equals 0.1 m; thus d;; = d% + €2 for
it =rorj=randi# j. The noise levels at the receiver nodes
are assumed to be normalized (N1 = No = N, = 1). In terms
of transmit power we analyze two cases: a symmetric case
where P, = P, = 10 (normalized power) and an asymmetric
one where P, = 3 and P, = 10. The relay transmit power is
fixed: P. = 10. For the symmetric scenario, Fig. 2 represents
the regions of the plane (7=, %) € [—4,+4] x [-3,+4]
(corresponding to the possible relay positions) where a certain
protocol performs better than the two others in terms of
system sum-rate. These regions are in agreement with what is
generally observed for the standard relay channel. This type
of information is useful, for example, when the relay has to

» (25)be located in specific places because of different practical

constraints and one has to choose the best protocol. Fig. 3
allows one to better quantify the differences in terms of sum-
rate between the AF, DF and bi-level EF protocols since it
represents the sum-rate versus x,. for a given y,. = 0.5dy. The
discontinuity observed stems from the fact that for the bi-level
EF protocol there is a frontier delineating the scenarios where
one receiver is better than the other and can therefore suppress
the interference of the relay (as explained in Sec. 111-B).



Number of Nash equilibria for the AF protocol. First, we
show that in the PA game with ZDSAF, one can have three
possible Nash equilibria. For a given typical scenario com-
posed of an IC in parallel with an IRC (Q = 2) and p; =1,
p2 = 3, pr = 2 and the channel gains (9117912,.921,922)
= (2.76,5.64,—3.55,—1.61), (h11,h12,h21,h22) =
(14.15,3.4,0,1.38)  and  (hir, hoy, hyt, heo) -
(—3.1,2.22,-3.12,1.16), we plot the best response functions
in Fig. 4. We see that there are three intersection points and
therefore three Nash equilibria. As explained in Sec. IV-C, the
effectively observed NE in a one-shot game is not predictable
without any additional assumptions. However, the Cournot
tatdbnnement procedure converges towards a given NE which
can be predicted from the sole knowledge of the starting point
of the game, namely 69 or 9.

Stackelberg formulation. We have mentioned that a strong
motivation for studying IRCs is to be able to introduce
relays in a network with non-coordinated and interfering
pairs of terminals. For example, relays could be introduced
by an operator aiming at improving the performance of the
communications of his customers. In such a scenario, the
operator acts as a player and more precisely as a game leader
in the sense of [35]. In [35], the author introduced what is
called nowadays a Stackelberg game. This type of hierarchical
games comprises one leader which plays in the first step of
the game and several players (the followers) which observe
the leader’s strategy and choose their actions accordingly. In
our context, the game leader is the operator/engineer /relay
who chooses the parameters of the relays. The followers
are the adaptive/cognitive transmitters that adapt their PA
policy to what they observe. In the preceding sections we
have mentioned some of these parameters: the location of
each relay; in the case of AF, the amplification gain of each
relay; in the case of DF and EF, the power allocation policy
between the two cooperative signals at each relay i.e., the
parameter »(4). Therefore, the relay can be thought of as a
player who maximizes its own utility. This utility can be either
the individual utility of a given transmitter (picture one WiFi
subscriber wanting to increase his downlink throughput by
locating his cellular phone somewhere in his apartment while
his neighbor can also exploit the same spectral resources)
or the network sum-rate (in the case of an operator). In the
latter case, the operator possesses some degrees of freedom
to improve the efficiency of the equilibrium. In the remaining
part of this section, we focus on the Stackelberg formulation
where the strategy of the leader is respectively the relay
amplification factor, position and power allocation between the
cooperative signals. The system considered is composed of an
IRC in parallel with an interference channel (IC) [36]. All the
simulations provided are obtained by applying the Cournot
tatbnnement procedure. The simulation setup is as follows.
The source and destination nodes are located in fixed locations
in the region [—L, L]? of a plane, with L = 10 m, such that
the relative distances between the nodes are: di;; = 6.52m,
d12 = 8.32m, do1 = 6.64m, dao = 6.73m. We assume a path

loss model for the channel gains |g;;|, |hi;|. For the path loss
(1) (2)

_22
di; 2
and [gi;| = (doj)

model we take |h;;| = ((fij)f_

10

for (i,4) € {1,2,7}2 where dy = 1 m is a reference distance.
The relay is at e = 0.5 m from the plane. We will also assume
that N\ = N® = N, i € {1,2}, NV will be denoted by
N, and also PV = P, AV = 4, oY = q,, @V = q,
v =,

Optimal relay amplification gain for the AF protocol. First
we consider the ZDSAF relaying scheme assuming a fixed
amplification gain a, = A, (Sec. IV-C). We want to analyze
the influence of the value of the amplification factor, A, €
[0,a-(1,1)], on the achievable network sum-rate at the NE.
This is what Fig. 5 shows for the following scenario: ¢ =
0.5 m, P, =20 dBm, P, = 23 dBm, P. = 22 dBm, N; =
10 dBm, N5 = 9 dBm, N, = 7 dBm, (V) =43 =2 We
observe that the optimal value is A} = 0.05 and is not equal to
the one saturating the relay power constraint a,(1,1) = 0.17.
This result illustrates for the sum-rate what we have proved
analytically for the individual rate of a given user (see Sec.
111-C). Note that the gap between the optimal choice for a,
and the choice saturating the power constraint is not that large
and in fact other simulation results have shown is is generally
of this order and even smaller typically.

Optimal relay location for the AF protocol. Now, we con-
sider the ZDSAF when the full power regime is assumed at the
relay, a, = a, (61, 62) (Sec. IV-C) and study the relay location
problem. Fig. 6 represents the achievable network sum-rate as
a function of the relay position (zx,yr) € [~L, L] for the
scenario: P; = 20 dBm, P, = 17 dBm, P, = 22 dBm,
N; =10 dBm, Ny = 9 dBm, N, = 7 dBm, 4") = 2.5 and
() = 2. We observe that there are two local maximum that
actually correspond to the points that maximize the individual
achievable rates. Many simulation results have confirmed
that, when the source nodes are sufficiently far away from
each other, maximizing the individual rate of either user at
the NE amounts to locating the relay on one of the the
segment between S; and D;. This interesting and quite generic
observation can be explained as follows. For this purpose,
consider Fig. 6 which is a temperature image representing the
values of 0; and 0, for different relay positions in [—L, L]2.
The region where (61, 62) = (1,0) (resp. (61,62) = (0,1)) is
the region around S; (resp. Sz). We see that the intersection
between these regions corresponds to a small area. This quite
general observation shows that the selfish behavior of the
transmitters leads to self-regulating the interference in the
network. Said otherwise, a selfish transmitter will not use at
all a far away relay but leaves it to the other transmitter. Thus,
when one transmitter uses the relay, it is often alone and sees
no interference. In these conditions, by considering the path
loss effects it can be proved that the optimal relay position is
on the segment between the considered source and destination
nodes. This also explains why the position that maximizes the
network sum-rate lies also on one of the segments from S; to
D;.

Optimal relay power allocation at the relay for DF and EF.
For the DF protocol, we fix the cooperation degrees 7, = 0
and 7, = 0. In Fig. 7, we plot the achievable sum-rate at the
equilibrium as a function of the relay power allocation policy
is v € [0, 1] (with the convention v = v(1)) for the scenario:



zr = 0m, yg = 0 m, P = 22 dBm, P, = 17 dBm,
P, =23 dBm, N; =7 dBm, Ny =9 dBm, N, = 0 dBm,
~1) =25 and v(2) = 2. We observe that, for both protocols,
the optimal power allocation v* = 1, meaning that the relay
allocates all its available power to the better receiver, D;. In
this case, the relay is in very good conditions and can therefore
reliably decode the source messages. This explains why DF
outperforms EF which is in agreement with the observations
we have made in Sec. Ill. We have observed that, in general,
the network sum-rate is not concave w.r.t. v € [0,1] and that
the optimal power allocation lies on the borders v* € {0,1}
for both relaying protocols. In Fig. 7, we also see that the fair
PA policy that is, » = 5 can lead to a relatively significant
performance loss.

V1. CONCLUSION

The complete study of PA games in IRCs is a wide problem
and we do not claim to fully characterize it here. One of the
main objectives in this paper has been to know whether there
exist some stable outcomes to the conflicting situation where
two transmitters selfishly allocate their power between dif-
ferent sub-channels in multi-band interference relay channels
in order to maximize their individual transmission rate. Our
approach has been to consider transmission rates achievable
in a decentralized framework where relays can be deployed
with minor or even with no changes for the already existing
receivers. For the three types of protocols considered, we have
proved that the utility of the transmitters is a concave function
of the individual strategy, which ensures the existence of Nash
equilibria in the power allocation game after Rosen [27]. In a
special case of the AF protocol, we have fully characterized the
number of NE and the convergence problem of Cournot-type
or iterative water-filling procedures to an NE. Although we
have limited the scope of the paper, we have seen that studying
IRCs deeply requires further investigations. Many interesting
questions which can be considered as natural extensions of this
work have arisen. Considering more efficient coding-decoding
schemes and relaying protocols such as those of [15] and
related works, is it possible to prove that the utilities are still
concave functions? For these schemes and those considered in
this paper, it is also important to fully determine the number
of Nash equilibria and derive convergent iterative distributed
power allocation algorithms. We have also seen that several
power allocation games come into play and need to be studied
when considering DF, EF and AF-type protocols: for allocating
transmit power between the different bands at the sources, for
choosing the cooperation degree at the sources, for allocating
the power between the cooperation signals at the relay, for
allocating the transmit power over time. Furthermore, a new
agent can come into play (the relay) and several Stackelberg
formulations can be used to improve the efficiency of the
equilibria.
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APPENDIX A
PROOF OF THEOREM 3.2 (ACHIEVABLE TRANSMISSION
RATES FOR IRCs WITH THE EF PROTOCOL)

In order to prove that the transmission rate region of
Theorem 3.2 is achievable for Gaussian IRCs, we use a
quite common approach [20] for proving coding theorems:
we first prove that it is achievable for discrete input discrete
output channels and obtain the Gaussian case from standard
quantization and continuity arguments [20], and a proper
choice of coding auxiliary variables.

Definitions and notations

We denote by Al (X) the weakly e-typical set for the
random variable X. If X is a discrete variable, X € X, then
|| X|| denotes the cardinality of the finite set X’. We use =" to
indicate the vector (z1,a,...,2,).

Definition A.1: A two-user discrete memoryless interfer-
ence relay channel (DMIRC) without feedback consists of
three input alphabets X;, X, and X,., and three out-
put alphabets )y, )» and ),, and a probability tran-
sition function that satisfies p (y7, v, y? | o7, 2, 2) =

Hp (Y1,ks Y2,k Yrk | 1.k, T2k, Tr i) fOr SOME 1 € N*,
k=1

Definition A.2: A (271 272 pn)-code for the DMIRC
with private messages consists of two sets of integers Wy =
{1,..,2"F} and W, = {1,...,2"%2}, two encoders: f; :
Wi — X, a set of relay functions {f.},_, such that
Trk = frk WUr1Yr2, o Yrk—1), 1 < k < n and two
decoding functions g, : Y — W;, ¢ € {1,2}. The source
node S; intends to transmit W;, the private message, to the
receiver node D;.

Definition A.3: The average probability of error is
defined as the probability that the decoded message
pair differs from the transmitted message pair; that is,
P = Prign (V") # Wy of go (V3) # Wa | (Wi, W) ],
where (W7, W) is assumed to be uniformly distributed over
W1 x Who. We also define the the average probability of error
for each receiver as P = Pr[g; (Y") # W; | Wi]. We
have 0 < maX{P(") Pe(;‘)} < P™ < P3 + PO, Hence

el »
P™ 5 0 implies that both P — 0 and P2 — 0, and
conversely.

Definition A.4: A rate pair (R1, R2) is said to be achiev-
able for the IRC if there exists a sequence of (21, 272 )
codes with P\ — 0 as n — oo.

Overview of coding strategy
At the end of the block &, the relay constructs two estimations
g (k) and g% (k) of its observation () that intends to
transmit to the receivers D, and D- to help them resolve the
uncertainty on w; 5 and wsy 5 respectively at the end of the
block & + 1.

Details of the coding strategy
Codebook generation

i Generate 2"% jid. codewords a?(w;) ~
[Ti_ip(zik), where w; € {1,...,2"%},
ie{1,2}.

i Generate 2"’ iid. codewords ul  ~
[They v (uk). Label these ul(s1),



s € {1,...,2”1?8”

i Generate 277" iid. codewords wu}  ~
[Ty p (u2p). Label these uf(s2),
spe {1, R

iv For each pair (u}(s1),u(s2)), choose a sequence
zy where zi ~ p (27 uy (s1), uy (s2)) =
[Ty (g lua k(s1), ua k(s2)).

% For each wu7(sy), generate 271 conditionally
i.i.d. codewords §7 ~ szlp(g,«lkMLk(:sl)) and
label them ¢ (z1]s1), 21 € {1,...,2”31}. For
each pair (ui1,9r1) € Ui x 3%, the conditional
probability p(g,1|u1) is defined as p(gri|ui) =

> p@)p(=2)p(y,ve,yrle, o2, 20)p
T1,22,Y1,Y2,Yr

Vi For each wf(s2), generate conditionally
i.i.d. codewords ¢7, ~ szlp(ﬁr%"lfg,k(sﬁ)
and label them 7% (22|s2), 22 € {1,2"R2}. For
each triplet (us2,9r1) € Uz X )7“, the conditional
probability p(gro|ue) is defined as p(Jrajuz) =

> p(@)p(@2)p Yy, yelr, w2) p

T1,22,Y1,Y2,Yr

vii  Randomly
1,2,...,

271}?2

the
into

partition
277,1:21

message set
(1)
on il sets

S§1)’5§1)7__,,S;i2511)} by independently and

27LR1 }

uniformly assigning each message in {1, e

to an index in {1,.. .,Q"Rél)
viii  Also, randomly  partition the message
R ) )
set {1, 2,...,2n0 into 2nRs” sets

{592552), o

Sii)}%ém } by independently and
uniformly assigning each message in {1, .

’2nf22}
to an index in {1,...,

Encoding procedure Let w; , and wsj be the messages
to be send in block k. S; and S» respectively transmit
the codewords zP(wi) and % (ws k). We assume that
(uf (s1,-1), 971 (z1h-1516-1), 00 (k — 1)) € AP and
z1k-1 € S5y, and also that
(uf (s2.6-1): U (z2h152,6-1), 9 (k — 1)) € A with
Zok1 € S, Then the relay transmits the codeword
(51,5, S2.k)-

Decoding procedure In what follows, we will only detail
the decoding procedure at the receiver node D; (at Ds the
decoding is analogous). At the end of block &:

i The receiver node D, estimates §; , = s; if and
only if there exists a unique sequence (51) that is
jointly typical with y7(k). We have s; = s1; with
arbitrarily low probability of error if n is sufficiently
large and R(()l) < I(U1; ).

i Next, the receiver node D; constructs a set
L1 (y} (k — 1)) of indexes z; such that
(Ul ($1.4-1) 30 (21l816-1) 9f (K —1)) € AT,
D, estimates 2, ;1 by doing the intersection of

2
QnR(() ) .

(Gr1lyr, wr).

(:gr2|y’r7 U2)~
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sets £ (yf (k—1)) and S{ . Similarly to [14,

Theorem 6] and usmg [14 Lemma 3], one can

show that 21,1 = =z1,—1 with arbitrarily low

probability of error if n is sufficiently large and

Ry < I(Y,;vi|Uy) + RSV,
iii Using 97 (21,6—1181,6—1) and y7 (k—1), the receiver
node D finally estimates the message w1 y—1 = w;
if and only if there exists a unique codeword z7 (wy)
such that
(27 (w1), ut (81,6—1), y7 (4 -
1),9" (Gra-1ld16-1)) € A™. One can show
that wy = wy x—1 with arbitrarily low probability of
error if n is sufficiently large and

Ry < I<X1;Y1,5Afr1 | U1)~ (26)

iv At the end of the block k, the relay looks
for the suitable estimation of its observation that
it intends to transmit to the receiver node D,
by estimating 2; . It estimates 2,, = =z Iif
there exists a sequence g7 (z1]s1,5) such that
(Ul (s1p), 9™ (21]s1.0), y7 (k) € A™ . There exists
a such sequence if n is sufficiently large and Ry >
I(Y,1; Y| UL).
From i, ii, iii we further obtain

(Y, Y,|UL Y1) < I(UpYs). (27)

The achievability proof for the second receiver node follows
in a similar manner. Therefore, we have completed the proof.
From the discrete case to the Gaussian case
As mentioned in the beginning of this section, obtaining
achievable transmission rates for Gaussian IRCs from those
for discrete IRCs is an easy task. Indeed, the latter consists
in using Gaussian codebooks everywhere and choosing the
coding auxiliary variables properly namely choosing Uy, Us,
YT 1, and YTQ The coding auxiliary variables U; and U, are
chosen to be independent and distributed as Uy ~ N (0,14 P,)
and Uy ~ N(0,v2P.). The corresponding codewords ' and
uf convey the messages resultlng from the compressmn of Y.
The auxnlary variables YT 1, YTQ write as le =Y, + Zﬁ,z)
and Yr,z =Y, + foz) where the compression noises Z,(Ulz)
N(0,N5) and Z{2 ~ N0, N$2) are independent. At last,
the relay transmits the signal X,, = U; + U, as in the case
of a broadcast channel except that, here, each destination also
receives two direct signals from the source nodes. By making
these choices of random variables we obtain the desired rate
region.

APPENDIX B
PROOF OF THEOREM 3.4 (OPTIMAL AMPLIFICATION GAIN
FOR ZDSAF IN IRCs)

Using the notations given in Theorem 3.4 and also the
signal-to-noise plus interference ratio in the capacity function
of Eq. (10) the rate R; can be written as:

:C( [miar + nil® )
Ipiar + @i + sia2 +1)°

Ri (ar)
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Ri(a) = a; [|mi*Re(pigr) — (Ipil* + si)Re(mini)] + ar [[mil*(li|* +1) — [nil*(Ips* + )] + (lgi|* + DRe(min]) — |ni*Re(pig;)
o lpiar + qi|? + sia2 + 1[lmiar + il + |piar + @] + sia? + 1] '

(28)

_ [ |?
We observe that R;(0) = C (Iqﬁgﬂ
horizontal asymptote
mi|?

Rzooé 1 Ri(a,) =C | ———
1m 1(0') ‘p|2+

derlvatlve Wrt a, 1sa, 1S given in (28)

The explicit solution, a’ depends on the channel parameters
and is given here below. We denote by A the discriminant of
the nominator in the previous equation. If A < 0, then in
function of the sign of |m;|*Re(piq}) — (|p:|* + si)Re(m;n}),
the function R;(a,) is either decreasing and a} = 0 or
increasing and a’ = @,. Let us now focus on the case where
A>0.

1) If |m;i|®Re(piq}) — (|pi|? + si)Re(m;n}) > 0 then

a) |fc()<0andc()<0thena =G,
b) if c(l) > 0 and 0(2) < 0 then
i) ifa, > c( ) then o) = 0;
i) ifa, < c( ) then
o if RZ(O) > R,(a@,) thena® =0 else a} = @,;
c) if cﬁ? <0and c£2) > 0 then the analysis is similar
to the previous case and a; € {0,a,} depending
on a ) this tlme
d) if c ) > 0 and c,

i) If c(l) < 6(2)
A) ifa,. < c(l) then o =a,;
B) Ifcl)<aT§c then af =c¢
C) ifa, > c( ) then
. IfR( (1))>R1(a .) then a’ —c
a = G,r,
i) if 0(1) (2) then the analysis is S|m|Iar to the

previous case, exchanging the roles of cm and
2).

iii) if 0(1) (2) then o} = a@,.
2) If \ml|2Re(plq1) (|pz| + s;)Re(m;nf) < 0 then
the analysis follows in the same lines and a) €
{0 @, c (1) (2)}

T'Z’ 7"1

) and that we have an

Also the first

2 >0

1).

T‘Z’

else

C

APPENDIX C
PROOF OF THEOREM 4.3 (EXISTENCE OF AN NE FOR THE
BI-LEVEL COMPRESSION EF PROTOCOL)

We want to prove that for each user qu) is concave W.r.t.
e§q>. Consider w.l.0.g. the case of user 1. The general case of
complex channel gains is considered. We analyze the second
derivative of R1 given in Eq. (17). For the sake of clarity we
denote by N7 = |, |20@ P9 4+ N9 Ty = |h, 2@ PV
and T'; = |h21\26<" P, + N(‘”. After some manipulations

d2RD .
(1) = M; — My with
d(6;")?

k € {1,2} where (for the sake of clarity we have

we obtain the following relation:

_ NM;y
My, = DM,

denoted h”’ by hy;):NMi, NMs, DM, DM, are defined
by (29),(30).

We observe that the terms A, > 0, k € {2,...,7}. Also
we can easily see from Eq. (29) that My > 0, DM; > 0.
Thus if we prove that NM; < 0 the concavity of qu) will
be guaranteed. In this purpose we plug the expressions of As,
Ag, A7, Ag into Eq. (29) and obtain that N M, = FI2 with
NN My, DN M; given in (31), (32).

Therefore we obtain the desired result NAf; < 0 and thus
M; > 0, which implies that 2Ry < 0, whatever the

d(6f”)”

channel parameters.

APPENDIX D
PROOF OF THEOREM 4.5 (NUMBER OF NASH EQUILIBRIA
FOR ZDSAF)

Before discussing these situations in detail, let us first
observe that the two functions F;(6;) are decreasing W.r.t. 0,
and also F;(0) = F;(02) = 0 where 09 = C—l.

In this section, we WI|| investigate the NE of the game and
also their asymptotical stability of each NE point. A sufficient
and necessary condition that guarantees the asymptotic stabil-
ity of a certain NE point is related to the relative slopes of the
best-response functions and is given by [37] [38]:

dBR; dBR»
dfy do,

in an open neighborhood of the NE point. We denote by
V(61,62) an open neighborhood of (61,6,) € [0, 1]2.

1) If d < 0 and dy < 0, then the BR are constants
BR;(#;) = 0 and thus the NE is unique (01E, 63E) =
(0,0), for all ¢;; > 0, ¢;; > 0. The condition (33) is met
since ldBRl d2Rx21 = 0 for (61,62) € V(0,0) and thus
the NE is asymptotically stable.

2) If d; <0 and dy > 0, then it can be checked that the
NE is unique, for all ¢;; >0, ¢j; > 0: 0YF =0 and

<1 (33)

2 if dy < ca2,

eNE _
2 1, otherwise.

It can be checked that ’dBRl dfle =0 for (61,602) €

V(OYE, 9NE) and the NE is asymptotically stable.

3) If dy > 0 and ds < 0, then, similarly to the previous
item, we have a unique NE, for all ¢;; > 0, ¢;; > 0:
6NF =0 and

4 jf

C11

1 , otherwise.

GNE _ dy < c11,

Here as well we have ‘dBRl dfg‘z‘ = 0 for (61,02) €

V(6NE 95F) and the NE is asymptotically stable.
4) If d; > 0 and dy > 0, we have to take into consideration
the parameters c;; > 0, c¢j; > 0.
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b) If F1(1) > 1 and F»(1) < 1, then we have d; >
c12 + c11 and do < co1 + coo. Here also the NE is
unique and 6Y'F = 1 and

QNE _ d2a7—2221 y |f - d2 > C22,
2 0 , otherwise.
S dBR; dBR
Similarly, we have ’ a6, “ag,2| = 0 for (61,02) €

V(6YE, 63E) and the NE is asymptotically stable.
c) If F1(1) < 1 and Fy(1) > 1, then we have d; <
c12 +c11 and da > ca1 + co9. Here also the NE is

d)

At this

(1h112Pi2 e = Ao Pi2) b1 087 Py Ag [l [Py
N M, 2 FoAs 2 Y ea—
11 |2 (a) ) .
2 (W + Ag |h11‘2 P+ |h1r‘2F1 P1> //\\5821;0
A7 Ag?T' 2 Az ([ha1 2 Py [har| P = A5? Py 2Ty
+2 17“028/\531 -2 As52To ’ 5 (29)
2p(a)
NM,; = {(71\8“”}001 A + Ag |h11\2P1 + |h1r|2rl P1> A%:’ - —AX;\;}?} )
DM, 1+ 22,
DM, DM?,
A1 = 2R6(h11h’{rh;1h27-),
Ay = |huihi, ],
Ay = AW@
Ay = |h?0PP 41,
As NP 4 NG )T+ oy 057 PN, (30)
Ao = |ho|? 65 P+ N 4 N,
A7 = Ag \h11|2 0§Q)P1 +I |h1r‘2 ng)Pl,
As = |hia|> PuAs + |hao > Py Ay — 20209 P2 — A6 Py Py
2 2
NNM, = 2P, {Pg (65 a1 + P2 (657 1 s o +
N 2 .
(Nl(q)) [harl* +2 Py N{P 05 [hoy | [har ]
i i o (31)
‘h21|2 0%‘1) P2 +1’\0 _|_N1(‘I)) (95‘1) P2 N7EQ) ‘h21|2 + |h2r‘2 eéq) P2 Nl(Q) +N£‘1) Nl(Q))
\hirhat — hihey|” Qéq) Py + |hy,|? Nl(q> + |h11)? NT@)
> 0
DNM;, = —|hiiha — hothi, | 059 PioSY PaN{D — Ry |* B 049 PLOSY Py NS — Ry 049 PLNSY NED —
2 12 (g@)? p2 @ 2 g(@) p, N(@) (@ 1 (p@)? p2 (@
har? [z (657) PENI? = 2 hon [ 030 PN N — oy [* (647) PENS
2 - 2 ~ 2
\ha1hir — hithor|? |hoy|? 019 Py (95‘”) P? — |y, 617 Py (Nf")) — |has|? 057 Py (qu)> - (3
~ 2 ~ ~
<N1(4)> NT((I) _ |h21|2 9§¢1)P2NT(11)1—\0 _ Nr(q)PONl(Q) _ ‘h2r|2 9§Q)P2N1(Q)FO_
1 |? |hay |2 649 P 6SY Py NSO
< 0
a) If (1) > 1 and Fy(1) > 1, then we have unique and 63F = 1 and
di > c12 +c11 and da > ¢ + co2. In this case by
the BR are constants i.e., BR;(¢;) = 1 and thus ONE = | “en it . dy > e,
the NE is unique (622, 6NE) = (1,1). We have 0 , Otherwise,
dBR; dBRo | __
Ld‘)% an, | = 0 for (01,0) € V(1,1) and the Here as well we have |[4BRidBRz — o for
E is asymptotically stable. 2 1

(61,02) € V(OXE 6NF) and the NE is asymptoti-
cally stable.

If F1(1) < 1and F(1) < 1, then we’ll have d; <
c12 + c11 and do < ¢o1 + c9o0. This case is the
most demanding one and will be treated in detail
separately.

point an important observation is in order. The

discussed scenarios, for which we have determined the unique
NE, have a simple geometric interpretation. If the intersec-
tion point (67,03) is such that either 67 € R\ [0,1] or
05 € R\ [0,1] then the NE is unique and differs from this
point ((OXE, 0NF) £ (0%,03)). The case 4.(d) corresponds



to the case where the intersection point (07,603) € [0,1)? is

an NE point. Now we are interested in finding whether this

intersection point is the unique NE or there are more than one

NE. If 0 < dy < ¢11 +c12 and 0 < da < cop + co1 We have
the following situations:

1) If c11¢00 = c21¢12, then the curves described by 6; =
F;(0;) are parallel.

a) If di = do, then the curves are superposed. In this

special case we have an infinity of NE that can be

characterized by (03F, 93F) € T where:

T = {(61,65) € 0,12 |61 = F1(65%) } .

In this case we have an infinity of NE such that
‘%% =1 for (61,602) € V(6YF,05F) and
the NEs are not stable states. This can be easily
understood since a small deviation from a certain
NE drives the users to a new NE point. Thus, the
users don’t return to the initial state.
b) If di # do, then the two lines are only parallel.
In this case it can be checked that the NE is
unique and also asymptotically stable since again
Bl AR = 0 for (61,6;) € V(OAE,60F).
n order to explicit the exact relation of the NE,
one has to consider all scenarios in function of
the sign of the following four relations F;(0) — 1
and 02 — 1, 7 € {1,2}. We will explicit only one
of them. Let us assume that F;(0) — 1 < 0 and
2 < 0 which means that d; < min{co, <22
and dy < min{ca,caa}. Here we have two sub-
cases:
If 4 , then the NE is characterized by
GNE = 0 and QNE L
If c‘% v , then the NE is characterized by
ONE = dicaa gng gNE — 0,
C12C21
2) Consider ci1coo # c21¢12. Here we have to consider
all cases in function of the sign of the four relations
Fi(0) = 1 and 0% — 1, i € {1,2}. We will focus on
only one of them. Let us assume that F;(0) — 1 < 0
and 02 — 1 < 0 and thus di < min{ci2,c11} and dz <
min{ca1, co2 }. Here we have four sub-cases:

If £ < 4iand 4 > L then the NE is unique:

C11

6NE2 = 9* and O3F = 92 Also we have that
LdBRl dBR?‘ < 1 for (61,62) € V(6%,63) and the

dos,  dé,
E is asymptotically stable.
o If & > dignd L o
C22 12 C11 C
different NE:
(61, 65%) € {(67,63), (0, &), (£, 0)}, the inter-
section point and two other NE’s on 'the border. The
intersection point is unstable since ’dBRl dBRy 1 > 1

, then there are three

d91
for (61,62) € V(07,63) but the other two NE’s are

asymptotically stable since ‘%%‘ = 0 for

(61,62) € V(0, 2 ) and (01,92) eV(&,0).
If 2 — 4 and Lo < 22 then there are only
two different NE: (6, 69X E) € {(0, &), (&,0)}.
In this case both of NEs are on the border, one
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of which represents the intersection point of the
BR’s. It turns out that the intersection point is

not a stable NE because ‘df’fl df’gfz > 1 for

(01,02) € V(O +=). However, the other NE is

asymptotically stable since ‘df;:‘l ozl = 0 for

(01,02) S V(cu )

o If &> dLand 4 — 42 then there are two NE:
(0N, 05E) e {(4 ) 0 d2 +)}. Here the analysis
of the stability of the two “Ne’ s is similar to the

previous case.

In conclusion, the number of NE states depends on the
geometrical properties of the best-response functions. Three
different cases can be identified: 1) when the lines ; = F;(6;)
are superposed the game has an infinity of NE which are not
stable; 2) when the lines have a unique intersection point that
lies outside of the borders [0, 1] x [0, 1], the NE is unique
and asymptotically stable; 3) when the lines have a unique
intersection point (65, 63) that lies inside [0,1] x [0, 1], there
can be one, two or three different NE among which one is
identical to this intersection point. In the case where the the NE
is unique, it is also asymptotically stable. When the game has
two or three NE, the intersection point (67, 63) is an unstable
equilibrium while the other/others are asymptotically stable.
The best-response algorithm converges to one of the NE points
depending on the initial state of the system.
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Fig. 1.
band index and ¢ € {1, ...,Q}.

Fig. 2.

[—3, +4], the figure indicates the regions where one relaying protocol (AF,
DF or bi-level EF) dominates the two others in terms of network sum-rate.
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Ny = 9dBm, N, = 7dBm, v(1) = (2 = 2, The optimal amplification
gain A¥ = 0.05 < a,(1,1) = 0.17 meaning that saturating the relay power
constraint is suboptimal.
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D1). (b) Power allocation policies at the NE (91VF, 0 F) as a function of
(xRr,yr) € [—L,L]? (the regions where the uses allocate their power to
IRC are almost non overlapping.).
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Abstract—In this paper, we review the literature on physical
layer energy-efficient communications. The most relevant rad
recent works are mainly centered around two frameworks: the
pragmatic and the information theoretical approaches. Boh of
them aim at finding the best transmit and/or receive policies
which maximize the number of bits that can be reliably convegd
over the channel per unit of energy consumed. Taking into
account both approaches, the analysis starts with the singluser
SISO (single-input single-output) channel, and is then exnded
to the MIMO (multiple-input multiple-output) and multi-us er
scenarios.

tion theoretical approach. In Tab. |, we have summarized the
general assumptions for both approaches. The systems under
investigation consist either of single or multiple anteriea
minals. The multi-carrier scenario is a special case of MIMO
channel which can be solved in closed-form in the pragmatic
approach and, thus, will be considered separately. Regardi
the channel coherence time, in the pragmatic approach, the
quasi-static channel is considered assuming perfect ehann
state information at the transmitters (CSIT). The tranwmit
can adjust its power as a function of the channel state. In the
|. INTRODUCTION second scenario three types of channels are considerdtk a) t
During the past decade, energy consumption has becosta&tic channel with perfect CSIT; b) the fast fading chanciel
an increasingly important issue in wireless networks. Ftine slow fading channel. For b) and c) only the statisticef t
instance, in the current cellular networks, the mobile teeds channel are required at the transmitter. In all scenariedept
are equipped with relatively large screens, required teroffchannel state information is needed at the decoder. The main
more and more functionalities and they need to operate fatus of this paper is the energy-efficiency power allocatio
higher transmission rates for a longer period of time. At th@A) problem although different degrees of freedom are also
fixed infrastructure level of these networks, the number ofiefly reviewed. In most of the dedicated literature, orig t
base stations has increased dramatically implying importdaransmit power at the output of the RF circuits (or the traihsm
energy costs. According to [2], these costs are expecteéd togmwer for reliable data) is considered. Even if this assimnpt
multiplied by a factor of six within the decade 2002—-2012nay not be realistic, it allows one to characterize the upper
However, significant progress has been made in the artlafund on the maximum performance that can be achieved
designing wireless transmitters and receivers. This thedu in practice. However, we will also review some works that
antennas and electronic circuits technology, signal [sing have taken into account the consumed circuitry energy which
algorithms, channel coding techniques and network prdéocanay have a critical impact on the system energy-efficiency.
The arising question is: Will technological progress be fafurthermore, only the single-user setting is investigatettie
enough to control and decrease the energy consumptionrddrmation theoretical approach, whereas for the pragmat
the terminal and the network infrastructure sides? Answgeriapproach the multi-user scenario is also considered.

such a question is a difficult task and only partial answens ca

be prOVided' For thIS purpose! diﬁerent Communication arngTEM MODEL AND ASSUMPTIONS FOR THE TWO ENERGEFFICIENT APPROACHES

information theoretical tools will be used. An importanbto
and one of the technological breakthroughs in communioatio
is the MIMO concept (i.e., systems composed of multiple
antenna terminals) [3][4][5]. It is well known that, for aipt
to-point communication, using multiple antenna termirials
full diversity mode (i.e., all the transmmit antennas aredus
to send the same information over the channel) allows one to
decrease the transmit power while ensuring a fixed quality of
transmission (e.g., the bit error rate).

In this paper, we overview the literature on energy-efficien
communications w.r.t. the number of bits that can be refiabl
conveyed over the channel per unit of energy consumed.

TABLE |

Pragmatic approach

Information theoret-
ical approach

SISO SISO
Dimensionality Multi-carrier -
MIMO MIMO
Number of users Sing_le-user Single-user
Multi-user -
Static channels,
Coherence time CSIT

Quasi-static, CSIT

Fast fading, CDIT

Slow fading, CDIT

Consumed power

RF signal power

RF signal power

RF signal plus cir-

cuitry power

The research on this topic has been focused on two mdin Notations

approaches: a pragmatic approach based on practical moduldVe define hereafter some general notations and acronyms
tions, coding-decoding schemes, electronics and an irgornthat will be used throughout the paper. L&t denote the




0.07

transmit rate,y the received SNR for the single user cas
or SINR for the multi-user casegy < (0, P] denote the
transmit power which is constrained b§, h the channel
gain, 02 the noise variance (the noise is assumed Gaussie
For the MIMO system we denote by, n,. the number
of available antennas at the transmitter and recelethe
n, X n; channel matrix]lj the j — th column ofH, the input
covariance matrix i9Q = Udiag(pi,...,pn,) U whereU

is a unitary matrix, antp = (p1,...,pn,) is the vector of %
the corresponding eigenvalues. The average power camstra

is Tr(Q) = Z;’;lpj < P. The noise correlation matrix is

Y. = ¢2I, unless otherwise specified.

0.06[

0.051

0.04

Energy—efficiency f( y)/y [bit/Joule]

Fig. 1. Type | energy-efficiency vs. received SNR

Acronym | Definition i . . . . .

SISO single-input single-output Type IlI: f(z) is an increasing concave function. In this case,

MIMO multiple-input multiple-output _ the optimal solution is triviakz* — 0. For example, for a

CSIT channel state information at the transmitter . . . . .

CDIT channel distribution information at the transmitter logarithmic benefit fUﬂCtIOﬂf(:L‘) = a1 10g(1 + 021') with

;’; f;c‘iﬂi’gff;”%ﬁ?“ a; > 0 anday > 0 it can be shown that the energy-efficiency

SNR signal-to(-:lnoiseyratio function is convex and decreasing w.rt. Thus, the optimal

SINR signal-to-interference plus noise ratio solution is trivial z* — 0. Intuitively speaking, if increasing

CDMA code division multiple access . . . .

BER bit error rate the resource consumption results in a marginal increase of

FSK frequency shift keying benefit, then the most efficient solution is not to consume the

bpcu bits per channel use

NE Nash equilibrium resource at all.

OFDMA orthogonal frequency-division multiple access

STBC space-time block coding Il. PRAGMATIC APPROACH

AWGN additive white Gaussian noise

UPA uniform power allocation We will first study the pragmatic approach, starting with the
simplest case of single antenna systems.

B. A Generic Efficiency Function

The efficiency of a system can be defined in general as tﬁé SISO

ratio between what the system delivers to what it consumes!n [7][8], the authors study the uplink of &'-user CDMA

For example, we can define the efficiency function as: Gaussian channel. A non-cooperative power control game is
formulated where the transmitters tune their powers in rorde
E(z) = %, (1) to maximize their individual performance in terms of energy
gl\x

efficiency. The chosen performance metric for the single use
wherez € [0, X] denotes the resource constrained®yf(-) case is defined as:

the benefit function such that(0) = 0 and g(-) is the cost Gp.R) = LRf(7y) @

of the resource. We assume also théi) = 0, which means P = T

that the cost in standby mode (no transmission) is zero. Tigere I, represents the information bitd/ the packet size
problem_ ofgfficient resource _allocati_ois to find the optimal (M > L after the channel coding). Alsg(~) = (1—BER)M
" maximizing E(r). Assuming a linear costy(z) = Az  rgpresents the probability of correct packet receptionzigt
whereX > 0 re.presents the unit cost, then it is sufficient tQenotes the bit error rate. In generdl(y) is an S-shaped
study the function: function. The energy-efficiency is a Type | function and a-hon
E(z) = @ (2) trivial solution+* > 0 exists for the optimization of2). This
) is illustrated in Fig. 1 forR = 1 bpcu (bits per channel use),
Depending on the shape of(z), two types of energy- y; — 1, — 80 and a non-coherent FSK modulation [8]. The
efficiency functions can be distinguished: _ optimal transmit policy corresponds to the power achievirey
Type I: f(x) is an increasing S-shaped function. In [6], thgyptimal SNR~* while satisfying the power constraint. This
authors show that, under this hypothesis, the efficieity)  result is shown to extend to the multi-user scenario where, a
Is quasi-concave w.r.b:_. Tr_\e optimal solution is unique andthe Nash equilibrium (NE) state (see e.g., [9][10]), theirapt
non-trivial 2* > 0 and is given byr™ = min{X, 7} whereZ transmit policy for any user is the minimal power that allows
is the solution of the equation: it to achieve the optimal SINR equal to (independently of
of'(z) — f(z) = 0. 3) th? user identity). .
n [11], the authors showed that the performance obtained at
The solutionz has a neat geometrical interpretation. It is ththe NE is inefficient. In order to obtain a Pareto improvement
intersection point between the curye= f(x) and the tangent of the non-cooperative power control game, different mesho
that passes through the origif, 0). For example, iff(x) = have been proposed such as: pricing techniques [11], bigrar
e~93/% with ag > 0, the optimal solution ig:* = min{Y, az}. among users with either successive interference canoellat



at the receiver or using the Stackelberg formulation [13],[1 antennas. The users tune the MMSE receiver coefficients
repeated games framework [14]. (in this case matrices instead of vectors) and their trainsmi
Several extensions of [8] have been proposed by considgowers. A large system comparison between the MMSE filter,
ing: The influence of other supplementary degrees of freeddhe matched filter and the decorrelator is also provided. In
on the system energy-efficiency, such as the transmit densthis case, since the transmitter is equipped with one aatenn
lation size [15], transmission rate [16], [20], the coeffitis the problem remains essentially a power control problem.
of the receive filter [18], [22], [21]; multi-hop systems andn [27], the framework in [26], is extended to multiuser
introducing the circuitry consumed power [22], [23]; nonMIMO wireless systems where each terminal can tune its
linear receivers [17]. For more details the reader is reférrtransmit power, beamforming vector and receiver in order
also to [19]. to maximize its own utility. Hence, the transmit covariance
In [24], the non-cooperative power control game is studigdatrix is restricted to be a unit rank matrix.
in a frequency-selective environment for the uplink of an In [30], the authors studied the two extreme cases w.r.t. the
impulse-radio ultrawideband system. In this case, thelpmb tradeoff between the diversity and multiplexing gains lgiutu
is more challenging than single path because of the setfy MIMO systems: (a) the full multiplexing mode, where the
interference in addition to multiple access interferennd atransmitter sends independent data flows over its ante(inas;
every user achieves a different SINR at the output of its Rakee full diversity mode, where the transmitter sends theesam
receiver. The authors of [23] study the energy-efficiencyg-noinformation over its antennas.
cooperative power control game in large networks. The nodedn case (a), the transmit covariance matrix is diagdak
are assumed to form clusters to send the local signal andlistaiag(p) and the efficiency function has the same expression
receivers. In this scenario, the NE is characterized assyumas (5) by replacingD with n;. Here,~; is the output SINR
that the players are the clusters that choose their averagehe matched filter receiver for thieth component of the

transmit power to maximize the energy-efficiency. transmitted signalzy; = psht (2 N Z#. pjhjth -1 .
A7) Z JAi RS Loy

B. Multi-carrier The authors proved a similar result as in [25] for the singleru

The authors in [25] have extended the analysis in [8] to tf@se- When independent information is sent over the transmi

study of the PA problem in multi-carrier CDMA systems. Th ntennas and assuming a matched filter receiver, the optimal
transmitter can send independent data flows over a numbe A% _poIl;:y 'S beflmforr]r_mngtlhn tthe dltreScIUon. that requires the
D > 2 orthogonal carriers. The energy-efficiency utility writedINIMal power to achieve the targe NR:

as: . (5 4* .

D pf: mm{P’M}’ if Z—k, (6)

RL de (7a) 0, otherwise,
G(p,R) = ﬁ%v 5 . _ )
Zpd where k= argmaxjec(i, . n,} b 3, 'h; is the index of
d=1 the best channel anH, is a general positive definite noise
covariance matrix. This result was extended to any linear

where p = (p1,...,pp), pa > 0, represents the power

allocated to thed-th carrier andy, is the receive SNR on receiver [30].

the d-th carrier. The authors prove that the optimal PA policx1
is to use only the best carrier (w.r.t. the channel gain) and {
transmit over this carrier with a power that achieves an sNR

In case (b), the transmit covariance matrix is a unit rank
atrix Q = vv” wherev; = \/p; foralli € {1,...,n;}. The
ceived SNR at the output of the matched filter (or the MRC

equal toy*. The result is extended to the multi-user case. receiver) is:

A different energy-efficiency function has been studied in e nt
[28][29] for multi-carrier frequency-selective OFDMA cha YMRC = Z Z \/E\/]j_jhiHE;Ihj~ (7)
nels. This function is defined by the ratio of the throughput i=1 j=1

and the total power (transmit plus circuitry consumptidr)e The energy-efficiency function to be maximizediép, R) =

throughput is the transmission rate depending on the SNR gap ¢ e —
i (?,,“SR;_), under the power constrait;*, p; < P. The

factor. M 5L pi o .
problem is more difficult here and a closed-form solution can
C. MIMO be obtained only for a particular case where = n; = n,
The multi-carrier case can be seen as a particular MIMB = diag(h11...., hnn) and X, = diag(of,...,07). No-

channel wherew, = n, = D and H is a diagonal matrix. tice that this is the dual case of the one studied in [25]
Now we will focus on the general MIMO case. The majofwhere the transmitter sends independent information over
difficulty in extending this pragmatic approach to the geherth® parallel sub-channels). The optimal solution corrasigo
MIMO case is that the output SNR will be strongly related & choosing only the link with the best output SNR ( i.e.,
the encoding-decoding schemes implemented. k = argmaxje(i,. ) 4-) and to transmit with a power

In [18], the authors study the SIMO (single-input multiplethat achieves/*. Notice that the same solution was obtained
output) case where the receiver is equipped with seveml[25].




©

There are several works that have studied the ener
efficiency in MIMO channels assuming space-time code
In [31], the authors evaluate the improvement obtained |
using multiple antenna terminals and implementing Alarmot
diversity schemes. Assuming a fixed transmission rate aad
BPSK input modulation, the MIMO system outperforms th
SISO in terms of energy-efficiency if only the transmit powe
consumption is taken into account. When the circuitry eper
consumption is also taken into account, this conclusion
no longer true. However, if the input constellation size can
be optimized, the MIMO system can outperform the SISO Fig. 2. Type Il energy-efficiency vs. transmit powsr
system, in spite of the higer circuitry energy consumption.

The authors consider also the scenario where the nodes of

the network are single antenna terminals that can cooperbj@tice that the capacity per unit cost is easier to compute
among each-other to form a virtual MIMO system. It turn§ince the optimization is not done over the input probapilit
out that, applying MIMO coding/decoding techniques reducélitributions ¢(z) but over the symbols of the input alphabet.
both, the total consumed energy and the total delay, everfirthermore, the divergence between two distributiéns|-),

the costs of the local exchange information among the nodéseasier to compute than the mutual informatiof; ) [43].

is accounted for. The STBC cooperative transmission is alsoln [44], the authors consider the discrete memoryless chan-
addressed in [32] for sensor networks. The authors propese i€l with binary inputs where thé is a zero cost symbol.
low-energy adaptive clustering hierarcy (LEACH) framelworAs opposed to [38] where the cost constraint is imposed on
to improve the energy-efficiency. In [35][36], the multi#g €ach symbol, in [44] the codeword is cost-constrained. is th
clustering techniques allowing far-off nodes to commutgcacase, it is not possible to guarantee an asymptotically Ismal
to the base station are investigated. Other energy-effici&@iror probability and, thus, the Shannon capacity is zehe T
scheduling mechanisms are reviewed in [33]. In [34], tHeapacity per unit energy is defined as the maximum rate, in
authors derive an adaptive MIMO approach where the trarff¥ts per unit of energy consumed, that can be transmitted
mitter adapts its modulation and rate and chooses eitheesp@Ver the channel such that the maximum likelihood random
division multiplexing, space-time coding or single-aman coding error exponent is positive. Based on this notion, the
transmission. The authors show that this adaptive tecknic@ithors of [45] define the capacity under a similar finite gper
can improve the energy-efficiency up 89% compared to constraint as the maximum total number of bits that can be
non-adaptive systems. transmitted with a positive error exponent. Then they aswly
the connections between this notion and the capacity pér uni
] ) . . . energy in [44]. In [46], the authors apply the results in [38]

We will now overview the |nforrn_at|on theoret|c_a_l approac}"{.44] to the wide-sense stationary and uncorrelated saadgter
O'ne'of the first papers addre;smg energy-efficient COMNMySSUS) channel.
nlcatlor_13 from this pqlnt of view is [37] whe_zre the a_uthor In the remaining part of the paper, we consider the con-
determines the capacity per unit cost for various versidns @,,0us channels and assume that the input alphabet does not

the photon counting channel. In [38], the author studies tR8niain zero cost symbols unless otherwise specified.
discrete memoryless channel where a ddstis assigned to

each symbol of the input alphabet. The maximum number Af SISO

bits that can be transmitted reliably through the channel pe \no start with the static SISO AWGN channel. Following
unit cost is characterized as follows. Two different scersar [38], the achievable rate per unit cost is:

were considered depending on whether the input alphahet,

contains or not a zero cost symbblxy] = 0 (e.g., the silence I(p) = 1 log (1 + p\LIQ) (10)
conveys information). 2p 2 o2

Assuming that there is no zero cost symbol, the capacifyptice thatl(p) is a Type Il efficiency function. This can also

/

"=7.21 bit/Joule

w EN (5]
T T T

Energy efficiency (p) bit/Joule
N

L L L L L L L L L
0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1
Transmit power p [W]

-

o

IIl. | NFORMATION THEORETICAL APPROACH

per unit cost is: be seen in Fig. 2 where we pldtp) for the scenario where
. C(B) supy gpixy<p L(X;Y) p = 10 dB, h = 1. In this case, the capacity per unit cost
¢= A 4 3 ®) is achieved when* — 0 and given byl —s 1M Jogy e.

Therefore, in order to be energy-efficient in the sense of the
capacity per unit cost, the transmitter has to send infaomat
with very low power which implies low data rates. This solu-
tion may be realistic in sensor networks but is not acceptabl
in most common scenarios where minimum communication
rates are required. For fast fading channels a similar trésul
proved in [41].

where C(3) = sup,(x)rpix)<s [(X;Y) represents the ca-
pacity of an input-constrained memoryless stationary oban

If the input alphabet contains a zero cost symbplg] = 0,
the capacity per unit-cost per unit cost is:

= D =z =x
C= sup ((IY\X— HQY\X u).

9
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The case of slow fading channels is considered in [30] [41 2 80 f~——_T(p"R) =803 bitiJoule e
In this case, the Shannon achievable rate is equal to zeus, Tt %70’ T 12mw i,
a different information theoretical energy-efficiency ¢tion 2% T(p',R) =31,3 bitiJoule
is proposed: S50 p.= 26 mw

> 40F
I'(p,R) = w, (12) é 30k I'(p,R) =10,6 bitJoule :
p S sl f p = 64mwW rp ,3) =3,7 bit/Joule
2 - p =100 mW
whereP,,(p, R) = Pr |log, (1 + ”‘ULZ‘) < R| is the outage o0t emt T
probability. The numerato?[1 — Pout(p, R)], can be seen as = o 005 01 015 02 025 03 025

the long-term expected throughput. Assuming Rayleigmigdi Transmit power p [W]
the closed-form expression of the outage probability iegiv
by Poui(p, R) = 1—exp{—"2(chR’l>}. In this casel'(p, R) is
a Type | energy-efficiency function and a non-trivial sabuti ) )
exists and is given by* = min{o?(ef* — 1), P}. We observe of the system parqmeters. This famous con]gcture has been
that this result is very similar to the one obtained in Sec. Rroved for the particular cases; = 1,7, = 2 in [47] and
where the pragmatic energy-efficiency function is congider 7 = 1,7¢ > 2 in [48]. Relying on [48], the authors of
This can be explained by the fact that, as opposed to #K®] have found the optimal covariance matrix maximizing th
static and fast fading cases, in slow fading channels, there energy-efficiency for the case wherg = 1,7, > 2. They also
outage events (i.e., non-zero error probablility) whictpiyn conjectured the solution for the general MIMO case. It turns
the existence of an non trivial tradeoff between the thrgugh OUut that the cojectured solution has the exact same stuature
and power consumption. the one minim_izi_ng the outage propapility. The Qiﬁer.eljse [

A very similar notion with the capacity per unit cost is théhat, when optimizing the energy-efficiency function, itnist
minimum energy-per-bit. This notion is defined in [39] foeth always optimal to use all the available power. _
discrete-time AWGN relay channel. By considering the relay A Particular case of interest is the case of UPA transmit

power equal to zero the minimum energy-per-bit becomes:Policy whereQ = -=1. In [49], the authors conjecture that
the energy-efficiency is a quasi-concave function war.&nd

e = lim 2p = 20° that a non-trivial solution existg* > 0. This is illustrated
b |h|2 [h]? log; e . . . :
p_’olog2 (1+%) numerically in Fig. 3 for the scenarioy,, = ny = n €
o o ) {1,2,4,8}, p = 10 dB, R = 1 bpcu. We observe that the
We obeserve that the minimum energy-per-bit is the inverggtimal energy-efficiency value is increasing with the syst
of the capacity per unit cost. In [40], the authors study trlbeize and, thus, having several transmit antennas imprénes t
AWGN relay channel in the presence of circularly symmetrignergy-efficiency of the system.
fast _fading. They consider diff_er_ent relaying proto<_:o|sd an The quasi-concavity property w.r.t. the transmit powes
provide lower bounds on the minimum energy-per-bit. important for example in the multi-user scenario. It allows
one to prove the existence of NE states for non-cooperative
B. MIMO -
) ) energy-efficient games (see [9]).
In [41], the authors investigated the case of MIMO channels |, 142], the authors study the tradeoff between the minimum
assuming that the channel matrH is a n, x n; random  gnergy-per-bit and the spectral efficiency for wide-bant/i!

matrix with i.i.d. standard Gaussian entries. It turns Gwltt channels assuming that the input alphabet contains a zeto co
for static and fast fading channels, the optimal energyiefit symbol and the UPA transmit policy.

solution is similar to the SISO case. More precisely, the
optimal covariance matrix maximizing the achievable rae p IV. CONCLUSIONS

unit cost goes to zerQ" — 0. The capacity per unit cost for |n this paper, we overviewed the literature on energy-
the static channel iB* — ﬁ% The result is extended efficient communications. The current research is focused o
to fast fading channels. maximizing the number of bits per Joule that can be reliably
For the slow fading MIMO channel the problem is mucltonveyed through the channel. From an information thezakti
more difficult. In contrast to the static and fast fading sasiee point of view, the optimal transmit power allocation polisy
results obtained for the single-antenna case are not radgsstrivial for the static and fast fading channels. When slodirig
extendable to MIMO channels. In this case, even the optimal assumed, a non-trivial solution exists and using mutiple
solution that minimizes the outage probability is still ggea antennas terminals improves the system energy-efficiency.
issue. This is due to the fact that the mutual information istowever, these conclusions do not hold necessarily in joadct
random variable that has an intractable probability distibn, scenarios where the circuitry energy is also considered.
and no closed-form expressions are available for the outage REFERENCES
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Energy-Efficient Precoding for
Multiple-Antenna Terminals

Elena Veronica Belmeg&tudent Member, IEEEBNnd Samson Lasaulc®lember, IEEE

~ Abstract—The problem of energy-efficient precoding is inves- and therefore at low transmission rates. However, this answ
tigated when the terminals in the system are equipped with holds for static and single input single output (SISO) clesin
multiple antennas. Considering static and fast-fading muiple- and it is legitimate to ask: what is the answer for multiple-

input multiple-output (MIMO) channels, the energy-efficiency is . .
defined as the transmission rate to power ratio and shown to be input multiple-output (MIMO) channels? In fact, as shown

maximized at low transmit power. The most interesting casesithe N this paper, the case of slow fading MIMO channels is
one of slow fading MIMO channels. For this type of channels,lte  especially relevant to be considered. Roughly speaking, th

optimal precoding scheme is generally not trivial. Furthemore, main reason for this is that, in contrast to static and fadinfza
using all the available transmit power is not always optimalin channels, in slow fading channels there are outage events

the sense of energy-efficiency (which, in this case, correspds to L . .
the communication-theoretic definition of the goodput-topower which imply the existence of an optimum tradeoff between

(GPR) ratio)' F|nd|ng the optima| precoding matrices is shovn the number Of Successfully transmitted bItS or bIOCkS eﬂh"
to be a new open problem and is solved in several special casesgoodput in [3] and [4]) and power consumption. Intuitively,

1. when there is only one receive antenna; 2. in the low or high this can be expiained by saying that increasing transmimow

signal-to-noise ratio regime; 3. when uniform power allociion 454 much may result in a marginal increase in terms of quality
and the regime of large numbers of antennas are assumed. A . .
or effective transmission rate.

complete numerical analysis is provided to illustrate the @rived . : . . .
results and stated conjectures. In particular, the impact & the First, let us consider SISO slow fading or quasi-static ehan

number of antennas on the energy-efficiency is assessed andiels. The most relevant works related to the problem under
shown to be significant. investigation essentially fall into two classes corresping

Index Terms—Energy-efficiency, MIMO systems, outage prob- 0 two different approaches. The first approach, which is the
ability, power allocation, precoding. one adopted by Verd( in [1] and has already been mentioned,
is an information-theoretic approach aiming at evaluathrey
capacity per unit cost or the minimum energy per bit (see e.g.
[5]1, [6], [7], [8])- In [1], two different cases were invegtted

In many areas, like finance, economics or physics, a co@epending on whether the input alphabet contains or not a
mon way of assessing the performance of a system is to c@@ro cost or free symbol. In this paper, only the case where
sider the ratio of what the system delivers to what it consimehe input alphabet does not contain a zero-cost symbol will
In communication theory, transmit power and transmisséte r he discussed (i.e., the silence at the transmitter side does
are respectively two common measures of the cost and benggivey information). The second approach, introduced]iis[9
of a transmission. Therefore, the ratio transmission 8¢ (1 more pragmatic than the previous one. In [9] and subsequent

bit/s) to transmit power (in J/s) appears to be a naturalgrer works [4], [10], the authors define the energy-efficiency of

efficiency measure of a communication system. An importagt SISO communication as(p) = Efm) \where R is the
p

question is then: what is the maximum amount of informatia¥fective transmission data rate in bitsthe signal-to-noise-

(in bits) that can be conveyed per Joule consumed? As reporiifys-interference ratio (SINR) andis a benefit function (e.g.,

in [1], one of the first papers addressing this issue is [2]r@hethe success probability of the transmission) which depends
the author determines the capacity per unit cost for variote chosen coding and modulation schemes. To the authors’
versions of the photon counting channel. As shown in [1], thgowledge, in all works using this approach ([9], [4], [10],
normalized capacity per unit cost for the well-known additive[11], [12], [13], etc.), the same (pragmatic) choice is made
white Gaussian channel model= X + Z is maximized for for f: f(2) = (1 — e=**)N, wherea is a constant andV

Gaussian inputs and is given bynp_,g 1og2(;+6%) = UQ}HQ, the block length in symbols. Interestingly, the two menédn

where E|X|? = P and Z ~ CN/(0,0%). Here, the main approaches can be linked by making an appropriate choice for

message of communication theory to engineers is that energylndeed, iff is chosen to be the complementary of the outage

efficiency is maximized by operating at low transmit poweprobability, one obtains a counterpart of the capacity per

unit cost for slow fading channels and gives an information-

Copyright (c) 2010 IEEE. Personal use of this material ismpited. thaoretic interpretation to the initial definition of [9]oTour

However, permission to use this material for any other psepomust be . .

obtained from the IEEE by sending a request to pubs-pemnis@ieee.org. KNowledge, the resulting performance metric has not been
E. V. Belmega and S. Lasaulce are with LSS (joint lab of CNRSzonsidered so far in the literature. This specific metriciclvh

Supélec, Paris 11), Supélec, Plateau du Moulon, 91198@iivette, France, we call goodput-to-power ratio (GPR) will be considered in
{belmega,lasaul¢glss.supelec.fr !

1in [1] the capacity per unit cost is in bit/s per Joule and ndbii/J, which this paper. . Moreover, We. ConSider MIMO channels where
amounts to normalize by a quantity in Hz. the transmitter and receiver are informed of the channel

I. INTRODUCTION




distribution information (CDI) and channel state inforinat the statistics ofH are available at the transmitter. The first
(CSI) respectively. To conclude the discussion on the eglev two classes of channels are considered in Sec. Il and the las
literature, we note that some authors addressed the probleme is treated in detail in Sec. IV and V.

of energy-efficiency in MIMO communications but they did

not consider the proposed energy-efficiency measure based n|. ENERGY-EFFICIENT COMMUNICATIONS OVER STATIC

the outage probability. In this respect, the most relevasrkes/ AND FAST FADING MIMO CHANNELS

seem to_ be [15], [16] and_ [_17]. _In [15], Fhe authors_ adop_t R Case of static channels

pragmatic approach consisting in choosing a certain ceding ) _ o
modulation scheme in order to reach a given target data ratdiere the frequency at which the channel matrix varies is
while minimizing the consumed energy. In [16], the authorictly zero that isH is a constant m_atnx. In this particular
study the tradeoff between the minimum energy-per-bitu&arscc?ntext poth the transmitter gnd receiver are assumedaw kn
spectral efficiency for several MIMO channel models in thiis matrix. We are exactly in the same framework as [18].
wide-band regime assuming a zero cost symbol in the inplffus for a given precoding schen@, the transmitter can
alphabet and unform power allocation over all the anteninas.Send reliably to the receiveg, |L,, + pHQH"| bits per
[17], the authors consider a similar pragmatic approachéo tchannel use (bpcu) with = % Then, let us define the
one in [4], [10] and study a multi-user MIMO channel wher&nergy-efficiency of this communication by:

the transmitters are constrained to using beamforming powe log, |L,,, + pHQH"|

allocation strategies. Gistatic(Q) = :ﬁ(Q) : 3)
This paper is structured as follows. In Sec. I, assumptions

on the signal model are provided. In Sec. Ill, the proposed The energy-efficiencsiasic(Q) corresponds to an achiev-

energy-efficiency measure is defined for static and fastéad able rate per unit cost for the MIMO channel as defined
MIMO channels. As the case of slow fading channels is noit [1]. Assuming that the cost of the transmitted symbol

trivial, it will be discussed separately in Sec. IV. In Secdenoted byblz], is the consumed energyjz] = |z|* =~
IV, the problem of energy-efficient precoding is discussedir(zz), the capacity per unit cost defined in [1] i =
for general MIMO slow fading channels and solved for the Iy

4 ) . X . The supremum is taken over the p.d.f.aof
multiple input single output (MISO) case, whereas in Seg g, <7 Elb[z]]
V asymptotic regimes (in terms of the number of antennagich that the average transmit power is limitéid[z]] < P.
and SNR) are assumed. In Sec. VI, simulations illustrating |t is easy to check that:

the derived results and stated conjectures are provided. Se
VIl provides concluding remarks and open issues. N

Cslow WD) sup  I(z;y)

Il. GENERAL SYSTEM MODEL Q<P zE(22")=Q (4)

. . . o . . = su Glstati .
We consider a point-to-point communication with multiple b static(Q)

; . . . Q,Tr(Q)<P
antenna terminals. The signal at the receiver is modeled by: .
The second equality follows from [18] where Telatar proved

y(7) = H(7)z(7) + z(7), (1) that the mutual information for the MIMO static channel is
where H is the n, x n, channel transfer matrix and, maximized using Gaussian random codes. In other words,

(resp.n,) the number of transmit (resp. receive) antenna@'?'dmg the optimal precoding matrix which maximizes the

The entries of H are i.i.d. zero-mean unit-variance Com_energy-efficiency function corresponds to finding the capac

plex Gaussian random variables. The vecioris the n,- per unit cost of the MIMO channel where the cost of a symbol
dimensional column vector of transmitted symbols arigl an is the necessary power consumed to be transmitted. The

n,-dimensional complex white Gaussian noise distributed yestion Is then whether the strategy “transmit at low power

N(0,521). In this paper, the problem of allocating the transm nd therefore at a low transmission rate) to maximize gnerg

power between the available transmit antennas is conﬂder%ﬁ'c'ency’ which is optimal for SISO channels, also applies

We will denote byQ = E[zz"] the input covariance matrix to MIMQ chanpels_. The answer is gi\_/en by the following
(called the precoding matrix), which translates the chos@fopPosition, which is proved in Appendix A.

power allocation (PA) policy. The corresponding total powe I_Dr_oposition 3.1 (Static MIMO_ chgnnels): The . energy-
constraint is efficiency of a MIMO communication over a static channel,

T™Q) < P. @) mea;ured .bsztatiC, is maximized wher@ = 0 and this
maximum is

At last, the time index will be removed for the sake of clarity. . _ 1 Tr(HEY) (5)

In fact, depending on the rate at whi€h varies withr, three static T n g pe?

dominant classes of channel models can be distinguished:  Therefore, we see that, for static MIMO channels, the
1) the class of static channels; energy-efficiency defined in Eq. (3) is maximized by trans-
2) the class of fast fading channels; mitting at a very low power. This kind of scenario occurs for
3) the class of slow fading channels. example, when deploying sensors in the ocean to measure a

The matrix H is assumed to be perfectly known at théemperature field (which varies very slowly). In some appli-
receiver (coherent communication assumption) whereag ophtions however, the rate obtained by using such a scheme



can be not sufficient. In this case, considering the benefit to V. SLow FADING MIMO CHANNELS: FROM THE

cost ratio can turn out to be irrelevant, meaning that other GENERAL CASE TO SPECIAL CASES
erformance metrics have to be considered (e.g., minirhize t

P (e.g A. General MIMO channels

transmit power under a rate constraint).

In this section and the remaining of this paper, the frequenc
with which the channel matrix varies is the reciprocal of
the block/codeword/frame/packet/time-slot duratiort teathe

In this section, the frequency with which the channel matrishannel remains constant over a codeword and varies from
varies is the reciprocal of the symbol duratian(f) being block to block. As a consequence, when the channel matrix
a symbol). This means that it can be different for eadtemains constant over a certain block duration much smaller
channel use. Therefore, the channel varies over a tramshitthan the channel coherence time, the averaging effect we hav
codeword (or packet) and, more precisely, each codeword seeentioned for fast fading MIMO channels does not occur
as many channel realizations as the number of symbols fere. Therefore, one has to communicate at rates smaller tha
codeword. Because of the corresponding self-averagirgteff the ergodic capacity (maximum of the EMI). The maximum
the following transmission rate (also called EMI for ergndiEMI is therefore a rate upper bound for slow fading MIMO
mutual information) can be achieved on each transmittetiannels and only a fraction of it can be achieved (see [27]

B. Case of fast fading channels

codeword by using the precoding strate@y: for more information about the famous diversity-multighex
tradeoff). In fact, since the mutual information is a random
Reast (Q) = Em [log, |1, + PHQHHH ) (6) Variable, varying from block to block, it is not possible (in

general) to guarantee a0 % that it is above a certain

Interestingly, R¢.st(Q) can be maximized w.r.tQ by threshold. A suited performance metric to study slow-fgdin
knowing only the statistics oH that is, E [HHH] under channels [14] is the probability of an outage for a given
the standard assumption that the entrieskbfare complex transmission rate targé?. This metric allows one to quantify
Gaussian random variables. In practice, this means that ottle probability that the rate targét is not reached by using
the knowledge of the path loss, power-delay profile, antenaegood channel coding scheme and is defined as follows:
correlation profile, etc is required at the transmitter toxma
imize the transmission rate. At the receiver however, the Pout(Q, R) = Pr [log, [I,, + pHQH"| < R].  (10)
instantaneous knowledge #f is required. In this framework,

let us define energy-efficiency by: In terms of information assumptions, here again, it can be

checked that only the second-order statistic¥lodire required

it (Q) = Ex [log2 }Inr + pHQH |] @ to optir_nize th_e precoding _matriQ (and thergfore the power
fast - (Q) : allocation policy over its eigenvalues). In this framewornie

propose to define the energy-efficiency as follows:

By defining g, as thei-th column of the matrix,/pHU,
i e {l1,...,n;}, U and {p;}7, an eigenvector matrix and Q. R) = R[1 —P,ut(Q, R)] (11)
the corresponding eigenvalues @f respectively, and also by ’ Tr(Q) ’

rewriting Gras: (Q) as In other words, the energy-efficiency or goodput-to-power
ratio is defined as the ratio between the expected throughput
(see [3],[20] for details) and the average consumed transmi

_ (8) Ppower. The expected throughput can be seen as the average

thi system throughput over many transmissions. In contrat wit

i=1

L, +>_pig,g;
i=1

log,

Gfast (Q) = IEH

static and fast fading channels, energy-efficiency is nat ne
essarily maximized at low transmit powers. This is what the
itis possible to apply the proof of Prop. 3.1 for each redi@a following proposition indicates.
of the channel matrix. This leads to the following result. Proposition 4.1 (Slow fading MIMO channels): The
Proposition 3.2 (Fast fading MIMO channelsThe goodput-to-power ratiol'(Q, R) is maximized, in general,
energy-efficiency of a MIMO communication over a fagbr Q # 0.

fading channel, measured b¥.s, is maximized when The proof of this result is given in Appendix B. Now, a

Q = 0 and this maximum is natural issue to be considered is the determination of the
| Te(E [HHA)) matrix (or matrices) maximizing the goodput-to-power @ati
Gt = e oz (9) (GPR) in slow fading MIMO channels. It turns out that the
n neo

corresponding optimization problem is not trivial. Indeeden
We see that, for fast fading MIMO channels, maximizinghe outage probability minimization problem w.i (which
energy-efficiency also amounts to transmitting at low powds a priori simpler) is still an open problem [18], [21], [22]
Interestingly, in slow fading MIMO channels, where outagé&his is why we only provide here a conjecture on the solution
events are unavoidable, we have found that the answer canmmximizing the GPR.

different. This is precisely what is shown in the remainifig o Conjecture 4.2 (Optimal precoding matrices): There exists
this paper. a power thresholdP, such that:



o if P < Py thenQ* € arnginPout(Q,R) = Q* €
arg m(ng(Q, R);

« if P> Py thenl'(Q, R) has a unique maximum iQ* =
E-1,, wherep* < P.

[ 1s D* known? | Is TUPA(p) quasi-concaveq Is p* known? |

This conjecture has been validated for all the special cases

solved in this paper. One of the main messages of this

conjecture is that, if the available transmit power is |desta
threshold, maximizing the GPR is equivalent to minimizihg t
outage probability. If it is above the threshold, unifornweso

SUMMARY OF PROVED RESULTS AND OPEN PROBLEMS

General MIMO Conjecture Conjecture Conjecture
MISO Yes Yes Yes
1x1 Yes Yes Yes

Large MIMO Conjecture Yes Yes
Low SNR Yes Yes Yes
High SNR Yes Yes Conjecture

TABLE |

allocation is optimal and using all the available power ingre simulations show that it also quite accurate for reasonable
ally suboptimal in terms of energy-efficiency. Concernihg t small MIMO systems [23], [24].
optimization problem associated with (11) several comsient Under the UPA policy assumption, the GARypa (p, R)
is conjectured to be quasi-concave w.pt.Quasi-concavity
the search for optimal precoding matrices to diagonal medri is not only useful to study the maximum of the GPR but
is also an attractive property in some scenarios such as the
distributed multiuser channels. For example, by considgri
MIMO multiple access channels with single-user decoding at
the receiver, the corresponding distributed power allooat
game where the transmitters’ utility functions are theirRGP
is guaranteed to have a pure Nash equilibrium after Debreu-
Fan-Glicksberg theorem [25].
Before stating the conjecture describing the behavior of
the energy-efficiency function when the UPA policy is as-
sumed, we study the limits whep — 0 and p —

Sec. IV-B, which is dedicated to MISO systems, a countet->°- First, let us prove thatim Tupa(p, R) = 0. Observe

are in order. First, there is no loss of optimality by resinig

for any eigenvalue decompositio = UDU# with U
unitary andD = Diag(p) with p = (p1,...,pn,), both the
outage and trace are invariant w.r.t. the choicdlbfind the
energy-efficiency can be written as:

F(D7 R) _ R[l _ Pout(Da R)} ) (12)

Zpi
i=1

Second, the GPR is generally not concave wbt. In

example where it is not quasi-concave (and thus not conca¥e

is provided.
Uniform Power Allocation policy

cation (UPA)D = 'I,,, wherep € [0, P] andT'upa (p, R)
r ( p Int,R).

ne

One of the reasons for studying this case is that the famoHS(H
conjecture of Telatar given in [18]. This conjecture states

h t lim Pout
p—0

—I,,.R
n

=1 and thus the limit is not

trivial to prove. tThe result can be proven by consider-

An interesting special case is the one of uniform power allé?g the equivalentl + 22Tr(HH) of the determinant

LI;LT + %HHH wheno — +o0o. As the entries of the matrix
are i.i.d. complex Gaussian random variables, the quantity

H) =" "|h;;|* is a2n,n, Chi-square distributed

i=1 j=1

that, depending on the channel parameters and target fi&fedom variable. ThuSuypa(p, R) can be approximated by:
(i.e., 0%, R), the power allocation (PA) policy minimizing _

the outage probability is to spread all the available pow&wpa(p, R) = Rexp (*%

uniformly over a subset of* € {1,...,n,} antennas. If this

can be proved, then it is straightforward to show that t

efficiency function is-Diag(e,.), wheree,. € S;.2. Thus,

k=0

Nypne—1 dk

k! ph+1

with d = n; (28—

hle)az. It is easy to see that this approximate tends to zero when
covariance matrixD* that maximizes the proposed energy? — 0- Second, note that the limitlim I'ypa(p, ) = 0.

This is easier to check sincdim

D* has the same structure as the covariance matrix minimizing

the outage probability except that using all the availaloleer

p——+o0
Conjecture 4.3 (UPA and quasi-concavity o

Pout £Ia
n

t

R)=0.
the GPR):

is not necessarily optimag* € [0, P]. In conclusion, solving Assume thaD = 21,,,. ThenI'vpa(p, R) is quasi-concave

Conjecture 4.2 reduces to solving Telatar's conjectureaasal w.r.t. p € [O, ?}.

the UPA case.
the energy-efficiency function is the fact that the prokgpbil

distribution function of the mutual information is gendyal
intractable. In the literature, the outage probability fseo

sional vectors containing ones andh; — ¢ zeros, for all¢ € {1,...,n¢}.

Table IV-A distinguishes between what has been proven & thi
The main difficulty in studying the outage probability ordan paper and the conjectures which remain to be proven.

B. MISO channels

studied by assuming a UPA policy over all the antennas!n this section, the receiver is assumed to use a single
and also using the Gaussian approximation of the p.d.f. @ftenna that isp, = 1, while the transmitter can have an
the mutual information. This approximation is valid in thérbitrary number of antennas, > 1. The channel transfer
asymptotic regime of large number of antennas. Howevépatrix becomes a row vectdr = (hi, ..., hn, ). Without loss

of optimality, the precoding matrix is assumed to be diagona

2We denote byS, = {v € {0, 1}"¢| 37"t v; = £} the set ofn; dimen- and is denOtefj byD = Diag(l_)) with BT = (p1, -'--7pm)-
Throughout this section, the rate targRt and noise level




o? are fixed and the auxiliary quantity is defined by: Proof: Since the entries ofi are complex Gaussian
c = o2(2% — 1). By exploiting the existing results on the o
outage probability minimization problem for MISO channel"
[22], the following proposition can be proved (Appendix C).gistributed random variablé,_vlvhich implies that:
Proposition 4.4 (Optimum precoding matrices for MISO chelap
R {1 ~ Prllog, (1 + %QHQ) < R]}

For all ¢ € {1,..,ny — 1}, let ¢, be the unique
{ t } ee+1 q PMISO() 1) —

solution of the equation (inz) Pr [ﬁZlXilz <z| - . p
, R{lPr [Z|hi|2<—”

dom variables, the sur) |h;|* is a 2n,— Chi-square

i=1

=1

Pr %Z|Xi\2 <z| = 0 where X; are ii.d. zero-mean =

=1 — .
Gauissian random variables with unit variance. By conventio Rxed d
cp = 400, ¢y, = 0. Letv,, be the unique solution of the e ZO il

ne—1 4 1=
equation (iny) 7 =y Z il 0. Then the optimum with d = en; = (2F — 1)n,0%. The second order derivative of

i=0 ne— %
precoding matrices have the following form: the goodputR [e_i Z1 (ﬁ) 1 wrtp i
_ - | Wit
7oiage,) i Pe [ t) . =0 \P/ ¥ .
min{”Z(zR’l) E} I P> ¢ (13) r {pfjﬁs Le=4/7(d — (ny + 1)p)|. Clearly, the goodput is a
Vg 0 ne T Cng—t sigmoidal function and has a unique inflection poinpin=

wherec = ¢2(2% — 1) and ¢, € . —4=. Therefore, the functio™5°(p, R) is quasi-concave

Similarly to the optimal precoding scheme for the outagee] and has a unique maximumiiri = minﬁii ﬁ} where

D* =

g L . ) P Vn, '
probability minimization, the solution maximizing the GPRVM is the root of the first order derivative M50 (p, R) that

consists in allocating the available transmit power umifiyr is, the solution of (14). =

between only a subsét < n, antennas. As i.i.d entries arérpa SIMO  case 6, = 1, n, > 2) follows directly since
assumed foH, the choice of these antennas does not mattey. pphhf| =1+ ;)thh’ "
What mat_ters Is the number of al_wtennas selegted (denote o conclude this section, we consider the most simple case
by ¢), which depends on the available transmit power of MISO channels namely the SISO case & 1, n, — 1)
the higher the transmit power, the higher the number 9\¥/e have readily that: o '
used antennas. The difference between the outage prdpabili '
minimization and GPR maximization problems appears when 8150y R) = €
the transmit power is greater than the threshcel%!—l. In this ’
regime, saturating the power constraint is suboptimal fier t To the authors’ knowledge, in all the works using the energy-
GPR optimization. The corresponding sub-optimality beesmefficiency definition of [4] for SISO channels, the only chmic
more and more severe as the noise level is low; simulationenergy-efficiency function made is based on the empirical
. . . . i . (1—e™)M
(Sec. V1) will help us to quantify this gap. approximation of the block error rate which =~ M
Unless otherwise specified, we will assume from now Qfeing the block length andthe operating SINR. Interestingly,
that UPA is used at the transmitter. This assumption is, ifhe function given by (16) exhibits another possible choice
particular, useful to study the regime where the availafales- |t can be checked that the functiom 7 is sigmoidal and

mit power is sufficiently high (as conjectured in Propositiothereforel™'SC is quasi-concave w.r.p [26]. The first order
4.1). Under this assumption, our goal is to prove that thgsrivative of "SISO s

Sle

(16)

GPR is quasi-concave w.rp. € [0, P] with D = 2T, and SISO (c—ples
determine the (unique) solutigrf which maximizes the GPR. 5 =R - . a7
Note that the quasi-concavity property w.ptis not always p p

available for MISO systems (and thus is not always availabld'® GPR is therefore maximized in a unique point which

for general MIMO channels). In Appendix D, a counter?” = ¢ = 0*(2/'~1). To make the bridge between this solution

example proving that in the case where = 1 andn; = 2 and the one derived in [4] for the power control problem

(two input single output channel, TISO) the energy-efficien OVer ml_JItipIe access channels, the optimal power level can
'S0 (Diag(p), R) is not quasi-concave w.rp.= (p1,p,) is P€ rewritten as:

provided. 2 o
Proposition 4.5 (UPA and quasi-concavity (MISO channels)) p* = min {Egh 5 (2f 1), P} (18)
Assume the UPAQ = Z1,,,, thenI'(p, R) is quasi-concave _ [h] _
wrt p € [0,P] and has a unique maximum point in WhereE[h* = 1 in our case. In [4], instantaneous CSI
N . [P ne? 5 . . knowledge at the transmitters is assumed while here only
p* = mm{i,P} where v, is the solution (w.r.t. 2 ;
‘. Vny the statistics are assumed to be known at the transmitter.
y) of: N ne—1 Therefore, the power control interpretation of (18) in askéss
U Y o (14) scenario is that the power is adapted to the path loss (slow
(ne —1)! =0 il power control) and not to fast fading (fast power control).

K3



V. SLOW FADING MIMO CHANNELS IN ASYMPTOTIC Proposition 5.3 (Quasi-concavity for large MIMO systems):

REGIMES If the system operates in one of the following asymptotic
In this section, we first consider the GPR for the case whefd'Mes:
the size of the MIMO system is finite assuming the low/high (8) ny < 400 andn, — +00;
SNR operating regime. Then, we consider the UPA policy and (b) 7y — +o0 andn, < +o0; '
prove that Conjecture 4.3 claiming thBtpa (p, R) is quasi- € m = +oo, n, —  4oo with
concave w.r.tp (which has been proven for MISO, SIMO, and lim — = < 400,

SISO channels) is also valid in the asymptotic regimes Whethe nemtosiettn T
) ; ) 4 enll , R) is quasi-concave w.r.p € [0, P].

either at least one dimension of the system, (o) is large P;(I)F()JZ}'(II)Aerza W(S prove each of thepthn[s\e siatements made

but the SNR is finite. Here again, the theory of large random ' .

. ) ? . . above and provide comments on each of them at the same
matrices is successfully applied since it allows one to ero e
some results which are not available yet in the finite case (se Régime (@) < +oo and n, — oo. The idea of the

STy r .
€.9., [19], [28] for other successful examples). proof is to consider a large system equivalent of the fumctio
T'upa(p, R). This equivalent is denoted By}, (p, R) and is

A. Extreme SNR regimes based on the Gaussian approximation of the mutual informa-
Here, all the channel parameters (n,, andP in particu- tion log, ‘I + Z—’:HHH’ (see e.g., [30]). The goal is to prove

lar) are fixed. The low (resp. high) SNR regime is defined at the numerator df%,, (p, R) is a sigmoidal function w.r.t.

o® — +oo (resp.o? — 0). In both cases, we will consider, which implies thatl ,, (p, R) is a quasi-concave function

the GPR and the optimal power allocation problem. [26]. In the considered asymptotic regime, we know from [30]
1) Low SNR regimeLet us consider the general power allothat:

cation problem wher® = Diag(p) with p = (p1,...,pn,). In op n g
p I+ n_HHH’ — N <nt log, (1 + n—Tpp) , n_ logQ(e)P .
t t

[22], the authors extended the results obtained in the laiv alvg,
high SNR regimes for the MISO channel to the MIMO case. ’ " (19
In the low SNR regime, the authors of [22] proved that thg |arge system equivalent of the numerator Rfpa (p, R),

outage probabilityP,,(Diag(p), R) is a Schur-concave (seeyhich is denoted by/\}a<p, R), follows:
[29] for details) function w.r.tp. This implies directly that

beamforming power allocation policy maximizes the outage — __ R —ntlog, (1 + Z—:pp)
probability. These results can be used (see Appendix E) to Na(p, B) = RQ — (20)
prove the following proposition: \/ nn log;(e)

Proposition 5.1 (Low SNR regime): WheR — +o0, the | oo 2
energy-efficiency functiod(Diag(p), R) is Schur-concave whereQ(z) = 7= [, exp <_5) dt. Denote theAargument
w.r.t. p and maximized by a beamforming power allocatioof @ in (20) by a,,. The second order derivative of,(p, R)

policy D* = PDiag(e, ). W.r.t. p

2) High SNR regime:Now, let us consider the high SNRagﬁ (n, R) 1 a(p)?
regime. It turns out that the UPA policy maximizes the energy———-"— = [ (p) (e, (p))? — ol (p)] exp _a_> :
efficiency function. In this case also, the proof of the faliog op V2 (%1)
proposition is based on the results in [22] (see Appendix E‘}"hereforeJ\Af (p, R) has a unique inflection point

Proposition 5.2 (High SNR regime): Whert — 0, the o
energy-efficiency functiof(Diag(p), R) is Schur-convex w.r.t. _ ny [% (Rf%(“%"‘”) 3/2”
p and maximized by an uniform power allocation polldy = Pa =00 2 —le (22

ﬁIn with p* € (0, P]. Furthermore, the limit whep — 0 .
e P (0. 7] rp Clearly, for each equivalent dfypa (p, R), the numerator has

such thatZy — ¢is T (%Ian) — +oo which implies that 5 ynique inflection point and is sigmoidal, which concludes

p* —0. . . _ ~ the proof. In fact, in the considered asymptotic regime we
In other words, in the high SNR regime, the optimahave a stronger result sincelim p, = 0, which implies
structure of the covariance matrix is obtained by uniforml T oo

spreading the power over all the antennBg, = 2-1,,, the that Na(p, R) is concave and thereforef;p, (p, R) is max-
n

same structure which minimizes the outage p?obability fH"ZGd inp; = 0 as in the case of static MIMO channels.

this case. Nevertheless, in contrast to the outage prciﬂlyabifrh's translates the well-known channel hardening effe@}.[3

optimization problem, in order to be energy-efficient it @ n However, in contrast to the static case, the energy-efgien

€ e . Pathais
optimal to use all the available powét but to transmit with becomes infinite here sind&pa (p, R) — ;; with pj; — 0.
Zero power. Regime (b):n; — 400 and n, < +oo. To prove the

corresponding result the same reasoning as in (a) is applied

From [30] we know that:
B. Large MIMO channels

The results we have obtained can be summarized in #e&2
following proposition. (23)




A large system equivalent of the numeratorlafpa (p, R) is UPA, the quasi-concavity property and the large MIMO

Ny(p, R) = RQ (a(p)) with channels.
o 14 pp Let us consider the case of UPA. In Fig. 1, we plot
ap(p) = \/jlogQ(e) [R — n,logy(1 + pp)]. (24) the GPRT'yupa (p, R) as a function of the transmit power
e Pp p € [0, P] W for an MIMO channel where., = n; = n
The numerator functiorV,(p, R) can be checked to have awith n € {1,2,4,8} andp = 10 dB, R = 1 bpcu, P = 1
unique inflection point given by: W. First, note that the energy-efficiency for UPA is a quasi-
. Y (R concave function w.r.tp, illustrating Conjecture 4.3. Second,
Db =0 (2 nr — 1) (25) we observe that the optimal powgt maximizing the energy-

and is sigmoidal, which concludes the proof. We see that tﬁgiciency function is Qecreasing and approaching Zero as th
inflection point does not vanish this time (with here) and number of antennas increases and also thata (p*, B) is

therefore the functionﬁb(p, R) is quasi-concave but not Con_ln:r?asmfg?_ V.V't:n' InnCIl:I?H thk::]sbd?p$ndnetnﬁe O.f tge c_>ptt|r(;1al
cave in general. From [26], we know that the optimal solutiofl ‘€r9y-efhiciency a € number of antennas depicte

p;, represents the point where the tangent that passes throﬁéﬂ“cmy for the same scenario. These' opservahon; are in
the origin intersects the S-shaped functitd® (o (p)). As accordance with the asymptotic analysis in subsection V-B

. .. _for Regime (c).
n, grows large, the functio) (o (p)) becomes a Heavyside ~ _."~ : . .
step function sincevp < py, limp, 1o Q (a3(p)) = 0 Similar simulation results were obtained for the case where

andVp > py, lim O (ay(p)) = 1. This means that ny is fixed andn,. is increasing, thus illustrating the asymptotic
il ] ng——+00 = .

. N P - lysis in subsection V-B for Regime (a).
the optimal powerp that maximizes the energy-efficiency? YS! .
P P Po 24 )P In Fig. 3, we plot the energy-efficienciupa (p, R) as

~ * 2 ni _ s i
approacheg, asn; grows largep, — o (2 g 1)' The 4 function of the transmit powes € [0,7] W for MIMO

optimal energy-efficiency tends tgb(l’)’f’m — L channel such that, = 2, n, € {1,2,4,8} andp = 10 dB,
b 202<2"T—1> R = 1 bpcu, P = 1 W. The difference w.r.t. the previous
whenn; — 4oc0. case, is that the optimal powet does not go to zero when

Regime (c)n; — +oo, n, — oo. Here we always apply the n; increases. This figure illustrates the results obtained for
same reasoning but exploit the results derived in [31]. FroRegime (b) in section V-B where the optimal power allocation
R

[31], we have that: p; — =1 —0.0414 W and the optimal energy-efficiency
log, 1+ @HHH‘ SN (nopir, o) (26) Tipa — 2—%’7—1) = 12,07 bit/Joule whem,; — +oc.
n UPA and the finite MISO channel

wherep; = Blogy(1+ pp(1 —7)) —v+logy (1 + pp(8—7)), In Fig. 4, we illustrate Proposition 4.4 fer, = 4. We trace
02 = —log, (1 _ ’YT;) the cases where the transmitter uses an optimal UPA over only

. . - a subset oft € {1,2,3,4} antennas fop = 10 dB, R = 3
o= 2 (1 T+ \/(1 T8+ 557 - 45)- It can ppcu. We observe that: i) P < < then the beamforming
be checked that(c(p))’ac(p) — o/(p) = 0 has a PAis the generally optimal structure wilh* = P Diag(e, );
unique soluti,on V\,/hereac,(p) = R?fi{;ﬂ(m- We obtain jjy jf P ¢ {ﬁi) then using UPA over three antennas is
a(p) = "t“IJ’_";?’UI_RU’ and the generally optimal structure with* = P/2 Diag(e,);
o’ (p) = (ntﬂla'yfntﬂljlo'l*RO’;/)U?7240'10';(ntl‘fIUG*ntu/irO'I*RU;). iii) if P e {éc_c;) then using UPA over three antennas is

We observe that, in the equatiQaI’C(p))Qac(p) —a/(p) =0, generally optimal withD* = P/3 Diag(e,); iv) if P > &
there are terms im?, n?, n; and constant terms w.r.;. then the UPA over all the antennas is optimal with =
Whenn; becomes sufficiently large the first order terms cagmin %JDI} 1. The saturated regime illustrates the fact
be neglected, which implies that the solution is given biat it is not always optimal to use all the available powéeratf
pr(p) = 0. It can be shown that;(0) = 0 and thatu; is 5 certain threshold.
an increasing function w.r.p which implies that the unique  ypa and the finite MIMO channel
solution is p. = 0. Similarly to regime (a) we obtain the Fig 5 represents the success probability, Py (D, R),
trivial solution p; = 0. in function of the power constrainP for n, = n, = 2,
® R =1 bpcu,p =3 dB. Since the optimal PA that maximizes
the success probability is unknown (unlike the MISO case)
VI. NUMERICAL RESULTS we use Monte-Carlo simulations and exhaustive search to
In this section, we present several simulations that ilaist compare the optimal PA with the UPA and the beamforming
our analytical results and verify the two conjectures statePA. We observe that the result is in accordance with Tektar’
Since closed-form expressions of the outage probabiligy asonjecture. There exists a thresh@ld= 0.16 W such that
not available in general, Monte Carlo simulations will bé& P < §, the beamforming PA is optimal and otherwise the
implemented. The exception is the MISO channel for whicdPA is optimal. Of course, using all the available power is
the optimal energy-efficiency can be computed numericably (always optimal when maximizing the success probabilitye Th
we have seen in Sec. I1V-B) without the need of Monte Carlabjective is to check whether Conjecture 4.2 is verified is th
simulations. particular case. To this purpose, Fig. 6 represents theygner



efficiency function for the same scenario. We observe that 1
the exact threshold = 0.16 W, we obtain that ifP < §
the beamforming PA using all the available power is optime
If P > § the UPA is optimal. Here, similarly to the MISO
case, we observe a saturated regime which means that aft
certain point it is not optimal w.r.t. energy-efficiency teeuup

90

T 4P R) =803 bit/Joule

pr=12mw

ti

5333

PND®

TP R) =31,3 bit/Joule
p=26mw
T o R) =106 bitiJoule

all the available transmit power. In conclusion, our cohjee ’5 " g zeamu
has been verified in this simulation. f g R) =37 bitdoule
. . H " =100 MW
Note that for the beamforming PA case we have explic 0 e
. .y 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
relations for both the outage probability and the energ ransit pover p [W]

efficiency (it is easy to check that the MIMO with beam-_ L
: _ . 1. Energy-efficiency (GPR) vs. transmit powerc [0, 1] W for MIMO channels
fqrmmg_ PA reduces to the SIMO case) and thus Monte Ca@#?emr —ni—ne{1,2.4,8), UPAD = 21, =10 d8 R — 1 bpeu.
simulations have not been used. Observe that the energy-efficiency is a quasi-concaveifumet.r.t. p. The optimal point
p* is decreasing anf'upa (p*, R) is increasing withn.

VIl. CONCLUSION

In this paper, we propose a definition of energy-efficienc
metric which is the extension of the work in [1] to static
MIMO channels. Furthermore, our definition bridges the ge
between the notion of capacity per unit cost [1] and tF
empirical approach of [4] in the case of slow fading channel
In static and fast fading channels, the energy-efficiency
maximized at low transmit power and the corresponding rat
are also small. On the the other hand, the case of slow fad
channel is not trivial and exhibits several open problerns.
is conjectured that solving the (still open) problem of @eta 0 —
minimization is sufficient to solve the problem of determini Nmber of antennas
energy-efficient precoding schemes. This conjecture is val B
dated by several special cases such as the MISO case Eﬂgﬂy85}”,65%{;?*1‘;‘2'2”‘;&5;:,“2 s Bt boc AP - LW, Obserse
asymptotic cases. Many open problems are introduced by th&ryea (»*, R) is increasing withn.
proposed performance metric, here we just mention some of

0
=]

y Tupa(p*, R) [bit/Joule

-
=}

40

20

2
S

them:
o First of all, the conjecture of the optimal precoding
schemes for general MIMO channels needs to be proven. APPENDIXA
« The quasi-concavity of the goodput-to-power ratio when PROOF OFPROPOSITIONS.1

uniform power allocation is assumed remains to be

proven in the finite setting. . . . i, o
. A more general channel model should be considered. V§As Q is a positive semi-definite Hermitian matrix, it can

H —
have considered i.i.d. channel matrices but consideri v;ays be Spectr?lI);cé?gog]g?srﬁgﬁi;gimxhe;eg;] PA
non zero-mean matrices with arbitrary correlation profile 9(p1, .- pn, ) IS 9 pres gag

. _policy andU a unitary matrix. Our goal is to prove that, for
devi?rrsa:ic()) be a challenging problem for the goodput tgvery U, Guatie is maximized wherD = Diag(0,0. ..., 0).

« The connection between the proposed metric and the
diversity-multiplexing tradeoff at high SNR has not been
explored. 15

« Only single-user channels have been considered. Clea \r“““m‘}?)il‘fv:'we B
multi-user MIMO channels such as multiple access ¢ i - n=2
interference channels should be considered. S0 Py 108 bitdole — Nt

« The case of distributed multi-user channels become mc f rupk(p“?wf::i:.vuvmub
and more important for applications (unlicensed banc P
decentralized cellular networks, etc.). Only one result 8 il
mentioned in this paper: the existence of a pure Na m
equilibrium in distributed MIMO multiple access chan- 7 S S S SN SR U N D S
nels assuming uniform power allocation transmit policy ARG - s B

Fig. 3. Energy-efficiency vs. transmit power € [0,1] W for MIMO n, = 2,
ny € {1,2,4,8}, UPAD = n%lnt, p = 10 dB, R = 1 bpcu. Observe that
the energy-efficiency is a quasi-concave function wu.tThe optimal pointp* is not
decreasing withn but almost constant.
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Fig. 4. Optimal energy-efficiency vs. constraint power for MISQ = 4, n, = 1,
UPA over asubset of € {1,2,3,4} antennaSp = 10 dB, R = 3 bpcu. We illustrate
the results of Proposition 4.4. I3 < —1 is low enough, the beamforming PA with full
power is optimal. IfP > is high enough, the UPA is optimal but not with full

c

power necessarll(p = min{z, P}) which explains the saturated regime.
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festot] . . . . I ; ; i i
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Power constraint P [W]

Fig. 5. Success probability vs. power constrait comparison between beamforming
PA, UPA and General PA for MIMOQv; = n, = 2, R = 1 bpcu,p = 3 dB. We
observe that Telatar's conjecture is validated. There Isr@shold,0 = 0.16 W, below
which (P < §) the beamforming PA is optimal and above it, UPA is optimal.

To this end we rewrit&7;aiic as

Nt
log, |Ln, + > _pig,g}"

. H i=1
Gstatic(U Dlag(pla cee 7pnf,) U ) = e 5
E pi
=1
(27)
250
S
E
%
i%
é #  Uniform PA
& —=-Beam—-forming PA
O General PA

I I I I T I
0.4 0.5 0.6 0.7 0.8 0.9 1

Power constraint P [W]

Fig. 6. Optimal energy-efficiency vs. power constraift, comparison between
beamforming PA, UPA and General PA for MIM@, = n,, = 2, R = 1 bpcu,p = 3
dB. We observe that our Conjecture 4.2 is validated. For tectesames = 0.16

W, we have that forP < § the beamforming PA structure optimal and above it, UPA

structure is optimal.

whereg represents the' column of then, x n, matrix
G = \/_HU and proceed by induction om, > 1.

First, we introduce an auxiliary quantity (whose role will
be made clear a little further)

ne —1 /oy
H H
v gl ) (S as!)
i=1 i=1

.
H
—logy |Tn, + 3 pig,g;

i=1

EM (py,. .. pny)

(28)
and prove by induction that it is negative that is,
V(p1, ..o n,) €RY EM(pr,. .. pn,) 0.

For mng = 1, we have E®(p) =
Tr {(In, +pyg,97)” 1p1g1g1 l log, ‘IW + 19,97
The first order derivative off 1)(p1) W.I.t. pp is:

1)
afpl = —pilg; (Lo, +11g,97) g, P <0 (29)

and thusE™ (p;) < EM(0) = 0.
Now, we assume thab(™:~1(p) < 0 and want to prove
that E")(p, p,,) < 0, wherep = (p1,...,pn,—1). It turns

out that:
(n+) - 2
oOF "t s ~ H
T = owjg (Lt X! g, | <0
t j=1 i=1
(30)

and therefore  EC")(py, ..., pn,—1,Pn,) =
E(nt)<p17 e 7pm,*170) = E(nt_l)(pl’ e ’pnflil) S 0.

As a second step of the proof, we want to prove by induction
onn; > 1 that

arginax Gstatlc (p’ p”t) = Q (31)

P;Pn

log, |1 a
Forn, = 1 we haveGit;m(pl) W
1 1 . . . .
% which reaches its maximum im = 0.
Now, we assume thatrg max G (p) = 0 and want to
prove thatarg (;npax) Gétatt)m(p Dn,) = 0.
PsPny
-1
Nt
_ : . H H
Let k=arg Anin Tr | { In, + ];Pygjﬂj 9,9;
By calculating the first order derivative cﬁlgggw W.I.L pg
one obtains that:
(ne)
8Gs:Latmc — N (32)
Opk nt .
d_p
=1
with
—1
Nt nt
No= Dopi | T | [T+ D _piga | 9,9)
i=1 j=1

nt
—log, L., + > _pig,g”
1=1

(33)
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(n0) EM)(py, ...
and thus@%scanc < (plv »zpnt) <0 andp",; — 0 for APPENDIXC
b o pi) _ PROOF PROPOSITION4.4
?I(,f%’(""pk‘l’p“ol"“’ ne We )obtam that Let p” = (p1,...,pn,) be the vector of powers allocated
DLy - o2 Ph=1,0, Pt ls - - - Prg . . to the different antennas € {1,..,n,} and thusD =
= F(nt )(ph"'7p]€717p/€+17"'7p1’lt)’ which is maxi- U
mized when(py, ..., pr—1,Pr+1,- - -, Pn,) = 0 by assumption. Diag(p). Define the two setsC(z) = qp >0, pi <
We therefore have tha®* = UOUY = 0 is the solution i=1

that maximizes the functiolistatic(Q). At last, to find the A
maximum reached by7s.tic One just needs to consider theand

. i=1
the equivalent of théog, |I,, + pHQH"| aroundQ =0 ey observation to be made is the following:

(x)=4p>0, Zpi =z ;. Using these notations, they

P _ pMISO
log, |L,, + pPHQH"| ~ n—tTr(HHH) (34) sup TMISO(D| R) @ p sup 1 Pox;tt (D, R)
) pEC(P) peC(P) Z _
and takesQ = LI, with ¢ — 0. Pi
t i=1
® 1 - Pui* (D, R)
APPENDIXB o inﬁpﬁ p:?&) x
PROOF OFPROPOSITION4.1 © ' 9 (£)
The proof has two parts. First, we start by proving that if - Rl_:}épf] x
the optimal solution is different than the uniform spatialgr ’ (38)

allocationP* # L1, with p € [0, P] then the solution is MISO - 2
not trivial P* # 0. We proceed by reductio ad absurdum¥herePiS = Pr |log { 1+ p) pilhif* | < R|: (a) trans-

- e _ ; i=1
We assume that the optimal solution is triviaF = 0. This lates the definition of the GPR; (b) foflows from the prop-

means that when ﬁXi_ngf’Q’ cesPn) = (0, : ’_0) the optimal _erty sup{A U B} = sup{sup{A},sup{B}} for two setsA
p1 € [0, P] that maximizes the energy-efficiency function iISind B, applied to our context; in (c) the functiog(z) —

7 = 0. The energy-efficiency function becomes: . . . . .
P 9y 4 {gg(z), ifz € [ < C) is a piecewise continuous function

cr—1’ ¢

) 1 —Pr [logy(1 4 pp1||R1|*) < R ne

[(Diag(p1,0,....,0), B) = R [ 1 (3]5) whereg,(z) = 1-Pr | 1) |h;[> < z| forz € {C,C o 5) and

whereh, represents the first column of the channel makix ¢ <€ {1,...,n;}. The funlctilong(z) corresponds to the solution

Knowing that the elements i, are i.i.d.hy; ~ CN(0,1) of the minimization problem of the outage probability [22].

for all j € {1,...,n,} we have that/h;;|?> ~ expon(l). Now, we study the functiop,. By calculating the first order

] Wi , derivative of g, (£) w.r.t. 2 we obtain:

The random variabld|h, |[> = > |hy,|* is the sum ofn, eIt e

- ; = d (1 c e 1 e\ 1 e\’

i.i.d. exponential random variables of paramekere= 1 and = {—ge <_)} S <_> _ Z — (_>

thus follows an2n, chi-square distribution (or an, Erlang dz (27 \z 22 | (=D \z it \e

distribution) whose c.d.f. is known and given hyz) = (3
el ok Thus the functiontg (<) is increasing forz € (0, ) and

1—exp(—z) ) - We can explicitly calculate the outageyecreasing on: € (x¢, 0). The maximum point is reached

k=0 . 0 . . . .
probability and obtain the energy-efficiency function: in z, = = wherey, is the unique positive solution of the

equationg,(y) = 0 where

ny—1 p
. c c” 1 -1
r(Diag(pn0....,0). 1) = Rexp () Y- £ i y
p1 ,CZZO kit be(y) = Wye -> TV (40)
R (36) ’ i=0
2R 1 ;
where ¢ = 5 > 0. It is easy to chepk that \nie have thaty(0) = —1 < 0 and
limOF(pl, R)=0, lim I'(p1,R)=0. By evaluating the .
p1—> p1—00 —
first derivative w.r.tps, it is easy to check that the maximum bu(0) = 1_gt _ le
is achieved fop; = < > 0 wherew,, is the unique positive (=1 il
solution of the following equation (im): Cly i (41)
e Z_ —0. 7 1=
(n, —1)1Y g w0 (37) > 0.

This implies thaty, < ¢ and thusz, > c. Sincec,,—1 > 1
Mk also haver, > —<— forall ¢ € {1,...,n; — 1}.

Cny—1

t
Therefore, all the fUﬂCtiOﬂ%ge (C) are increasing on the

xT

Considering the power constraint the optimal transmissi
. R — . .

power isp} = min{ 2anp1 , P}, which contradicts the hypothe-

sis and thus if the optimal solution is different than thefomn

spatial power allocation then the solution is not trivizl 4 0.  intervals (O, c,,:,l)- Moreover, on the interva(—cylfil ; OO)-
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they are increasing op—<—, x,| and decreasing ojx;, o).

Cpyp—1’

Proposition 4.4 follows &i}ectly. sup I'(Diag(p), R)
peC(P)
1 .
= — 1 — Pout(Dia R
APPENDIX D e xg:gf(’z)[ +(Diag(p), R)]
COUNTER-EXAMPLE, TISO (@ sup 1[1 — Prflog(1 + 2ph!’h,) < R,
- 51 L
Consider the particular case wheng = 2 andn, = 1. el 1 Lo . (42)
From Proposition 4.4, it follows that for a power constraint = sup - {1 — Pr . Z |hij|? < ﬂ] } ,
P < £ the beamforming power allocation policy max- =€[0,P] " =1 "
imizes the energy-efficiency and™'©(Diag(P,0),R) = ®) gnr (niz
—= 5 B = sup ————,
I'T8O(Diag(0, P), R) > ITISO (Diag (% %) ,R) . The eop 7

lI>

function I'™5°(Diag(p1,p2), R) with (p1,p2) € Py where (a) follows by considering beamforming power allo-
{(p1,p2) € RZ | p1 + po < P} denotes the energy-efficiencycation policy on the first transmit antenna (with no geneyali
function. We want to prove that™">° (Diag(p:,p2), R) is not |oss) and replacing = ze, with ¢, = (1,0,...,0) and h,
quasi-concave W.r.t(pi,p2) € P2. This amounts to finding denoting the first column of the channel matrix; in (c) we make

a level v > 0 such that the _corresponding upp(_ar-level Selse the definition in Appendix C for the functicry, (L
Uy = {(p1,p2) € P> | IO (Diag(p1,p2), R) > 7} is not a L A

convex set (see [32] for a detailed analysis on quasi-canca¥hich has a unique optimal point imin {ﬁ,ﬁ}, with y,,
functions). Consider an arbitrary < ¢ < min {?, £+ the unique solution ofp,, (y) = 0. Sinces® — 0 then
such thatI' ™80 (Diag(q,0), R) = I'TSO(Diag(0,¢),R) < ¢ — +oo and thus the optimal power allocationpi$ = Pe, .
IS0 (Diag (4, 4), R). It turns out that all upper-level sets Similarly, for the high SNR case we have:

U, with ~, £ TT59(Diag(q, 0), R) are not convex sets. This

follows directly from the fact that(q,0),(0,q) € U,, but sup T(Diag(p), R) = sup ~ sup [1— Pou(Diag(p), B)]
(%’ %) ¢ u’yq SiI’ICGFTISO (Diag (%’ %) ,R) <Yy pec(P) z€[0,P] ﬂlcgeA(m) . .
~ i (s (0 ) )
(43)
APPENDIXE We have used the results in [22], where the UPA was proven
EXTREME SNRCASES GPR to minimize the outage probability.

In [22], the authors proved that in the low SNR regime L€t US now consideQr the limit of thi energy-efficiency
the outage probability.. (p, R) is Schur-concave w.r.jp. function whenp — 0, o= — 0 such thatzz — £ with £ a
This means that for any vectors, ¢ such thatp - ¢ positive finite constant. We obtain thit P %Im,R> -
then Pout(p, R) < Pout(gq, R). The operator- denotes the p {I ¢ HH . L .

coom - . : . n, + —HH > 0 which implies directly that
majorization operator which will be briefly described (s28][ . oo P y
for details). For any two vectogs ¢ € R}, p majorizesy (de- T’ (,%Im, R) — +o0.

noted byp - ) if Y pr > qi, forallm e {1,...,n,—1}

k=1 k=1
nt
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ABSTRACT

In this paper?, we study the discrete power allocation game
for the fast fading multiple-input multiple-output multiple
access channel. Each player or transmitter chooses its own
transmit power policy from a certain finite set to optimize its
individual transmission rate. First, we prove the existence
of at least one pure strategy Nash equilibrium. Then, we in-
vestigate two learning algorithms that allow the players to
converge to either one of the NE states or to the set of corre-
lated equilibria. At last, we compare the performance of the
considered discrete game with the continuous game in [7].

1. INTRODUCTION

Game theory appears to be a suitable framework to analyze
self-optimizing wireless networks. The transmitters, based
on their knowledge on the environment and cognitive capa-
bilities, allocate their own resources to optimize their indi-
vidual performance with very little or no intervention from a
central authority.

Game theoretical tools have recently been used to study
the power allocation problem in networks with multiple an-
tenna terminals. In [1],[2],[3],[4].[5], the authors studies the
MIMO slow fading interference channel, in [6] the MIMO
cognitive radio channel, and in [7] the multiple access chan-
nel. The main drawback of these approaches is the fact that
the action sets (or possible choices) of the transmitters are the
convex cones of positive semi-definite matrices. In practice,
this is an unrealistic assumption and discrete finite action
sets should be considered. Another raising issue is related
to the iterative water-filling type algorithms that converge to
the games’ Nash equilibria (NE) states. In order to apply
these algorithms, the transmitters are assumed to be strictly
rational players that perfectly know the structure of the game
(at least their own payoff functions) and the strategies played
by the others in the past.

An alternative way of explaining how the players may
converge to an NE is the theory of learning [14]. Learn-
ing algorithms are long-run processes in which players, with
very little knowledge and rationality constraints, try to opti-
mize their benefits. In [8], the authors propose two stochas-
tic learning algorithms that converge to the pure strategy NE
and to mixed strategy NE of the energy efficiency game in
a single-input single-output (SISO) interference channel. In
[10], the multiple access point wireless network is investi-
gated where a large number of users can learn the correlated

1This work was supported by the Research Council of Norway and the
French Ministry of Foreign Affairs through the AURORA project entitled
“Communications under Uncertain Topologies”.
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equilibrium of the game. A similar scenario is studied in
[12]. In [9], learning algorithms are proposed in a wireless
network where users compete dynamically for the available
spectrum. In [11], the authors study learning algorithms in
cellular networks where the links are modeled as collision
channels. An adaptive algorithm was proposed in [1] for the
MIMO interference channel. The proposed algorithm allows
the users to converge to a Stackelberg equilibrium by learn-
ing the ranks of their own covariance matrices that maximize
the system sum-rate.

In this paper, we study the power allocation game in fast
fading multiple-input multiple-output (MIMO) multiple ac-
cess channels (MAC), similarly to [7]. We assume that the
action sets of the transmitters are discrete finite sets and con-
sist in uniformly spreading their powers over a subset of an-
tennas. Assuming the single user decoding scheme at the
receiver, we show that the proposed game is a potential one
and the existence of a pure strategy Nash equilibrium (NE)
follows directly. However, the uniqueness of the NE cannot
be ensured in general and, thus, several iterative algorithms
that converge to one of the NE states are studied. A best-
response type algorithm is compared with a reinforcement
learning algorithm in terms of system performance, required
information, and cognitive capabilities of players. To im-
prove the system performance, we consider a second learn-
ing algorithm based on regret matching that converges to the
set of correlated equilibria (CE).

We begin our analysis by describing the system model in
Sec. 2 and introducing some basic game theoretical concepts.
Then, in Sec. 3, we analyze the Nash equilibria of the power
allocation game. First, we review the setting of [7] in Subsec.
3.1 and then, study the discrete game in Subsec. 3.2. In
Sec. 4, we study two learning algorithms: One that allows
the users to converge to one of the NE (see Subsec. 4.1) and
another that allows the users to converge to the set of CE (see
Subsec. 4.2). We analyze the performance of the different
scenarios via numerical simulations in Sec. 5 and conclude
with several remarks in Sec. 6.

2. SYSTEM MODEL

We consider a multiple access channel (MAC) composed of
an arbitrary number of mobile stations (MS) K > 2 and a
single base station (BS). We further assume that each mobile
station is equipped with ny antennas whereas the base station
has n; antennas. We assume the fast fading model where the
receiver has perfect knowledge of the channel matrices. The
knowledge required at the transmitters depends on the differ-
ent scenarios and will be defined accordingly. The equivalent
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baseband signal received at the base station is:

X

k=1

where the time index has been ignored and X, is the n;-
dimensional column vector of symbols transmitted by user
k, Hy € C" ™ js the channel matrix (stationary and ergodic
process) of user k and Z is a ny-dimensional complex white
Gaussian noise distributed as .4 (0, %I, ).

In order to take into account the antenna correlation ef-
fects at the transmitters and receiver, we will assume the
different channel matrices to be structured according to the
unitary-independent-unitary model introduced in [23], Vk €
X, Hy=VH Wy, where 7 = {1,;.., K}, Viand Wy are
deterministic unitary matrices. Also Hy is an n; x ny matrix
whose entries are zero-mean independent complex Gaussian
random variables with an arbitrary profile of variances, such
that E[H (i, j)|? = % Note that the Kronecker propa-
gation model ( where the channel matrices are of the form
Hy = Ri/zékTi/z) is a special case of the UIU model. The
BS is assumed to use a simple single user decoding (SUD)
technique. The achievable ergodic rate of user k € 7" is
given by:

Uk(Qk, Q—k) = E[ik(Qk, Q—k)], 2

where i (Qk, Q_k) denotes the instantaneous mutual infor-
mation

iK(Qk,Q-k) = log,

In +pHQRHE + P;k H/Q/H

log,

In +p zkHKQ(H?
7

©)
In this paper, we study the power allocation game where the
players are autonomous non-cooperative devices that choose
their power allocation policies, Qy, to maximize their own
transmission rates, ux(Qk, Q_k)-

2.1 Non-Cooperative Game Framework

In what follows, we briefly define some basic game theoreti-
cal concepts ( see e.g. [13] for details) and standard notations
that will be used throughout the paper. A normal-form game
is defined as the triplet ¢ = (¢, { % tker , {Uk }ke. ) Where
S is the set of players ( the K transmitters), «# represents
the set of actions ( discrete or continuous) that player k can
take ( different power allocation policies), and uy : & — R
is the payoff function of user k that depends on his own
choice but also the choices of the others ( the ergodic achiev-
able rate in (2)) where & = X <% represents the overall
action space. We denote by a € <7 a strategy profile and by
a_ the strategies of all the players except k.

The Nash equilibrium has been introduced in [15] and
appears to be the natural solution in non-cooperative games.
The mathematical definition of a pure-strategy NE is given

by:

Definition 1 A strategy profile a* € <7 is a Nash equilibrium
for the game & = (7, { A ke, {Uk ke ) if forallk € ¢
and all ay € 24 ug(ag,a”, ) > ux(ax,a” ).

This definition translates the fact that the NE is a stable state
from which no user has any incentive to deviate unilaterally.
A mixed strategy for user k is a probability distribution over
its own action set <. Let A(.e%) denote the set of probabil-
ity distributions over the set «%. The mixed NE is defined
similarly to pure-strategy NE by replacing the pure strate-
gies with the mixed strategies. The existence of NE has been
proven in [15] for all discrete games. If the action spaces
are discrete finite sets, then p, € A() denotes the probabil-

ity vector such that py j represents the probability that user k
chooses a certain action al(() € ./ and za&,~>€%k prj = 1.

We also define the concept of correlated equilibrium [16]
which can be viewed as the NE of a game where the players
receive some private signaling or playing recommendation
from a common referee or mediator. The mathematical defi-
nition is as follows:

Definition 2 A joint probability distribution g € A(.«7) is a
correlated equilibrium if for all k € 2" and all al((‘),af(') €

Y O {Uk(aﬁj),a—k) —ui(ay, a—k)} >0, (4
ged:ak:aﬁj)
where g5 denotes the probability associated to the action pro-
fileae .o.

At the CE, User k has no incentive in deviating from the me-

diator’s recommandation to play ai((” € a4 knowing that all
the other players follow as well the mediator’s recommenda-
tion (a_). Notice that the set of mixed NE is included in the
set of CE by considering independent p.d.f’s. Similarly, the
set of pure strategy NE is included in the set of mixed strat-
egy NE by considering degenerate p.d.f’s (i.e. px; € {0,1})
over the action sets of users.

3. NON-COOPERATIVE POWER ALLOCATION
GAME

In this section, we analyse the NE of the power allocation
game in fast fading MIMO MAC. First, we briefly review
the case where the action sets of the users are continuous
[7]. Then, we focus our attention on the practical case where
the action sets of the users are discrete and finite. In this
section, the players are assumed to be strictly rational trans-
mit devices. Based on the available information, the trans-
mitters choose the power allocation policy maximizing their
own transmission rates. Furthermore, rationality is assumed
to be common knowledge.

3.1 Compact and Convex Action Sets

We consider the same scenario as [7]. The transmit-
ters are assumed to know only the statistics of the chan-
nels. The non-cooperative normal-form game is denoted by
Y = (A {CSker, {U ke ). Each mobile station k € 7
chooses its own input transmit covariance matrix Qy € %k
to maximize its own achievable ergodic rate defined in (2).
The action set of player k € /7" is the convex cone of positive
semi-definite matrices: B

i = {Qk € C"™|Qk = 0,Tr(Qx) <Py} . In [7], the au-
thors proved the existence and uniqueness of NE using The-
orems 1 and 2 in [17]. We provide here an alternative proof
based on the notion of potential games [18].
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Definition 3 A normal form game g =
(A {AHSker {Uker) is a potential game if there
exists a potential function P : .« — R, such that, for all
ke ¢ and everya,b € o

Uk(ak,a_x) — Uk(bk,a-k) = P(ax,a_k) —P(bk,a_i).  (5)
Following [18], the local maxima of the potential function
are the NE of the game. Thus, every potential game has at
least one NE. For the game %, the system achievable sum-
rate:

R(Qla"'7QK):E|092 ’ (6)

K
I+p Y HQH
k=1

is a potential function. It can be checked that R(Q) is strictly
concave w.r.t. (Qi,...,Qk). Thus, it has a unique global
maximizer which corresponds to the unique NE of the game.
Furthermore, based on the finite improvement path (FIP)
property [18], the iterative water-filling type algorithm in [7]
converges to the unique NE. In [19], the author proves that
for strict concave potential games, the CE is unique and con-
sists in playing with one probability the unique pure NE. So
the CE reduces to the unique NE of the game.

There are several drawbacks of this distributed power al-
location framework: i) The action sets of users are assumed
to be compact and convex sets ( unrealistic in practical sce-
narios); ii) In order to implement the iterative water-filling
algorithm, the transmitters need to know the global channel
distribution information and to observe, at every iteration,
the strategies chosen by the other players ( very demanding
in terms of information assumptions and signaling cost).

3.2 Finite Action Sets

Let us now consider the scenario where the action sets of
users are discrete finite sets. The discrete game is very simi-
lar to % and is denoted by ¥p = (%, { Dk }ke. » {Uk ke )-
The action set of user k is a simple quantized version of %:

P L
T = {%Diag@) le {17...,nt},ege{o71}’*,zlem)e}.
i=
U
Yk represents the set of diagonal matrices that consists in
allocating uniform power over only a subset of £ eigenmodes.
Note that the discrete game %p remains a potential game with
the same potential function in (6). Thus, the existence of at
least one pure NE is guaranteed. However, the uniqueness
property of the NE is lost in general.
We consider hereunder two particular scenarios that il-
lustrate the extreme cases where either all strategy profiles in
2 = xx% are NE or where the NE is unique.

3.2.1 Completely Correlated Antennas

Let us assume the Kronecker model where the transmit an-
tennas and receive antennas are completely correlated, i.e.,
for all k, Rx = Jp, and Ty = Jp,. The matrix Jpisanxn
matrix with all entries equal to one. In this case, the potential
function is constant and independent of the users’ covariance

matrices:
Nr
Z (i, §) 2T, |-

®)

HM;

R(Ql:"'aQK) :EIOQZ In,

IIM7<

This means that all the possible action profiles in
(Q1,...,Qk) € Z are potential maximizers and thus NE of
“b.

3.2.2 Independent Antennas

Now, we consider the other extreme case where the anten-
nas at the terminals are completely uncorrelated, i.e., for
all k, Rx =1In, and Ty =I,. In other words, Hy is a
random matrix with i.i.d. complex Gaussian entries. Let
us recall that in the continuous setting derived in Subsec.
3.1, if Hy are i.i.d. matrices, then the NE policy for all
users is spread their powers uniformly over all the anten-

nas: vk QkUPA %Im. In the continuous case, the poten-

tial function is strictly concave. Thus, for that any user k the

strategy QkUPA strictly dominates all the other strategies in
(UPA) strictly

%x. From the fact that %k C %, the strategy Q
dominates all the other strategies in % also. In conclusion,
the NE is unique and corresponds to the same solution as
in the continuous game. Note that this is a very particular
case and occurs only because the NE profile in the continu-

ous case, (Q (UPA) - ,Q (UPA) ) € € = X%k happens to be
also in the dlscrete set 9.

We see that, when quantizing the action sets of players,
the uniqueness of the NE is no longer guaranteed. This raises
an important issue when playing the one-shot game. There
is a priori no explanation for users to expect the same equi-
librium point. Because of this, their actions may not even
correspond to an NE at all. A possible way to cope with this
problem is to consider distributed iterative algorithms that
converge to one of the NE points. Let us consider the iterative
algorithm based on the best-response functions (similarly to
[7]). Knowing that ¢ is a potential game, by the FIP prop-
erty, the users converge to one of the possible NE depend-
ing on the starting point. At each iteration, only one of the
players updates his action by choosing its best action w.r.t.
its own payoff. For exemple at iteration t user k chooses

Qk =arg Qmax Uk (Qk Q ]> while the other users don’t

do anything and Q[t Q Y Notice that user k is supposed

to know the previous actions of the other players Q ) This
involves a high amount of signaling between players At the
end of each iteration, the user that updated its choice needs
to send it to all the other users. Furthermore, the users are
assumed to be strictly rational and need to know the struc-
ture of the game and their own payoff in order to compute
the best-response functions.

4. LEARNING ALGORITHMS

In this section, we discuss a different class of iterative al-
gorithms that converge to the equilibrium points of the dis-
crete game %p described in Subsec. 3.2. As opposed to the
best-response algorithm, the users are no longer rational de-
vices but simple automata that know only their own action
sets. They start at a completely naive state choosing ran-
domly their action (following the uniform distribution over
their own action sets for exemple). After the play, each users
obtains a certain feedback from the nature (e.g., the real-
ization of a random variable, the value of its own payoff).
Based only on this value, each user applies a simple updating
rule of its mixed strategy. It turns out that, in the long-run,
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the updating rules converge to some desirable system states
(NE, CE). Note that the rationality assumption is no longer
needed. The transmitters don’t even need to know the struc-
ture of the game or even that a game is played at all. The
price to pay will be reflected in slower convergence time.

4.1 A Reinforcement Learning Algorithm

We consider a stochastic learning algorithm similar to [20].

Let us index the elements of Zx = {Dl((l), (m‘)} with
my = Card(%) (i.e., the cardinal of ). Atstept > 0 of the
iterative process, User k randomly chooses a certain action

QE] € Y\ based on the probability distribution BE’” fromthe
previous iteration. As a consequence, it obtains the realiza-
tion of a random variable, which is, in our case, the normal-
“ (ol ol
. . . Lo Q' Q-
ized instantaneous mutual information |E] = % €
[0,1]. Where iy(-,-) is a finite approximation of the mutual
information iy (-, -) such that:

~ ik(-,-) , if ik(-, ) < lmax
() = { Il;(ax ,)other\l/(v(ise) ’ ®)

where Imax is chosen such that the expectation of i~k(~7 -) ap-
proximates the expected mutual information and thus de-
pends on the system’s parameters (n,,n, ). Based on this
value, User k updates its own probability distribution as fol-
lows:

t—1] . t—1 .
pﬁ] { pLJ ] blL]pL 17t 1 it Q%D 10
i [ ]+b¢%1 p[1% it QU-pl,

where 0 < b < 1 is a step size and pE}j represents the proba-

bility that user k choses Dl((j> at iterationt. Using well known
results in weak convergence of random processes [20], the
sequence will converge, when b — 0 to the solution of a de-
terministic ordinary differential equation (ODE). Similarly
to [21], it can be checked that the potential function in (6) is
a Lyapunov function for this ODE. This means that the sta-
tionary stable points of the ODE correspond to the maxima
of the potential and, thus, to the pure strategy NE of 4. In
conclusion, whent — +-oo, the updating rule (10) converge to
one of the pure strategy NE. This means that the users learn
their own NE strategies knowing only the realization of their
mutual information and using a simple updating rule.

4.2 Learning Correlated Equilibria

In general, the performance at the NE for discrete games de-
pends on the quantized choice of the action sets of users. In
order to improve the users’ performance, we study a different
learning algorithm which allows them to converge towards a
correlated equilibrium.

We consider the modified regret matching algorithm in-
troduced in [22] which allows the players to converge to the
set of correlated equilibria. Each user needs only the knowl-
edge of its own payoff values received over the time.

At iteration t, User k choses randomly an action Q,[(t] fol-
lowing the distribution pE’” and obtains the value of its pay-

off u[t = uk(Q[t Q ) Without loss of generality, assume

QE’“ = Dl((j). The play probabilities are updated as follows:
pl[f}i = <1 5)mln{ “3, ), m
M _ q_
i p i’
, i; k,|
(11)

where 0 < 0 <1, 0 < y<1/4, u > 0 a sufficiently large
parameter that ensures the probabilities are well defined. We

observe that User k needs to know not only ul[(t] but also all
. The basic idea is that

e
~
\

the past values of its payoff { m}
<<

if at time t a player plays action D ) then the probability
that at time t 4 1 the player chooses a different action D,(()
proportional to the regret for not having chosen action DI((I>

instead of D|(<j)- The regret is measured as an approximation
of the increase in average payoff ( if any) resulting if User k

had chosen action Dl((I> in all the past when D|(<J) was chosen
and is denoted by M,[(t] (j,0):

[7] *

1 Py i 1
Ty wep 3 W
r<t,Ql=D{" Pki 1<t,Q=DV

(12)

It turns out (see [22]) that the empirical distribution of
play up to t denoted by z, € A(2)

MU (i) =

Z((Qlw-‘?QK) 7card{.[<t (Q >QK) (Q17'“>QK)}a
(13)
forall (Q1,...,Qk) € Z converges almost surely ast — +oo

to the set of correlated equilibria.

There are several differences with the learning algorithm
we discussed in Subsec. 4.1. Here, the learning process is
no longer stochastic and the feedback each user gets at iter-

ation t is the value of the deterministic payoff UE] = Uk(+,")
instead of ix(-,-). The consequence is that the convergence
is faster but the nature has to feedback not only the instan-
taneous mutual information but the ergodic achievable rate.
Also, the updating rule for User k at iteration t depends on

the whole history of received payoff values {ULT]} - and
<

not only on the current iteration ul[?.

5. SIMULATION RESULTS

In what follows, we evaluate the gap between the results ob-
tained at the equilibrium point of % in Subsec. 3.1 and
%p in Subsec. 3.2. We also analyze the performance of
the two learning algorithms. We consider the following sce-
nario: Two users (K = 2), n, = n; = 2, the Kronecker chan-
nel model where the transmit and receive correlatlon follow
the exponential profile (i.e. Ry(i, j) = rl‘(' Wand Ty =t~ il
characterized b%/ the coeffluents ri=0.7,r,=0.5, t1 = 0 2,
t, =0.4,and o

First, we conS|der the discrete game in Subsec. 3.2. In
Fig. 1, we plot the expected payoff depending on the prob-
ability distribution over the action sets at every iteration for
User 1 in Fig. 1(a) and for User 2 in Fig. 1(b) assuming
P1 =P, =5 W. We assume here that the stochastic reinforce-
ment algorithm in Subsec. 4.1 is applied by both users in
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Figure 2: Theachievablesum-rate at the NE. Compact action setsgame vs. discrete
action setsgame. Thereis an optimality loss due to the quantization of the users’ action
sets.

order to learn their NE strategies. We observe that the users
converge after approximatively 8- 10 iterations. By using a
based response algorithm the convergence is almost instan-
taneous ( only 2 or 3 iterations). However, the rationality
assumption and perfect knowledge of the game structure for
each player are required.

At last, we compare the performance of the overall sys-
tem in terms of achievable sum-rate of the two games dis-
cussed in Sec. 3 as function of P € {0,...,10} W, assuming
P, =P, =P. InFig. 2, we plot the achievable sum-rate
obtained at the NE with the iterative water-filling type algo-
rithm proposed in [7] for 4. Also, we plot the achievable
sum-rate obtained at the NE point of ¢p to which the users
applying the learning algorithm in Subsec. 4.1 converge. We
observe that there is a performance loss due to the quantiza-
tion of the action sets of users. The discrete action sets %
can be further refined and the results of the algorithms im-
proved. However this will result in a higher complexity and
computational costs.

6. CONCLUSIONS

We study the discrete non-cooperative power allocation game
in MIMO MAC systems. In the long-run, the transmitters can
learn their optimal subset of active antennas. The players are
not assumed to be rational but automata which apply simple
updating rules on the p.d.f.’s over their possible power alloca-
tion policies. We evaluate the performance gap between the
convergence NE state of the learning procedure and the NE
of the analogous game with rational players and assuming
compact and convex action sets.
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D.1 Introduction

Le présent manuscrit est axé sur les problemes d’allocation des ressources dans les
réseaux sans fil MIMO. Ces problémes émergent dans un contexte de communication
dans lequel les réseaux intelligents sont capables de fonctionner avec un régime a haut
rendement énergétique.

D.1.1 Contexte et Motivation

Bien que la théorie des jeux et la théorie de I'information ont été largement développées
durant les dernieres soixante années, a commencer par les contributions séminales de
J. von Neumann et O. Morgenstern [1], J. Nash [2] et CE Shannon [3], ce n’est que
récemment que les connexions et les interactions entre ces deux théories ont commencé
étre mises en évidence et exploitées a grande échelle. Toutefois, la premiere application
des outils de la théorie des jeux aux communications fiables remonte a la these de
doctorat de Mandelbrot [4], en 1952, et plus tard dans [5] et [6] ou la communication
entre un émetteur et le récepteur est modélisée par un jeu a deux joueurs et a somme
nulle avec une fonction de paiement donnée par l'information mutuelle. L’émetteur
joue contre une nature malveillante qui choisit la pire distribution du canal au sens de
I'information mutuelle. Il s’avere que la solution de ce jeu non-coopératif est identique
a la capacité maximin dans le pire des cas en supposant que l’émetteur n’a pas de
connaissances sur les parametres du canal (statistiques du bruit et des gains du canal).

Le récent regain d’intérét dans ’application des outils de la théorie des jeux pour
les communications est di au développement des communications sans fil. Dans ce
contexte, les multiples dispositifs, émetteurs et récepteurs, partagent le méme environ-
nement de communication. Ainsi, une compétition pour les ressources publiques (tels
que les bandes de fréquences, les intervalles de temps, I’espace, la puissance d’émission ou
Iénergie) apparait naturellement. Ces ressources peuvent étre, a priori, optimisées par
une autorité centrale. Toutefois, ’approche centralisée présente plusieurs inconvénients:
i) elle n’est pas réaliste dans un environnement partagé par de multiples prestataires
de services ou opérateurs; ii) le probleme d’optimisation conjoint par rapport a tous les
parametres du réseau est généralement un probleme d’optimisation non-convexe et tres
complexe, impliquant des cotlts de calcul élevés; iii) elle n’est pas échelonnable, c’est
a dire, un léger changement dans la topologie du réseau peut conduire & un probleme
d’optimisation trés complexe, voire intraitable, iv) elle implique un cott important en
terme de signalisation, si le propriétaire du réseau doit envoyer les politiques optimales
d’allocation de ressources a chaque utilisateur du réseau; v) la solution centralisée n’est
pas nécessairement équitable par rapport a la qualité de service fournie a ses utilisateurs;
vi) dans le contexte des utilisateurs autonomes et rationnels, lorsque la qualité de service
d’un utilisateur n’est pas satisfaisante, I'utilisateur peut refuser la politique d’allocation
centralisée, ce qui peut altérer le fonctionnement du réseau. Pour ces raisons, une solu-
tion distribuée peut étre souhaitable, bien que la solution centralisée est généralement
préférable du point de vue de la performance globale du réseau. Dans les environnements
distribués, la compétition pour les ressources donne lieu a des situations interactives. La
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théorie des jeux fournit un cadre mathématique approprié a I’étude des tels situations.

Dans ce contexte, I'un de nos principaux objectifs est d’étudier les jeux non-coopératifs
d’allocation de ressources dans les réseaux de communication MIMO (avec plusieurs
entrées et sorties) sans fil. La motivation du choix des canaux MIMO est double: i) les
canaux MIMO peuvent étre utilisés pour modéliser beaucoup de canaux de communi-
cation réalistes; ii) ces canaux offrent un cadre mathématique élégant (voir la notation
compacte avec des matrices). Pour étre plus précis, les agents ou joueurs sont les dis-
positifs autonomes d’émission. Ces dispositifs sont capables de détecter I’environnement
et de décider leurs actions individuelles, & savoir, leur propre politique d’allocation de
puissance. En supposant que ce sont des dispositifs rationnels et égoistes, les actions
choisies sont celles qui maximisent les benefices individuels, & savoir, leur débits de trans-
mission de Shannon. Il y a beaucoup de raisons pour lesquelles ce type de paiement a
été souvent considéré dans le littérature. Ici, nous ne citerons que les plus impor-
tantes. Tout d’abord, les taux de transmission de Shannon caractérisent les limites de
performance d’un systéeme de communication et nous permettent d’étudier des réseaux
distribués ou de bonnes méthodes de codage sont mises en ceuvre. Deuxiemement, la
relation directe entre le taux de transmission possible d’un utilisateur et son rapport
signal-a interférence-plus-bruit (RSIB) nous permet d’optimiser des mesures de perfor-
mances comme le RSIB ou les quantités relatives de méme type (par exemple, le rapport
porteuse-a-interférence ). Troisiemement, du point de vue des mathématiques, les taux
de Shannon ont de nombreuses propriétés intéressantes (par exemple, les propriétés
de concavité), qui permettent d’effectuer des analyses completes de performance. Par
conséquent, elles fournissent des idées utiles et des concepts qui sont exploitables pour
une conception pratique des réseaux décentralisés.

Toutefois, au cours de la dernieére décennie, la consommation d’énergie est devenue
un enjeu de plus en plus important dans les réseaux sans fil. Par exemple, dans les les
réseaux cellulaires, les terminaux mobiles sont équipés d’écrans de taille relativement
importante, exigés d’offrir des fonctionnalités de plus en plus complexes et aussi de
fonctionner a des vitesses de transmission plus élevées pendant une plus longue durée.
En outre, dans les réseaux de capteurs ou le changement de batteries de dispositifs est
trés peu pratique ou, dans certains cas, voire impossible, la consommation d’énergie
devient un enjeu crucial. Dans ces scénarios, 'optimisation des taux de Shannon sans
tenir compte des colts encourus n’est plus une métrique de performance convenable.
Afin de tenir compte de la puissance consommeée pour atteindre ces taux, une nouvelle
mesure d’efficacité énergétique a été proposé dans la littérature [7] [8]. Cette métrique,
que nous allons également étudier dans notre scénario de réseaux MIMO, mesure le
nombre de bits qui peuvent étre transmis d’une maniere fiable & travers le canal par
unité d’énergie consommeée.

D’un point de vue pratique, le calcul des solutions des deux problémes mentionnés
ci-dessus, le probleme d’allocation de puissance au sens du taux de Shannon ou de
lefficacité énergétique, implique souvent la mise en ceuvre des algorithmes complexes
au niveau de I’émetteur, une signalisation importante entre les émetteurs, I’ hypothese
de la rationalité des émetteurs. Dans ce contexte, nous allons étudier les algorithmes
d’apprentissage qui peuvent étre utilisés pour modéliser la prise de décision adaptative
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des dispositifs. Ce sont des algorithmes de faible complexité qui peuvent étre mis en
ceuvre sans ’hypothese de rationalité. Les dispositifs choisissent leur actions basées sur
un simple feed-back de l'environnement ( qui mesure la satisfaction de leur choix). Il
s’avere que, dans le long terme, ils peuvent améliorer leurs performances tout en fonc-
tionnant dans un environnement inconnu et converger vers des points de fonctionnement
souhaitable des réseaux.

Le présent manuscrit est organisé en trois parties principales.

Nous commencons dans la section D.2 par I’analyse du probleme d’allocation de puis-
sance dans un cadre ou de multiples utilisateurs cherchent & maximiser leurs propres
débits de transmission (voir la section D.2). Ce probleme est formulé comme un jeu non
coopératif. L’existence et la multiplicité de la solution d’équilibre de Nash (EN) sera
étudiée pour deux modeles de réseaux différents. Nous étudierons le canal a d’acces mul-
tiple (CAM) [9], [10], ou plusieurs émetteurs envoient leurs messages vers un récepteur
commun. Ensuite viendra 1’étude du canal & interférence a relais (CIR) [11], [12], qui se
compose d’un canal a interférence [13] (ou plusieurs paires émetteur-récepteur coexistent
dans le méme environnement générant de 'interférence mutuelle) et plusieurs nceuds de
relais qui peuvent étre utilisés par les émetteurs afin d’améliorer la performance de leurs
communications. Nous évaluerons également les performances obtenues aux points de
fonctionnement EN via des simulations numériques et des algorithmes itératifs dits de
water-filling ou de meilleure réponses.

Optimiser le débit atteignable de Shannon n’est pas toujours la meilleure politique,
en particulier dans les réseaux ou les terminaux sont équipés de batteries de capacité
limitée. C’est pourquoi, dans la section D.3, nous étudierons une nouvelle métriques
d’efficacité énergétique qui tient compte a la fois, du débit de transmission atteignable
et de la puissance consommée pour atteindre cet débit. En raison des difficultés ren-
contrées, le probleme d’allocation de puissance au sens de 'efficacité énergétique est
étudiée uniquement pour le canal MIMO mono-utilisateur. Le scénario multi-utilisateur
sera considéré comme une extension utile de ce travail. L’une des principales difficultés
rencontrée réside dans le fait que 'optimisation de la probabilité de coupure pour les
canaux MIMO & faible évanouissement est encore un probleme ouvert [14].

Enfin, dans la section D.4, nous considérerons des algorithmes d’apprentissage.
Ces algorithmes illustrent une autre facon pour les utilisateurs de converger vers cer-
tains points de fonctionnement souhaitable, comme 1’équilibre de Nash des jeux non-
coopératifs (Sec. D.2) et le point qui optimise la probabilité de coupure ou la métriques
d’efficacité énergétique (Sec. D.3). Ces algorithmes peu complexes et adaptatifs ne
nécessitent que peu de connaissance sur ’environnement et aucune hypotheése de ratio-
nalité.

Dans la section D.5, nous conclurons notre analyse par quelques remarques et ques-
tions ouvertes.

D.1.2 Elements de Théorie des Jeux Non-coopératifs

Nous passerons brievement en revue ci-dessous quelques concepts de base de la théorie
des jeux non-coopératifs qui seront utilisés tout au long de ce manuscrit. Par définition,
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la théorie des jeux est le cadre mathématique dédié a I’étude des situations interactives
entre des décideurs ou des agents autonomes. Nous allons considérer [’hypothése de la
rationalité des joueurs dans le sens ol un joueur choisit sa meilleure stratégie pour max-
imiser son bénéfice [1]. La caractérisation mathématique d’un jeu sous forme stratégique
est donné par la définition suivante.

Définition D.1.1 Un jeu sous forme stratégique est un triplet G = (IC, { A breic, {uk }rex),

ou K = {1,...,K} représente 'ensemble de joueurs, Ay représente 1'ensemble des
stratégies ou des actions que le joueur k € K peut prendre et fr : XpcicAe — R représente
le bénéfice ou la fonction de paiement de utilisateur k, qui est une mesure de sa satis-
faction.

Dans le cas des jeux non-coopératifs, dans lequel les joueurs agissent de maniere
égoiste et indépendante, 1’équilibre de Nash (EN), introduit en [2] représente un concept
de solution du jeu. Le EN a été largement étudié dans les problemes d’allocation des
ressources parce que c’est un concept tres important pour les concepteurs de réseaux.
Il représente un point de fonctionnement qui est, a la fois, prévisible et robuste aux
déviations unilatérales (ce qui est réaliste compte tenu du fait que les joueurs sont
supposés étre non-coopératifs et agir de maniere isolée). Cela signifie qu'une fois que le
systeme fonctionne dans cet état, aucun utilisateur n’a intérét a changer de stratégie car
il va perdre en terme de bénéfice. La définition mathématique du EN est comme suit:

Définition D.1.2 Un profil de stratégies (al'F,...,aNF) € xpexcAr est un équilibre
de Nash si pour tout k € K et pour tout Q/_k € XyxpAg nous avons uk(g}jEQNE) >
uk(ggE,QLk), ot a_p = (ay,...,05 1,0541,--.,ar) désigne l'ensemble des actions des

autres joueurs.

En fonction de la structure du jeu, des propriétés topologiques des ensembles de
stratégies et des fonctions de paiement, les principales questions a résoudre sont les
suivantes: i) l'existence d’au moins un ENj ii) la multiplicité des EN; iii) la conception
d’algorithmes distribués qui permettent aux utilisateurs de converger vers un état EN
en utilisant uniquement les connaissances locales de 1’environnement; iv) de déterminer
la performance du réseau dans les états d’équilibre. En ce qui concerne la conception
d’algorithmes distribués, le EN possede une autre caractéristique séduisante. Comme
nous le verrons dans la section D.4, il représente le résultat d’une simple adaptation
itérative des actions, c’est a dire, des algorithmes d’apprentissage. Ce qui est remar-
quable, c’est que ces algorithmes itératifs nécessitent treés peu de connaissances sur
I’environnement. En particulier, ils ne nécessitent ni la connaissance de la structure du
jeu ni méme 'hypothese de la rationalité des joueurs.

En général, la performance au EN n’est pas optimale par rapport a la performance
globale du réseau, qui peut étre mesurée par exemple par la somme de gains de chaque
utilisateur u(a) = Z ur(ag,a_). En outre, ce n’est pas un état équitable a ’égard

kel
des performances individuelles des utilisateurs. Les points de fonctionnement qui nous

intéressent sont donc les états dits Pareto-optimales. Un état du systeme est Pareto-
optimale si aucun utilisateur ne préfere un état.

175



CHAPTER D. Résumé

176

Définition D.1.3 Soit a et @’ deuz profils de stratégies différents en X ycicAg. Ensuite,
St
Vk € K, ’LLk(Qk,Q,k) > uk(Q;caQ/—k)v (Dl)

avec l'inégalité stricte pour au moins un joueur, la stratégie a est Pareto-supérieure a a’.
Sl n’existe pas d’autre stratégies qui soient Pareto-supérieures a un profil de stratégies
de a©, alors a¥© est Pareto-optimale.

Toutefois, un état Pareto-optimale n’est pas nécessairement un état stable pour un
environnement dans lequel multiples utilisateur non-coopératifs et égoistes coexistent.
En outre, la solution Pareto-optimale est plutot une solution de type centralisé, car
Iinformation globale sur les canaux du réseau est nécessaire pour calculer ces états.

Il existe différentes techniques qui peuvent étre utilisées pour améliorer les per-
formances du EN. En général, ces techniques impliquent l'intervention d’une autorité
centralisée ou une sorte de coopération au niveau des utilisateurs. Il y a toujours un
compromis entre les performances obtenues a 1’état d’équilibre du réseau et le cout de
signalisation que cela implique. Une étude plus détaillée des concepts théoriques des
jeux non-coopératifs peut étre trouvée dans la littérature spécialisée [15], [16]. Pour
une analyse approfondie sur les méthodes d’analyse du EN dans les réseaux sans fil en
général, le lecteur est renvoyé a [17] et [18].

Une classe importante de jeux sont les jeux de potentiel qui ont été introduits dans
[19].

Définition D.1.4 Un jeu sous forme stratégique G = (K, { A }rexc, {ur brex) est un jeu
de potentiel exact s’il existe une fonction de potentiel V : A — R de telle sorte que,
pour tous les k € K et tous les a,a’ € A

u(ay,a_p,) —ur(ay, a_g) = Viag,a_y) — V(g a_y). (D.2)

Cette définition traduit le fait que tous les utilisateurs ont les mémes incitations a
changer leurs actions, conduisant le systeme de 1’état a & 1’état a/. Par exemple, les jeux
de congestion ou les jeux de routage sont des exemples des jeux de potentiel. A la suite
de [19], les maxima locaux de la fonction de potentiel sont des points de EN du jeu.
Ainsi, le jeu de potentiel a au moins un EN en stratégies pures. En outre, dans les jeux
finis, ’algorithme itératif basé sur les fonctions des meilleures réponse converge vers I’'un
des états EN (voir la propriété du chemin d’amélioration finie dans [19]) en fonction du
point de depart.

Pour faire face aux questions de ’existence et I'unicité des équilibres de Nash, nous
exploiterons souvent les propriétés des jeux concaves et les résultats de Rosen [20]. Ces
résultats sont indiqués ci-dessous et sont valables pour le cas ou les actions des joueurs
sont des vecteurs.

Théoréme D.1.5 [20] Soit G = (K, { Ak }reic, {uk }rexc), un jeu sous forme stratégique.
Si les trois conditions suivantes sont remplies: (i) chaque uy, est continue par rapport
au profil de stratégies a; € A;j,Vj € K; (ii) chaque uy est concave en a; € Ag; (iii)
A1, ..., A sont des ensembles compacts et convexes; alors G a au moins un EN.
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Théoréme D.1.6 [20] Considérons le jeu concave a K-joueurs du Théoréme D.1.5.

Si la condition suivante (la concavité diagonale stricte) est remplie: pour tous les k €

K et tous (a,al) € .A% tel qu’il existe au moins un indice j € K pour lequel g;- #*
K

aj, Z(QZ —a))T [Va,u(ay, a’ 1) — Va,ur(ay, a’ )] > 0; alors lunicité de la NE est
k=1

assurée.

Ces théoremes se révélent particulierement utiles dans les jeux non-coopératifs d’allocation
de puissance au sens de lefficacité du débit de transmission Shannon ou les fonctions
de paiement des utilisateurs sont généralement concaves par rapport & la puissance
d’émission.

D’autres concepts de solution pour les jeux non coopératifs généralisent la notion de
EN en stratégie pure: le EN en stratégie mixte et 1’équilibre corrélé (EC). Une stratégie
mixte pour 'utilisateur k est une distribution de probabilité sur ’ensemble des actions
Apg. Soit A(Ag) désigne 'ensemble des distributions de probabilité sur I’ensemble Ay.
Le EN mixte est défini de facon similaire au EN en stratégies pures en remplagant
les stratégies pures avec les stratégies mixtes. L’existence du EN mixte a été prouvée
dans [2] pour tous les jeux discrets. Si les espaces d’actions sont discrets et finis, alors
P, € A(Ay) désigne le vecteur de probabilité telle que py ; représente la probabilité que
I'utilisateur k choisit une certaine action gg ) € Ay et Z Pk = L.

Qg)EAk
Nous avons également défini le concept d’équilibre corrélé [21], qui peut étre considéré

comme le EN d’un jeu ou les joueurs recoivent certaines recommandations de la part
d’un arbitre ou un d’un médiateur commun. La définition mathématique est la suivante:

Définition D.1.7 Une distribution de probabilité conjointe ¢ € A(A) est un équilibre

corrélé si pour tout k € K et tous les ngj),gl(j) € A

> o ula ) — (el a )] 20, (D3)

geA:gkzg,(f)
ot q, désigne la probabilité associée au profil d’action a € A.

Lors du EC, I'utilisateur k a pas d’incitation a dévier de la recommandation du médiateur,
QI(CJ ) ¢ Ay, en sachant que tous les autres joueurs suivent ainsi la recommandation du
médiateur (a_j). Notez que I'ensemble des EN mixtes est inclus dans 'ensemble des EC
en considérant des distribution de probabilités indépendants. De méme, ’ensemble des
EN en stratégies pure est inclus dans I’ensemble des EN mixtes, en considérant des dis-
tribution de probabilités dégénérées (& savoir py ; € {0,1}) sur 'ensemble des stratégies

pures.

D.1.3 Publications

Les travaux de recherche menés au cours des trois années de these ont conduit a plusieurs
publications. Les articles sont classés ci-dessous en fonction des sujets connexes.
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Jeux non-coopératifs d’allocation de puissance efficaces en terme de débit
de transmission

Les contributions sur les jeux non-coopératifs d’allocation de puissance pour le canal
a accés multiple MIMO & évanouissement rapide ont été publié dans quatre
articles de journal, dont deux d’entre eux sont des revues de mathématique, et un papier
conférence:

e E. V. Belmega, S. Lasaulce, M. Debbah, M. Jungers, and J. Dumont, “Power allo-
cation games in wireless networks of multi-antenna terminals”, Springer Telecom-
munications Systems Journal, DOI: 10.1007/s11235-010-9305-3, May 2010.

e E. V. Belmega, S. Lasaulce, and M. Debbah, “Power allocation games for MIMO
multiple access channels with coordination”, IEEE Trans. on Wireless Commu-
nications, vol. 8, no. 6, pp. 3182-3192, Jun. 2009.

e E. V. Belmega, M. Jungers, and S. Lasaulce, “A generalization of a trace inequality
for positive definite matrices”, The Australian Journal of Mathematical Analysis
and Applications (AJMAA), to appear, 2010.

e E. V. Belmega, S. Lasaulce, and M. Debbah, “A trace inequality for positive defi-
nite matrices”, Journal of Inequalities in Pure and Applied Mathematics (JIPAM),
vol. 10, no. 1, pp. 1-4, 2009.

e E. V. Belmega, S. Lasaulce, and M. Debbah “Power Control in Distributed Mul-
tiple Access Channels with Coordination”, IEEE/ACM Proc. of the Intl. Sym-

posium on Modeling and Optimization in Mobile, Ad Hoc, and Wireless Networks
and Workshops (WIOPT), Berlin, Germany, 1-8 Apr. 2008.

L’étude du probleme de I’allocation de puissance pour le canal paralléle & accés
multiples statique, formulée comme un jeu de routage non-coopératif, a débouché sur
deux papiers de conférence:

e S. Medina Perlaza, E. V. Belmega, S. Lasaulce, and M. Debbah, “On the base
station selection and base station sharing in self-configuring networks”, Interna-

tional Conference on Performance Fvaluation Methodologies and Tools (VALUE-
TOOLS), Pisa, Italy, invited paper, Oct. 2009.

e E. V. Belmega and S. Lasaulce, “Information theoretic congestion games in het-
erogeneous wireless networks”, Game Theory for Analysis and Optimization of
Computer Systems (GAMECOMP), Grenoble, France, invited talk, May 2008.

e E. V. Belmega, S. Lasaulce, and M. Debbah, “Decentralized handovers in cellular
networks with cognitive terminals”, in the IEEE Proc. of the 3rd International
Symposium on Communications, Control and Signal Processing (ISCCSP), St Ju-
lians, Malta, invited paper, 12-14 Mar. 2008.
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Le jeu non-coopératif d’allocation de puissance pour le canal paralléle a in-
terférence a relais a été étudié dans un papier journal, qui a été révisé, et quatre
papiers de conférence:

e E. V. Belmega, B. Djeumou, and S. Lasaulce, “Power allocation games in interfer-
ence relay channels: Existence analysis of Nash equilibria”, EURASIP Journal on
Wireless Communications and Networking (JWCN), accepted for publication,
Nov. 2010.

e E. V. Belmega, B. Djeumou, and S. Lasaulce “Resource allocation games in in-
terference relay channels”, IEEE Intl. Conference on Game Theory for Networks
(Gamenets), Istanbul, Turkey, invited paper, May 2009.

e E. V. Belmega, B. Djeumou, and S. Lasaulce “What happens when cognitive
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L’état de ’art par rapport a ce sujet sera publiée dans le chapitre du livre qui suit:

e E. V. Belmega, S. Lasaulce, and M. Debbah, “Shannon rate efficient power al-
location games”, Game Theory for Wireless Communications and Networking,
Auerbach Publications, Taylor and Francis Group, CRC Press, accepted for
publication, 2009.

Communication efficace en terme de consommation d’énergie

Le probleme de ’allocation de puissance dans le sens de la maximisation de 'efficacité
énergétique (i.e., le nombre de bits qui peut étre transmis d’une maniere fiable a travers
le canal par unité d’énergie consommée) a été étudié dans le cadre du canal MIMO
mono-utilisateur. Les principaux résultats sont présentés dans un article de journal,
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e E. V. Belmega, and S. Lasaulce, “Energy-efficient precoding for multiple-antenna
terminals”, IEEE Trans. on Signal Processing, accepted for publication, Sep.
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nications and Mobile Computing Conference (IWCMC), Leipzig, Germany, invited
paper, Jun. 2009.

Les algorithmes d’apprentissage dans les jeux d’allocation de ressources
L’étude des algorithmes d’apprentissage, qui permettent aux émetteurs de converger

vers des états souhaitables du réseau avec peu de connaissances sur l’environnement
de communication et aucune hypotheses de rationalité, a donné lieu a deux papiers de
conférence:

e E. V. Belmega, H. Tembine, and S. Lasaulce, “Learning to precode in outage
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2010.
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Power Allocation Policies in MIMO Channels”, Furopean Signal Processing Con-
ference (EUSIPCO), Aalborg, Denmark, invited paper, Aug. 2010.
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les appendices. Ils seront utilisés comme références a des détails manquants d’analyse
et de démonstrations mathématiques.
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et/ou publiées dans deux articles de journal, un chapitre de livre et trois papiers de
conférence:

e E. Altman, Y. Hayel, and E. V. Belmega, “Modelling competition between Hawks

and Doves in a dynamic framework”, Special Issue on Evolutionary Games: Dy-
namic Games and Applications, Birkhauser-Springer, to be submitted, Jan.
2011.

e E. V. Belmega, B. Djeumou, and S. Lasaulce, “Gaussian broadcast channels with

an orthogonal and bidirectionnal cooperation link”, FURASIP J. on Wireless
Communications and Networking (JWCN), pp.1-16, doi:10.1155/2008 /341726, 2008.

e E. V. Belmega, S. Lasaulce, and M. Debbah, “Capacity of cooperative chan-

nels: three terminals case study”, Cooperative Wireless Communication, ISBN
142006469X, Auerbach Publications, Taylor and Francis Group, CRC Press, Oct.
2008.

e P. Mertikopoulos, E. V. Belmega, A. L. Moustakas, and S. Lasaulce, “Dynamic

Power Allocation Games in Parallel Multiple Access Channels”, Valuetools 2011,
Paris, France, submitted, arXiv:1011.5610v1, Nov. 2010.
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e B. Djeumou, E. V. Belmega, and S. Lasaulce, “Recombinaison de signaux décodés
et transférés pour le canal a relais a division fréquentielle”, Actes du GRETSI,
Troyes, France, 1-4 Sep. 2007.

e E. V. Belmega, B. Djeumou, and S. Lasaulce, “Performance analysis for the AF-
based frequency division cooperative broadcast channel”, in the IEEE Proceed-
ings of the Signal Processing Advances in Wireless Communications conference
(SPAWC), Helsinki, Finland, 1-5 Jun. 2007.

D.2 Jeux Non-coopératifs d’Allocation de Puissance Effi-
caces en Terme de Débit de Transmission

Dans cette section, notre objectif est d’étudier des réseaux sans fil distribués ou au-
tonomes. Dans de tels réseaux, les émetteurs sont en mesure de gérer leurs propres
ressources avec peu ou, idéalement, aucune intervention de la part de l'autorité cen-
trale. Les émetteurs sont supposés étre rationnels, égoistes et capables de choisir leur
propre politique d’allocation de puissance pour maximiser la performance de leurs com-
munications. La performance d’une communication est mesurée en termes de débit
de transmission atteignable. L’interférence mutuelle crée par les émetteurs partageant
le méme environnement de communication induit une interaction entre les émetteurs.
Cette interaction est étudiée en utilisant le cadre de la théorie des jeux non coopératifs.
Sauf indication contraire, les composantes du jeu non-coopératif peuvent étre identifiées
comme suit. Les joueurs sont les émetteurs. Les fonctions de paiement sont les débits
de transmission atteignables. Les actions des joueurs sont leurs stratégies de précodage.

Trois étapes peuvent étre identifiées dans notre approche. Tout d’abord, nous
étudions le jeu non-coopératif en un coup ou les utilisateurs ont une connaissance par-
faite de la structure du jeu. Nous étudions l'existence et la multiplicité de la solution
d’équilibre de Nash. Plusieurs questions se posent. La connaissance parfaite de la struc-
ture du jeu au niveau des émetteurs est souvent une hypothese irréaliste. En effet, en
général, des expressions analytiques des points EN ne sont pas disponibles. En outre, si
plusieurs états d’équilibre existent, il n’y a aucune raison de supposer que les émetteurs
rationnels doivent prédire le méme résultat du jeu. Dans cette situation, le réseau peut
fonctionner dans un état qui ne correspond méme pas a un état d’équilibre. Pour faire
face a ces questions, une solution possible est de considérer des algorithmes itératifs. En
conséquence, 1’étape suivante de notre est d’étudier les algorithmes itératifs basés sur
les meilleures réponses. Comme nous le verrons, ces algorithmes sont identiques aux
algorithmes dits de water-filling. En plus, ils peuvent permettre aux utilisateurs de con-
verger vers I'un des EN du jeu en un coup. Ces algorithmes sont distribués dans le sens
qu’ils nécessitent moins d’informations sur la structure du jeu. Un autre inconvénient
de la notion EN est le fait que c’est généralement un point de fonctionnement inefficace
(par rapport a la performance globale du réseau, mais également par rapport aux per-
formances individuelles des utilisateurs). Comme derniére étape, nous abordons aussi
la formulation de Stackelberg [22] pour améliorer les performances du point EN. Cela
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implique un certain colt en termes de signalisation centralisée de la part de 'autorité
du systeme.

Les jeux non-coopératifs d’allocation de puissance efficaces en terme de débit de
transmission sont étudiés pour deux modeles de base du réseau: les canaux a acces mul-
tiples (CAM) et les canaux a interférences a relais (CIR). Avant d’exposer nos contri-
butions principales, nous allons discuter ci-dessous de plusieurs hypotheses importantes
et de différences entre ces deux modeles de réseaux. En termes de temps de cohérence
du canal, trois cas peuvent étre distingués. Les gains de canal peuvent étre: i) con-
stants et déterministes, i.e., des liens statiques; ii) des variables aléatoires qui changent
indépendamment & chaque utilisation du canal, i.e., liens a évanouissement rapide; iii)
des variables aléatoires qui restent constantes pour toute la durée de la transmission,
i.e. liens a faible évanouissement. Dans le troisieme cas, les débits de Shannon at-
teignables sont strictement égaux a zéro [14] [23]. Ainsi, pour étudier le jeu d’allocation
de puissance, il faut considérer une autre métrique pour mesurer la satisfaction des util-
isateurs. Par exemple, comme nous le verrons dans la section D.3, on pourrait envisager
une mesure de performance en fonction de la probabilité de coupure [24]. Cependant,
ceci est hors de portée ici et ce cas ne sera pas considéré dans cette section. Pour le
CAM, nous allons examiner brievement le cas des liens statiques et ensuite nous allons
nous concentrer sur le cas plus difficile de liens a évanouissement rapide. Du point de
vue de la théorie de I'information, ’analyse du CIR est beaucoup plus difficile. C’est
pourquoi, seul le cas des liens statiques sera pris en compte. Pour la méme raison, le
cas général des multiples dimensions (MIMO) ne sera étudié que pour le CAM. Pour le
CIR, nous limiterons notre attention au cas des sous-canaux paralléles (ou orthogonaux).
Une autre différence intrinseque entre les deux modeles de réseaux est la technique de
décodage. Pour le CAM, le récepteur doit décoder tous les messages des émetteurs et est
donc censé connaitre les alphabets utilisés par tous les émetteurs. Dans cette situation,
deux techniques de décodage peuvent étre utilisées: i) le décodage simultané des util-
isateurs (DSU) (lorsque le récepteur décode le message d’un émetteur, les signaux des
autres émetteurs sont considérés comme du bruit additif); ii) ’annulation d’interférence
successive (AIS), a savoir, les message des émetteurs sont décodés séquentiellement (lors
du décodage du message d’un émetteur, les messages décodés précédemment sont pris
en compte pour réduire le niveau total de l'interférence regue). Pour le CIR, chaque
décodeur connait que ’alphabet employé par son propre émetteur. Par conséquent, la
technique de I’AIS, bien qu’attrayante en termes de taux de transmission, ne sera pas
étudiée.

Dans ce qui quit, nous allons résumer nos contributions par rapport a ces sujets.

Pour le CAM MIMO, le détail des analyses et les preuves des résultats peuvent étre
trouvés en Appendice A.1, Appendice A.2, Appendice A.3, Appendice A.4 et Appendice
A5,

e Tout d’abord nous avons étendu les résultats de [20] au cas ou les ensembles des
actions des utilisateurs sont des ensembles de matrices au lieu des ensembles de
vecteurs.

o A partir de cette base, nous avons étudié I'existence et 'unicité de 1’état EN dans
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le jeu en un coup. L’existence d’au moins un point de EN est garantie. Pour
le cas des liens statiques, le EN n’est généralement pas unique et des conditions
suffisantes sur les parametres du canal assurant 'unicité ont été fournies. Pour le
cas des liens a évanouissement rapide, ’EN est prouvé étre unique.

Pour le cas des liens a évanouissement rapide, déterminer le point EN n’est pas un
probleme trivial car les débits de transmission ergodiques n’ont pas d’expressions
analytiques. Tout d’abord, nous avons déterminé les vecteurs propres optimaux
des matrices de precodage. Ensuite, nous avons utilisé la théorie des matrices
aléatoires pour approximer les taux ergodiques avec leurs équivalents déterministes.
Enfin, nous proposons un algorithme itératif de type water-filling qui converge vers
les valeurs propres optimales.

Le jeu d’allocation de puissance a été analysé pour deux techniques de décodage
différentes: DSU et AIS. Le décodage DSU est plus facile & mettre en ceuvre, mais
il s’avere inefficace par rapport au débit total du réseau. Pour le décodage AIS
nous avons proposé un signal de coordination sous-optimal qui donne ’ordre de
décodage au niveau du récepteur. Ce signal doit étre connu au niveau du chaque
émetteur et par conséquent, implique un certain cott de signalisation.

Pour évaluer les performances du réseau au point de EN, nous avons introduit
Pefficacité en terme de débit total du réseau. Cette mesure traduit 1’écart entre
le débit total atteignable au point du EN et la capacité-somme du CAM MIMO a
évanouissement rapide. Dans les régimes extrémes du RSB, en supposant que le
décodeur utilise le décodage AIS, cet écart tend vers zéro. Pour RSB arbitraire,
cette écart a été évaluée a travers les simulations numériques. Il s’avere que,
en supposant que le décodage AIS, I’écart est tres faible, méme si le signal de
coordination ne dépend pas de coefficients d’évanouissement. Comme nous 1’avons
prévu, décodage DSU est moins efficace. Un paradoxe intéressant du type Braess
a été souligné. Si les utilisateurs sont obligés d’allouer leur puissances de maniere
uniforme dans le temps (et quel que soit le signal de la coordination) le débit total
du réseau au point du EN sera plus grand que dans le cas général.

Pour le CIR paralléle, 'analyse complete se trouve dans I’Appendice A.6.

Le jeu d’allocation de puissance a été étudié pour trois protocoles de transmission
différents: Décoder-et-Transférer (DT), Estimer-et-Transférer (ET) et Amplifier-
et-Transférer (AT).

Des conditions suffisantes assurant ’existence d’au moins un EN ont été fournies
pour DT et AT. En supposant que les noeuds de relais utilisent le protocole ET,
I'existence du EN est toujours garantie.

Basé sur une technique de partage du temps, 'existence du EN peut toujours étre
garantie indépendamment du protocole utilisé au niveau des relais. Toutefois, cela
implique un certain niveau de coordination entre les émetteurs.
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e L[’analyse de la multiplicité des EN n’est pas triviale. Pour le cas particulier du pro-
tocole AT avec un gain d’amplification constant, 'analyse complete caractérisant
le nombre de points EN en fonction des parametres du canal a été fournie. En
outre, sur la base du ”duopole de Cournot”, la convergence vers 'un des EN des
algorithmes itératifs basés sur les meilleures réponses a été prouvée.

e Des simulations numériques ont été utilisées pour évaluer la performance du réseau
au EN. Lorsque 'on compare les trois protocoles du relais en terme de débit total
du réseau, des observations similaires a celles du canal a relais classique ont été
faites: DT est optimal si le relais est situé a proximité des sources (tres bon
liens source-relais), tandis que ET est optimal si le relais se trouve a proximité
des destinations (trés bons liens relais-destination). Plusieurs formulations de
Stackelberg, ou le propriétaire du réseau choisit les parametres du relais (i.e., la
localisation spatiale, le gain d’amplification du AT, I'allocation de puissance pour
les DT et ET) ont été évalués a 'aide de simulations numériques.

Plusieurs questions ouverts et extensions intéressantes sont indiqués ci-apres:

e Le CAM MIMO: Une extension intéressante serait d’étudier le cas pour lequel
les récepteurs ont une connaissance imparfaite des parametres du canal. Une
autre question intéressante et ouverte serait de déterminer les vecteurs propres
optimaux et les valeurs propres des matrices de covariance lorsque la contrainte,
Vi = V pour tout k& € K est relachée. En ce sens, les résultats récents de la
théorie des matrices aléatoires en [59] peuvent étre utilisés. Une question ouverte
intéressante est de prouver mathématiquement la convergence des algorithmes
itératifs proposés basés sur le water-filling.

e Le CIR parallele: Une extension de ce travail serait d’examiner des protocoles de
relayage et des techniques de codage-décodage plus efficaces tels que ceux de [60]
et des ouvrages connexes. Il est également important de bien déterminer le nombre
ou la topologie de ’ensemble des équilibres de Nash et d’étudier la convergence des
algorithmes itératifs et distribués d’allocation de puissance. Nous avons également
vu que des problemes supplémentaires d’allocation de puissance entrent en jeu et
doivent étre pris en compte dans le probleme général: le probleme de I’allocation
de puissance de transmission entre les différents sous-canaux au niveau des sources
(AT, DT, ET), pour choisir le degré de coopération avec les relais au niveau des
sources (DT), I'allocation de puissance entre les signaux de coopération au niveau
des relais (ET et DT), la répartition la puissance d’émission en temps.

Dans cette section, nous avons considéré que les émetteurs allouent leurs puissances
afin de maximiser leur taux de Shannon atteignables sans aucune considération & propose
de la consommation d’énergie. La consommation d’énergie a un impact direct sur la
durée de vie des batteries des dispositifs. Il existe des applications (e.g., les réseaux de
capteurs) pour lesquels la durée de vie des batteries joue un role crucial et maximiser le
débit de transmission n’est plus de premiere importance. Pour ce type d’applications,
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une mesure de performance différente doit étre considérée. Dans la section D.3, nous
étudierons la métrique de l'efficacité énergétique mesurant le nombre de bits qui peuvent
étre transmis a travers le canal par unité d’énergie consommée.

D’autres questions importantes concernent les algorithmes itératifs de type water-
filling. Tout d’abord, il s’agit de la rationalité des utilisateurs et la connaissance parfaite
de leurs fonctions de paiement ou des meilleures réponse. En outre, ces algorithmes exige
généralement la connaissance parfaite au niveau de ’émetteur de I’état du canal global
(pour le cas statique) ou de son distribution (pour le cas évanouissement rapide). De
plus, ces algorithmes nécessitent beaucoup de signalisation entre les utilisateurs. A
chaque itération, l'utilisateur qui met a jour son choix, doit envoyer cette information
a tous les autres utilisateurs. Toutes ces hypotheses peuvent étre considérées comme
étant irréalistes dans de nombreuses applications. Une solution possible est fournie par
la théorie de 'apprentissage dans les jeux qui sera étudiée dans la section D.4.

D.3 Communications Efficaces en Terme de Consomma-
tion d’Energie

Dans la section précédente, la performance de la communication a été mesurée en terme
de débit de transmission atteignable. Le colit de la communication, a savoir, la puis-
sance d’émission consommeée pour atteindre les débits de transmission correspondants
n’a pas été prise en compte. Dans les réseaux cellulaires ou les réseaux de capteurs,
dans lesquels les terminaux mobiles ou les capteurs sont équipés de batteries ayant
une capacité limitée, il est important d’optimiser la durée de vie de la batterie que
d’optimisation des taux de transmission. Par conséquent, ce cott doit étre pris en con-
sidération. Dans cette section, nous allons considérer une métrique de performance
différente qui appartient a la théorie de 'information: l'efficacité énergétique. Cette
mesure est définie comme le rapport entre le bénéfice de la transmission (par exemple,
le nombre de bits transmis a travers le canal) et le cout de la transmission (i.e., la
puissance d’émission).

La recherche sur ce theme a été axée sur deux grandes approches: une approche
pragmatique basée sur des modulations pratiques, systemes de codage-décodage, de
I’électronique (voir [8], [61], [62], [63]), et une approche de la théorie d’information basée
sur la capacité par unité de cout, notion introduite dans [7]. Une discussion détaillée et
pertinente sur I’état de I’art des deux approches est présentée dans [64] (voir I’Appendice
B.1). La plupart de cette recherche est centré sur des réseaux composés des dispositifs
équipés d’'une antenne unique. Il est bien connu que, pour une communication point a
point, l'utilisation d’antennes multiples au niveau des terminaux [65] [66] [14] dans le
mode de fonctionnement qui maximise la diversité (i.e., toutes les antennes d’émission
sont utilisés pour envoyer les mémes informations sur le canal) permet de diminuer la
puissance de transmission tout en assurant une qualité de transmission constante (par
exemple, le taux d’erreur binaire). Dans ce qui suit, nous nous concentrerons sur le
probleme de P’allocation de puissance d’un point de vue de la théorie de 'information
dans les canaux MIMO comme dans la setion précédente. En outre, seule la puissance
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d’émission a la sortie des circuits RF (ou la puissance de transmission fiable des données)
est considérée. Méme si cette hypothese est irréaliste, elle nous permet de caractériser
la limite supérieure des performances qui peuvent étre atteintes dans la pratique.

Notre objectif initial était d’étudier le jeu non-coopératif d’allocation de puissqnce
pour le canal MIMO a acces multiples, tel que décrit dans la section précédente. Dans
notre cas, les joueurs, les émetteurs, choisissent leur meilleure matrice de covariance afin
de maximiser leur fonction d’efficacité énergétique au lieu du débit de transmission Shan-
non. Toutefois, le probleme s’est avéré étre tres difficile. Pour cette raison, nous nous
sommes limités seulement & étude du cas particulier du canal MIMO mono-utilisateur
(voir I’Appendice B.2). Notez que sous cette hypothese, le jeu est réduit & un probleme
d’optimisation qui se révélera étre généralement insolluble.

Ce probleme est discuté en détail dans I’Appendice B.2. Pour les cas des liens
statiques et liens a évanouissement rapide, la solution se révele étre triviale. Afin d’étre
économes en énergie, I’émetteur envoie des données avec une puissance de transmission
tres faible, ce qui implique aussi que les débits atteignables sont eux aussi tres faibles.
Pour les liens a faible évanouissement, le probleme d’optimisation est plus difficile et la
solution s’est avérée étre non-triviale en général. Nos contributions sont les suivantes:

e Nous conjecturons la solution du probleme général et nous donnons la solution dans
des cas particuliers: dans les régimes extrémes de RSB; dans les cas particuliers
ou I'un des dispositifs (le récepteur ou ’émetteur) est équipé d’une seule antenne
(canaux MISO et SIMO).

e Un cas particulier intéressant est le cas de I’allocation uniforme de puissance. Dans
ce cas, la fonction de l'efficacité énergétique est conjecturée étre quasi-concave par
rapport a la puissance d’émission. Une preuve rigoureuse est présentée en utilisant
I’hypothese de grands systeémes et la théorie des matrices aléatoires.

Pour le cas des liens statiques et & évanouissement rapide, la fonction de lefficacité
énergétique ne semble pas étre une métrique de performance appropriée. La solution
triviale qui maximise la fonction de 'efficacité énergétique peut étre expliquée par le
fait que la consommation d’énergie des circuits électriques n’est pas prise en compte.
Une extension importante de ce travail serait de considérer la puissance des circuits.
Dans ce cas, si I’émetteur ne transmet pas, le colit en terme de puissance consommeée
ne sera pas nul et la solution triviale ne sera plus optimale. De plus, avoir plusieurs
antennes au niveau des dispositifs peut se révéler sous-optimal par rapport au cas avec
une seule antenne. Une autre fagcon d’éviter la solution triviale consiste a considérer une
contrainte de QoS minimale (par exemple, du débit de transmission minimal).

La solution n’est plus triviale pour le cas des liens a faible évanouissement, ce qui
peut étre expliqué par le fait que les bénéfices de la transmission sont fondamentale-
ment différents. Pour les canaux statiques et a évanouissement rapide, la transmission
est contrainte & étre asymptotiquement fiable (avec probabilité d’erreur zéro). Cette
contrainte se révele a étre trop rigide et une transmission économe en énergie n’est pas
possible a une puissance d’émission non-nulle. Pour le canal a faible évanouissement,
il s’avere qu’il y a un compromis optimal entre la probabilité de coupure et la débit
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de transmission qui permet une communication efficace en terme d’énergie avec une
puissance de transmission non-nulle.

De nombreux problemes ouverts sont introduits par cette métriqu, ici nous allons
citer quelques-uns:

e Tout d’abord, la conjecture sur la matrice de précodage optimale pour les canaux
MIMO généraux doit étre prouvée (voir Appendice B.2).

e La quasi-concavité de la fonction d’efficacité énergétique pour le cas de liens a
faible évanouissement lorsque ’on suppose une allocation de puissance uniforme
reste a étre prouvée dans le régime fini des dimensions du systeme.

e Un modele de canal plus général doit étre envisagé. Nous avons considéré des ma-
trices de canal avec des entrées i.i.d. standard Gaussiennes. Le modele plus com-
plexe des matrices aléatoires de moyenne non-nulle avec des profils de corrélation
arbitraires apparalt comme un probleme difficile a résoudre.

e Le lien entre la métrique proposée et le compromis entre la diversité et le multi-
plexage a fort RSB n’a pas été exploré.

e Seuls les canaux a un seul utilisateur ont été pris en considération. De toute
évidence, les canaux MIMO a plusieurs utilisateurs comme les canaux a acces mul-
tiples ou les canaux a interférence doivent étre étudiés. Le probleme des canaux
distribués a plusieurs utilisateurs et le jeu non-coopératif d’allocation de puis-
sance associé est tres intéressant. A cet égard, un seul résultat est mentionné ici:
I'existence d’un équilibre de Nash pour les canaux & acces multiple en supposant
I’allocation de puissance uniforme et le décodage simultané des utilisateurs.

La principale difficulté réside dans le fait que le probleme d’optimisation de la prob-
abilité de coupure est encore un probleme ouvert. Nous avons vu que, pour résoudre le
probleme général, il suffit de démontrer la conjecture de Telatar et le cas d’attribution
de puissance uniforme. Optimisation de la probabilité de coupure est un probleme dif-
ficile, méme a partir d'un point de vue numérique. C’est pourquoi, dans le chapitre
suivant, nous verrons si I'utilisation simple d’apprentissage algorithmes, I’émetteur peut
converger vers la solution qui maximiser la probabilité de coupure.

D.4 Les Algorithmes d’Apprentissage

Dans la section D.2, nous avons étudié les jeux non-coopératifs d’allocation de puissance
ou les émetteurs choisissent la politique d’allocation de puissance optimale pour max-
imiser leur taux atteignable. Des algorithmes itératifs ont été proposés pour calculer les
points d’équilibre de Nash au niveau des émetteurs. Afin d’appliquer ces algorithmes,
les émetteurs sont considérés comme des joueurs strictement rationnels qui connaissent
parfaitement la structure du jeu et les stratégies jouées par les autres joueurs dans le
passé. En outre, la rationalité des émetteurs est supposée étre de notoriété publique.
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Dans cette section, nous étudions une autre fagon d’expliquer comment les joueurs
peuvent converger vers un point d’équilibre du jeu en un coup. Cette alternative est of-
ferte par la théorie de 'apprentissage dans les jeux [74]. Les algorithmes d’apprentissage
sont des processus a long terme dans lesquels les hypotheses de connaissance et de ra-
tionalité des joueurs sont moins restrictives. Les utilisateurs optimisent leur paiement
moyen en appliquant des mises a jour simples de la distribution définie sur I’espace des
stratégies en fonction d’un retour d’information de la part de 'environment. Nous allons
principalement étudier ’algorithme d’apprentissage par renforcement similaire a celui
proposé en [75]. Dans ce cadre, les utilisateurs sont simplement des automates capables
de choisir leurs actions dans un ensemble fini. Leurs choix sont basés sur les résultats
obtenus par retour d’information de ’environnement. Ainsi, ils peuvent améliorer leurs
performances au fil du temps tout en fonctionnant dans un environnement presque in-
connu.

Deux scénarios différents seront considérés. Tout d’abord, nous étudions un jeu
d’allocation de puissance semblable au CAM MIMO a évanouissement rapide ou le
récepteur applique la technique de décodage DSU (voir Sec. D.2). La différence réside
dans les ensembles des actions de joueurs qui sont ici des ensembles discrets et finis.
En raison de cette différence, ’analyse menée dans Sec. D.2 n’est plus valide. Par
conséquent, nous devons d’abord analyser ’équilibre de Nash pour le jeu en un coup
non-coopératif. Ensuite, nous verrons qu’en utilisant de simples regles d’adaptation,
les joueurs convergent vers I'un des points du EN. Le deuxieéme scénario est le canal
MIMO & faible évanouissement qui & été considéré dans la D.3 du point de vue des
communications énergétiques. Nous allons voir que la matrice de covariance optimale
qui minimize la probabilité de coupure (et qui est toujours un probléeme ouvert) peut
étre calculée en appliquant un algorithme d’apprentissage de renforcement similaire.

Dans I’Appendice C.1 le scénario du CAM MIMO a évanouissement rapide est
étudié en détails. Nous avons observé que des algorithmes simples d’apprentissage par
renforcement permettent aux émetteurs d’apprendre leur politique d’allocation. Au
niveau du réseaux, les points de fonctionnement vers lesquels les émetteurs convergent
sont des états désirables (e.g., le EN). Ces algorithmes ont plusieurs caractéristiques
intéressantes. Ils sont des algorithmes de faible complexité et adaptatifs en temps. Les
utilisateurs mettent a jour leurs choix d’actions basés sur un certain retour d’information
de lenvironnement qui leur permet d’améliorer leurs performances. La mise a jour ne
nécessite aucune autre connaissance sur l’environnement (topologie du réseau, des in-
formations sur les états du canal) ni ’hypothese de la rationalité. Cependant tous ces
avantages ont un colt en temps de convergence qui devient relativement large. En
outre, ces algorithmes sont de nature stochastique et seule la convergence asymptotique
en probabilité peut étre assurée. Dans la pratique, cela se traduit par le fait qu’un choix
trés minutieux du pas de quantification doit étre fait pour assurer une bonne performance
des algorithmes. Nous avons vu qu’il existe un compromis entre la probabilité (ou bien
la fréquence) de convergence et le temps nécessaire pour la convergence. Ces problémes
sont également causés par les propriétés inhérentes de I’apprentissage par renforcement et
la dynamique du réplicateur. Les algorithmes d’apprentissage par renforcement permet-
tent aux utilisateurs de converger vers les solutions de I’équation différentielle décrivant
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la dynamique du réplicateur. Toutes les stratégies pures, méme celles qui ne sont pas
optimales, sont des points stationnaires de cette dynamique. C’est une des raisons pour
laquelle les méthodes numériques ne parviennent pas a converger vers le points opti-
maux. Pour résoudre ces problemes, d’autres techniques d’apprentissage fondées sur
lapprentissage du type Boltzman-Gibbs et autres [84] peuvent étre étudiées. En outre,
dans la littérature il y a des algorithmes stochastiques [81] [80] qui sont dédiés aux
processus contraints sur des ensembles bornés. Ces algorithmes peuvent également étre
étudiés afin de relacher quelques contraintes sur les matrices des canaux.

Nous avons aussi vu que les algorithmes d’apprentissage par renforcement nous per-

mettent de calculer numériquement les solutions de problémes ouverts tels que I’optimisation

de la probabilité de coupure pour le canal MIMO a faible évanouissement. Cette anal-
yse peut étre étendue afin de trouver la matrice de covariance optimale qui maximise
la fonction d’efficacité énergétique définie dans la section D.3. En outre, une extension
intéressante est d’étudier le cas général du scénario avec plusieurs utilisateurs (e.g., le
canal & acces multiple ou canal & interference). Une autre question intéressante est
d’étudier les écarts entre le cas continu étudié dans les sections précédentes (i.e., section
D.2 et section D.3 ou les ensembles des actions des utilisateurs sont les cones convexes de
matrices positives semi-définies de trace finie) et le cas discret étudié dans ce chapitre.
Notez que pour le canal standard de Rayleigh il n’y a pas d’écart d’optimalité entre les
deux approches. Toutefois, pour les modeles de canaux généraux, le probleme n’est plus
trivial et une analyse mathématique en profondeur est requise.

D.5 Conclusions

Dans ce manuscrit, notre objectif principal a été d’étudier les réseaux sans fil dans
lesquels les nceuds terminaux sont équipés de plusieurs antennes. Plusieurs themes
d’actualité, tels que les réseaux intelligents auto-optimisants, les communications dites
green ou vertes et algorithmes distribués ont été abordés plutot d’un point de vue
théorique. Dans ce but, nous avons utilisé une gamme diversifiée d’outils de la théorie des

jeux, théorie de I'information, théorie des matrices aléatoires et théorie de I’apprentissage.

Bien qu’il reste encore un grand écart a combler afin de rendre ces études réalistes, leur
importance réside dans le fait qu’elles représentent les limites de performance atteignable
en pratique.

Nous avons commencé notre analyse par 1’étude du probleme d’allocation de puis-
sance dans les réseaux MIMO distribués. Les émetteurs sont censés étre autonomes et
capables de gérer leurs puissances afin d’optimiser leur taux de Shannon atteignables.
Le cadre des jeux non-coopératifs a été utilisé pour étudier la solution de ce probleme.
Des algorithmes itératifs basés sur les meilleure réponses ont été mis en ceuvre pour
calculer les solutions de I’équilibre de Nash. Deux modeles différents ont été considérés:
le canal & acces multiples MIMO et le canal & interférence a relais parallele.

Le premier modeéle se caractérise par le fait qu'une technique de décodage plus com-
plexe que le décodage simultané des utilisateurs peut étre mises en ceuvre au niveau
du récepteur: 'annulation d’interférence successive. Nous avons vu qu’en utilisant un
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simple signal de coordination qui caractérise I’ordre de décodage au niveau du récepteur,
le débit total du systeme a I’équilibre de Nash est assez proche de la solution du réseau
centralisé. En outre, la distribution de ce signal public peut étre manipulée de maniere
centralisée pour controler le point de fonctionnement du réseau. En supposant les liens
a évanouissement rapide, la théorie des matrices aléatoires a été utilisé pour déterminer
le point d’équilibre de Nash. Un cas particulier intéressant est le cas du CAM par-
allele avec des liens statiques, qui a été étudié dans une perspective des jeux de routage.
Plusieurs paradoxes de Braess ont également été mis en évidence.

Le second modele, i.e. le canal & interférence a relais parallele, est caractérisé par
la présence des noeuds supplémentaires de relais. Ces noeuds peuvent étre exploités par
les émetteurs d’améliorer leurs performances de communication. Trois protocoles de
relayage différents sont étudiés et leurs performances comparées par des simulations
numériques: Amplifier-et-Transférer, Decoder-et-Transférer et Estimer-et-Transférer.
Les parameétres des noeuds relais peuvent étre manipulés par le propriétaire du systeme
pour contréler le point de fonctionnement du réseau. Plusieurs questions intéressantes
se posent, ’étude du jeu général impliquant tous les degrés de liberté des émetteurs, la
multiplicité des équilibres de Nash, les formulations Stackelberg.

Plusieurs enjeux majeurs apparaissent lorsque nous utilisons le cadre des jeux non-
coopératifs et les algorithmes itératifs basés sur les meilleures réponses. Tout d’abord, les
émetteurs sont supposés étre des dispositifs strictement rationnels. Deuxiémement, les
informations nécessaires au niveau des émetteurs par rapport a leurs propres fonctions
de paiement et les parametres des canaux ou leur statistiques sont souvent irréalistes.
Troisiemement, les itérations impliquent beaucoup de signalisation entre les émetteurs
car ils doivent rendre public leur choix d’action. Quatriemement, prouver la convergence
vers I'un des points d’équilibre est généralement un probleme tres difficile.

La théorie de ’apprentissage dans les jeux apparalt comme une solution candidate a
toutes ces problemes. Nous avons vu qu’avec I'utilisation de regles de mise a jour simples
(e.g., apprentissage par renforcement), chaque utilisateur converge vers 1’équilibre de
Nash du jeu moyen en un coup. Dans ce cadre, les utilisateurs ne sont plus rationnels,
mais des dispositifs automates. En outre, la seule connaissance de l’environnement
nécessaire est un retour d’information (& savoir la valeur instantanée de la fonction du
paiement) qui marque le choix des utilisateurs. Il s’avere que, sur la base de ce re-
tour d’information, les utilisateurs peuvent s’adapter et apprendre dans le temps leurs
stratégies optimales. Cependant, ces algorithmes sont de nature stochastique et seule
une convergence probabiliste peut étre garantie. En outre, la convergence dans la pra-
tique implique un temps relativement long.

Un autre probleme majeur est lié a la question de 'efficacité énergétique de la commu-
nication. Afin d’atteindre des débits de transmission élevés, la consommation d’énergie
est également élevée. Dans les réseaux ou la consommation d’énergie est une question cri-
tique, le débit de Shannon atteignable n’est plus une métrique de performance adaptée.
C’est pourquoi nous avons également abordé le probleme de ’optimisation d’une fonction
d’efficacité énergétique. Cette métrique de performance traduit le nombre moyen de bits
qui peuvent étre transmis a travers le canal par unité d’énergie consommeée. En raison
des difficultés rencontrées, notre travail a été limité au canal MIMO mono-utilisateur.
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Dans le cadre de la théorie 'information, si aucune erreur n’est tolérée en réception, une
communication efficace en terme d’énergie n’est pas possible. Cependant, en supposant
un débit de transmission fixe et qu'une probabilité d’erreur est tolérée, alors la com-
munication efficace en termes d’énergie est possible avec une puissance de transmission
strictement positive.

Pour le canal MIMO a faible évanouissement, le probleme général qui consiste a
trouver la matrice de covariance qui maximise la fonction d’efficacité énergétique est
encore une question ouverte. Nous avons vu que ce probleme revient a résoudre le
cas particulier de l'allocation uniforme de puissance sur les antennes d’émission et de
prouver que la conjecture Telatar de [14] est vraie. Cependant, trouver la matrice de
covariance optimale qui minimise la probabilité de coupure se révele étre une question
difficile. Comme nous ’avons vu, les algorithmes d’apprentissage fournissent des outils
qui permettent de calculer la matrice de covariance optimale au niveau de I’émetteur.
Une autre extension importante, est I’étude du scénario a plusieurs utilisateurs.
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