N
N

N

HAL

open science

Equilibria of Channel Selection Games in Parallel
Multiple Access Channels

Samir Medina Perlaza, Samson Lasaulce, Mérouane Debbah

» To cite this version:

Samir Medina Perlaza, Samson Lasaulce, Mérouane Debbah. Equilibria of Channel Selection Games in
Parallel Multiple Access Channels. EURASIP Journal on Wireless Communications and Networking,

2013, 15, pp.1-23. 10.1186/1687-1499-2013-15 . hal-00923448

HAL Id: hal-00923448
https://hal.science/hal-00923448

Submitted on 2 Jan 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00923448
https://hal.archives-ouvertes.fr

Equilibria of Channel Selection Games in Parallel
Multiple Access Channels

S.M. Perlaza, S. Lasaulce and M. Debbah.

Abstract

In this paper, the parallel multiple access channel (MAC) is studied under the assumption that transmitters
maximize their individual spectral efficiency by selfishly tuning their power allocation policy. Two particular
scenarios are studied: (a) transmitters are allowed to use all the available channels; and (b) transmitters are
constrained to use a single channel. Both scenarios are modeled by one-shot games and the corresponding sets
of Nash equilibria (NE) are fully characterized under the assumption that the receiver treads the multiple access
interference as noise. In both cases, the set of NE is non-empty. In the case in which transmitters use a single
channel, an upper bound of the cardinality of the NE set is provided in terms of the number of transmitters and
number of channels. In particular, it is shown that in fully loaded networks, the sum spectral efficiency at the NE
in scenario (a) is at most equal to the sum spectral efficiency at the NE in scenario (b). A formal proof of this
observation, known in general as a Braess Paradox, is provided in the case of 2 transmitters and 2 channels. In
general scenarios, we conjecture that the same effect holds as long as the network is kept fully loaded, as shown
by numerical examples. Moreover, the price of anarchy and the price of stability in both games is also studied.
Interestingly, under certain conditions on the channel gains, Pareto optimality can be achieved at some NE if and
only if the number of channels equals or exceeds the number of transmitters. Finally, simulations are presented to
verify the theoretical results.

I. INTRODUCTION

Multiple access channels (MAC) correspond to a communication scenario where several transmitters
communicate with a single receiver trough a common channel [1]. In parallel MAC, each transmitter
can exploit a common set of orthogonal channels to communicate with the receiver. Often, channel
orthogonality is assumed in the frequency domain, and thus, channels can be understood as different non-
overlapping frequency bands. This model allows one to study communication scenarios such as 802.11-
based wireless local area networks (WLANS) [2], [3], distributed soft or hard handovers in cellular systems
[4], or throughput-maximizing power control in multi-carrier code division multiple access (MC-CDMA)
systems [5].

In this paper, we analyze the parallel MAC assuming that transmitters selfishly maximize their individual
spectral efficiency (ISE) by autonomously selecting a single channel to perform their transmission. Here,
the channel selection policy is not imposed by the receiver to the transmitters, which justifies the terms
decentralized parallel MAC. The motivation for studying this scenario and, in particular, the limitation
of using a single channel for transmitting, stems from the fact that this is often a practical constraint in
some wireless networks, for instance, Wi-Fi networks. Moreover, the choice of enforcing radio devices
to use only a subset of all the available channels has been proved to be beneficial in the case of rate-
efficient centralized parallel MAC when using successive interference cancellation [4]. In the case of
energy-efficient decentralized parallel MAC, it has been shown that using a single channel is a dominant
strategy [5]. Within this framework, we study this scenario, to which we refer to as channel selection
(CS) problem, using a one-shot game model. The players (the transmitters) have discrete action sets (the
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channels) and their utility function (performance metric) corresponds to their ISE. Our interest focuses on
the analysis of the set of Nash equilibria (NE) [6] of this game. The relevance of the NE relies, in part,
on the fact that it describes a network state where the channel used by each transmitter is individually
optimal with respect to the channels adopted by all the other transmitters in the network. Another reason
is that an NE can be reached in a fully decentralized fashion when radio devices interact during certain
time following particular behavioral rules [7], [8].

We distinguish the CS game described above from the power allocation (PA) game. In the PA game,
transmitters can simultaneously use all the available channels, and thus, the set of actions is a convex
and closed set [9]. Indeed, the PA problem in decentralized parallel MAC has been well investigated in
the wireless literature [9]—[13]. In these works, the main contribution consists in conducting a complete
analysis of the set of NE of the corresponding one-shot games. Nonetheless, very few is known about
the set of equilibria in decentralized parallel MAC, with CS policies. As we shall see, by dropping the
convexity of the set of actions, fundamental differences arise. For instance, the uniqueness of the NE no
longer holds.

Although the parallel MAC is, in terms of signal model, a special case of the MIMO (multiple input
multiple output) interference channel (IC), the NE analysis of the MIMO-IC [14]-[18] does not directly
apply to the case of parallel MAC. First, [10], [11] address the case of fast fading links and shows
substantial differences between both models especially in terms of the uniqueness of the NE. Second, even
if identical channel variation models are considered in the MIMO-IC and parallel MAC, the sufficient
condition for the uniqueness of the NE derived in [14], [19] for static or block fading IC, can be shown
to hold with probability zero in parallel MAC [9]. In particular, the sufficient condition for the uniqueness
of the NE provided in [14] is not necessary in general [20]. The (more explicit) sufficient conditions for
uniqueness given by [19] are generally not verified in parallel MAC. More precisely, from [19] it is implied
that there exists a unique pure NE with high probability when for each point-to-point communication the
signal dominates the interference. This condition is clearly not verified in parallel MAC. For instance, in a
2-user parallel MAC, if one user’s signal is dominated by the interference, the converse holds for the other
user. Finally, we highlight that in the parallel MAC, when single-user decoding (SUD) is assumed at the
receiver, both the compact power allocation and channel selection games have a special structure, namely,
they are potential games [21] or more specifically, best-response potential games [22]. This structure is
not observed in the case of the MIMO-IC model. In Sec. III, we discuss the implications and advantages
derived from this fact.

Within this context, the main contributions of this paper are described hereunder.

o The set of NE of the decentralized parallel MAC is fully described in the case of CS policies and
single user decoding at the receiver. This set is shown to be non-empty and an upper bound of its
cardinality is provided as a function of the number of transmitters and available channels.

o In the 2-transmitter 2-channel case, it is formally proved that for any realization of the channel
gains, there always exists at least one NE in the CS game that produces a higher or equal network
spectral efficiency (NSE) than the unique NE in the PA game. In wireless communications, this kind
of observations is often associated with a Braess type paradox [23] as in [20], [24], [25], where
similar observations have been made in other scenarios. For an arbitrary number of transmitters and
channels, we only provide numerical results that support the aforementioned claim.

o The set of NE of the decentralized parallel MAC is also studied in the asymptotic regime, that is for
a large number of transmitters in the case of CS policies. In this context, we provide closed-form
expressions of the fraction of players which transmit over each channel as a function of the ratio
between the channel bandwidth and the total available bandwidth (sum of all channel bandwidths).

« Finally, we study the efficiency of the set of equilibria in terms of the price of anarchy and the price
of stability. We provide closed-form conditions over which no loss of performance is observed at the
equilibrium in both the power allocation game and the channel selection game.

The content of this paper can be briefly summarized as follows. In Sec. II, the system and game models
are described. In Sec. III, we revisit the existing results regarding the PA problem and we provide new



results on the CS problem in terms of existence and uniqueness of the NE. In Sec. IV, the contribution
aforementioned are fully detailed. In Sec. V, we present simulation results in order to verify our theoretical
results. The paper is concluded by Sec. VI

II. MODELS
A. System Model

Let us define the sets = {1,...,K}and S = {1,...,S}. Consider a parallel multiple access channel
with K transmitters and S channels (namely non-overlapping bands). Denote by y = (v, . .. ,yS)T the
S-dimensional vector representing the received signal, which can be written in the baseband at the symbol

rate as follows
K

y = ZHka:k+w. (1)

k=1

Here, Vk € IC, H;, is the channel transfer matrix from transmitter k to the receiver, x; is the vector of
symbols transmitted by transmitter k£, and vector w represents the noise observed at the receiver. We will
exclusively deal with the scenario where the matrices H, are S-dimensional diagonal matrices (parallel
MAC), i.e., Hy = diag (hg1, ..., hxs). In our analysis, block fading channels are assumed. Hence, for
each channel use, the entries hy g, for all (k,s) € K x S, are time-invariant realizations of a complex
circularly symmetric Gaussian random variable with zero mean and unit variance. Here, we assume that
each transmitter is able to perfectly estimate its own channel realizations (coherent communications),
i.e., the channels hy ;... hys for transmitter k. The vector of transmitted symbols x;, V& € K, is an
S-dimensional complex circularly symmetric Gaussian random variable with zero mean and covariance
matrix Pj, = E (x,@f) = diag (pe1,- .-, Prs). Assuming the transmit symbols to be Gaussian and
independent is optimal in terms of spectral efficiency, as shown in [26], [27]. For all (k,s) € K X S, ps
represents the transmit power allocated by transmitter &£ over channel s and transmitters are power-limited,
that is,

S
VEEK, ) prs < Prmax: 2
s=1

where pj, max 1 the maximum transmit power of transmitter k. A PA vector for transmitter & is any vector
Pr = (Pka,---,Dprs) With non-negative entries satisfying (2). The noise vector w is an S-dimensional
zero mean Gaussian random variable with independent, equal variance real and imaginary parts. Here,
E (ww") = diag(o7,...,0%), where, o2 represents the noise power over channel s. We respectively

denote the noise spectral density and the bandwidth of channel s by Ny and B, thus, 62 = NyB,. The
total bandwidth is denoted by B = 37 | B..

B. Game Models

The PA and CS problems described in Sec. I can be respectively modeled by the following two non-
cooperative static games in strategic form (with ¢ € {a, b}):

_ (4)
Gy = (K. (P), . (0)sec) - )
In both games, the set of transmitters K is the set of players. An action of a given transmitter k € K is
a particular PA scheme, i.e., an S-dimensional PA vector p, = (px.1,...,Prs) € 77,8), where 77,8) is the

set of all possible PA vectors which transmitter & can use either in the game G, (7 = a) or in the game
G (i =b). An action profile of the game i € {a, b} is a super vector

p=(p,---,Px) € PO,



where P is a set obtained from the Cartesian product of all the action sets, i.e., Pl = Pl(i) X ...X P(i),
where,

P]ia) = {(pk,h .. 'pk,S) S RS : Vs S Svpk,s > Oa Zpk,s < pk,max} ) and
SES
P]Eb) = {pk,max € : Vs € S; €s = <€s,la s 76575) 7VT s \ S, Csr = O’ and Cs,s = 1} :

In the sequel, we respectively refer to the games G,y and G as the PA game and CS game. Moreover,
we drop the super-indices () or (¥) when interchangeably referring to the game G or G
Let us denote by p_, any vector in the set

JAN( i i i
POSPI x  x PP x P x .. xPY (4)

with (i, k) € {a,b} x K. For a given k € K, the vector denoted by p_, represents the strategies adopted
by all the players other than player k. With a slight abuse of notation, we can write any vector p € P®

S (pk, p_ k), in order to emphasize the k-th component of the super vector p. The utility for player & in
the game G, is its spectral efficiency u, : P® — R, and

k(P P_1) Z > log, (14 Y4,s) [bps/Hz], (5)

seS
where 7, 5 is the signal-to-interference plus noise ratio (SINR) seen by player k£ over its channel s, i.e.,

Pk,sGk,s

024 Y Dislis

JER\{k}

Vkys = 6)

and gy, = ]hk75|2. Note that from (6), it is implied that single-user decoding (SUD) is used at the receiver.
The choice of SUD is basically due to scalability (in terms of signaling cost) and fairness for the decoding
scheme. Clearly, optimality is not sought here, nonetheless, these constraints are inherit to the decentralized
nature of the network.
As a solution concept for both G, and G, we focus on the notion of NE [6], which we define, using
our notation, as follows,

Definition 1 (Pure Nash Equilibrium): In the non-cooperative games in strategic form G, with i €

{a,b}, an action profile p € P is a pure NE if it satisfies, for all k € K and for all p), € PY. that

ur(Py, P_g) = uk(Dy, D) (N

The relevance of the NE is that at such state, the PA or CS policy chosen by any transmitter is optimal
with respect to the choice of all the other transmitters. Thus, in a decentralized network, the NE is a
stable network state, since no player has a particular interest in deviating from the actual state.

In the following, we provide some fundamental results which we use in the further analysis of the games

G(a) and Gp)

III. AUXILIARY RESULTS

In this section, we introduce some existing results on the existence and uniqueness of the NE in the
games G,y and G). For doing so, we use the fact that both games G(,) and G;) have been shown to be
potential games (PG) [21], [28] in [4] and [29], respectively. We conclude this section, by introducing a
new result which allows us to establish an upper bound on the number of NE that the game G,y might
possess.



A. General Results

The analysis presented in the following strongly relies on the fact that both games G,y and G are
potential games. Thus, for the sake of completeness, we define exact PGs using our notation.
Definition 2 (Exact Potential Game): Any game in strategic form defined by the triplet

G = (K, (Pi)rerc » (k) pexc)

is an exact potential game if there exists a function ¢ (p) for all p € P = Py X ... X Pk such that for
all players k € K and for all p, € Py, it holds that

Uk (Pps P_y) — uk(p;mpfk) = ¢(Pr,P_x) — ¢(p;c7p—k)'

Note that the utility function of player k£ can be written as follows,

Uy, (pkapfk) = ¢(p) — vk (psz) ) &)

where,

B, -
¢(p) = Z E IOgQ <O-§ + Zpk,sgk,s> and, (9)

SES k=1
B, 9
vr (p_p) = ZglogQ o, + Z PisYis | - (10)
ses JeR\{k}

Interestingly, the first term ¢(p) does not depend on the index of & and the term vy, (p_ k) does not depend
on the actions of player k. Thus, the results initially mentioned by the authors in [4] and [29] follow
immediately from (8) and Def. 2:

Lemma 1: The strategic form games G, with i € {a,b}, are exact potential games with potential
function ¢(p) : PY — R, defined in (9).
The relevance of PG relies on the fact that it is a class of games for which the existence of at least
one pure NE is always guaranteed [21]. Additionally, many known learning procedures, such as, best
response dynamics, fictitious play and some reinforcement learning dynamics converge in PG. As a
consequence, any of these dynamics can be used to implement algorithms to achieve an equilibrium in
a fully decentralized fashion. Nonetheless, we leave the design of decentralized techniques for achieving
NE out of the scope of this paper and we focus on the analysis of the equilibria. We refer the interested
reader to [7], [8], [13], [14], [30] for more details. In the following, we use Lemma 1 to analyze the set
of NE of both our power allocation game G,y and our channel selection game G).

B. Known Results Concerning the Power Allocation Game Q(a)

In the following, we comment on the existence and uniqueness of the NE in Q(a).

1) Existence of a NE: Regarding the existence of pure NE, the following lemma is an immediate
consequence of our Lemma 1 and Lemma 4.3 in [21].

Lemma 2 (Existence of a pure NE): The game G, has always at least one NE in pure strategies.
Regarding the existence of a mixed NE (i.e., a probability distribution on the possible actions which verifies
Definition 1), it follows from [31], that the existence of at least one NE in mixed strategies always exists.
This is basically because the action spaces, 73,5“) are compact spaces and the utility functions are continuous
with respect to the action profile. However, in compact strategy spaces, mixed strategies are generally less
attractive due to the difficulty of its implementation in wireless communications systems [8].



2) Uniqueness of the pure NE: In the game G(,), the uniqueness of the NE has been shown to hold
with probability one [9].

Theorem 1 (NE uniqueness in parallel MAC): The game G,y has almost surely a unique pure NE.
A formal proof of Theorem 1 is provided in [9]. This proof is based on the concept of degeneracy which
allows one to characterize the directions along which the potential remains constant. A simpler proof, for
the special case of 2 -players and 2-channels is given in [32].

3) Determination of the NE: From Def. 2, it follows that the unique NE in pure strategies, denoted by
p', is the unique solution of the following optimization problem:

arg max ¢ (p) . (11)
peP (@)

The components of the PA vector p' in (11) are for all (k,s) € K x S,

+
03 + Z p;‘,sgj,s
oo | Bl senm (12)
ks B py k,s 7

where, ) is a Lagrangian multiplier chosen to saturate the power constraints (2). Note that this result
shows the connections between the notion of NE and the well-known water-filling PA policy [13]. For a
further discussion on this connection, the reader is referred to [7], [8].

C. New Results Concerning the Channel Selection Game G

In the game ), it can be checked that given a vector p_, € 77(_2, it follows that Vk € X and
Vpi € [0, Prmax)» the potential function satisfies that ¢ (py €5, p_;) < & (Prmax €5, P_;), Where e, =
(€s1y---y€s58) € R% Vr € S \'s, es, = 0, and e;s = 1. Thus, the problem of transmit power control
disappears and there is no lost of generality by choosing the action sets as P,ib). Technically, the main
difference between G,y and G is that the latter is a finite game (IK x 8| < +00). In the following, we
investigate the consequences of this fact on the existence and multiplicity of the NE .

1) Existence of a pure NE: Regarding the existence of at least one NE in pure strategies, we have that
from our Lemma 1 and Corollary 2.2 in [21], the following lemma holds.

Lemma 3 (Existence of a pure NE): The game G, has always at least one NE in pure strategies.
Regarding the existence of an equilibrium in mixed strategies, we have that given that the actions sets are
discrete and finite, then the existence of at least one NE in mixed strategies is ensured [6].

2) Multiplicity of the pure NE: In the following, we show that multiple NE might exists in the game
Gv)-

Proposition 1: Let K € N be the highest even number which is less or equal to K. Then, the game
Gw) has L pure NE strategy profiles, where,

ISLLKI+(S=1) > (K) (13)

1
i€{24,...K}

The proof of Proposition 1 is given in Appendix A. This proof relies on the fact that whenever a player
deviates from a given action profile p, it achieves a different utility. That is, given a set of channels
{9ij }V(i,j) cicxg- it holds that uy(p) # ux(p'), where p’ is obtained by letting only one transmitter to deviate
from p. This holds from the fact that the channel realizations are drawn from a continuous distribution and
thus, Pr (ux(p) = ug(p’) | p # p’) = 0. Thus, under this condition, if p is an NE, then p’ is not and vice
versa. Following this procedure, a set of action profiles can be eliminated and only some actions profiles
which are NE candidates are left over. In this way, a bound on the maximum number of equilibria can
be provided independently of the exact channel realizations and only relying on the parameters K and S.



Fig. 1. (a) Non-oriented graph and (b) oriented graph representing the game G(;y with K = 3, S = 2, under the condition ¢(p(2)) >
o) > () > p(p®) > ¢(PW) > d(p”) > ¢(P®) > ¢(p'®). Total number of vertices: SX = 8, number of neighbors per
vertex: K (S — 1) = 3. Maximum Number of NE: 4. Number of NE: 2 (red vertices in (b)).

Indeed, this is one of the main properties of the bound provided by Proposition 1 since, a calculation of
the exact number of NE becomes cumbersome when the number of transmitters K and channels S grows
to infinity. As we shall see, the bound in Proposition 1 holds with strict equality in the case of K = 2
transmitters and S = 2 channels, that is, 1 < L < 2. For an arbitrary number of transmitters /X > 2 and
channels S > 2, the bound is not tight. This is basically because, some of the action profiles obtained using
the elimination processes described before might be mutually exclusive of the set of NE. For instance, in
the game G, with K = 3 and S = 2, the set of power allocation vectors pmax (€1, €1, €1), Pmax (€1, €2, €2),
Pmax (€2, €2, €1), and Py (€2, €1, es) might all be NE candidates. Nonetheless, if py.x (€1, €1, €;1) is an
equilibrium for a given vector of channels {g;; }v(i,j) cicxs then the other three action sets are not NE for
the same set of channels and vice-versa. Thus, only 3 out of the 4 candidates can be NE simultaneously.
The exact number of NE can be determined following the method described in the following section, but
it requires the complete knowledge of the channel gains. Proposition 1 aims at providing an estimation
based only on the parameters K and S.

3) Determination of the NE: In order to fully identify the action profiles corresponding to an NE, we
use the graph G described in the proof of Proposition 1 in Appendix A. Basically, we convert the non-
directed graph G into an oriented graph G whose adjacency matrix is the non-symmetric square matrix
A whose entries are (i, j) € Z? and i # j,

i1 if i €Vjand ¢ (p¥)) > ¢ (pV) (14)
Y1 0 otherwise ,

and a;; = 0 for all © € Z. The set V; contains the indices of all the vector that can be obtained by
letting only one player to deviate from the action profile p¥). This set is also called the neighborhood
of action profile p\). More specifically, in the oriented graph G, there exists an edge or arrow starting
in vertex v; and ending in vertex vj, i.e., 4;; = 1, if and only if ¢(p') > ¢(p?) and ¢(p?) is in the
neighborhood of ¢(p")). Note that the first condition for adjacency in G represents the assumption of
rational players. That is, a player changes its strategy if the new strategy brings a higher utility, i.e., it
increases the potential function. The second condition enforces the fact that only one player can deviate
at a time from the initial action profile p®*. In Fig. 1, we show an example of the non-directed GG graph
and how it is transformed into an oriented graph G for the case where K = 3 and S = 2.

From the definition of the matrix A, we have that a necessary and sufficient condition for a vertex v;
to represent an NE action profile is to have a null out-degree in the oriented graph G, i.e., there are no
outgoing edges from the node v; (sink vertex). Finally, one can conclude that determining the set of NE
in the game G boils down to identifying all the sink vertices in the oriented graph G. Note that this
method can be used only to determine the whole set of NE. It does not pretend to be an algorithm which
can be directly implemented in decentralized wireless networks, since it requires complete information
at each transmitter. Methods for achieving equilibria in wireless networks are described in [7], [8], [13],
[14], [30].



IV. EQUILIBRIUM PERFORMANCE ANALYSIS AND SPECIAL CASES

In this section, we study in detail two special cases of relevant interest to understand previous conclu-
sions and provide more insights into decentralized power allocation problem in terms of design. First, the
games G, and G are studied assuming that there exist only K = 2 transmitters and S = 2 available
channels. In particular, we analyze the set of NE action profiles of both games and compare the network
spectral efficiency (NSE), U™ : P() — R, obtained by playing both games. Here, for all i € {1,2},

K
UD(py,....px) =Y _uk(py,...,Px) [bps/Hz]. (15)
k=1

From this analysis, we conclude that limiting the transmitters to use a single channel brings a better
result in terms of network spectral efficiency (15). Second, we consider the case of a large number of
transmitters. This study leads to two important conclusions: (7) the fraction of players using a given
channel depends mainly on the bandwidth of each channel and not on the exact channel realization nor
the number of players and channels; (77) in the asymptotic regime (KX — 0o) both games exhibit the same
performance. Before we start, let us introduce the notion of best response correspondence, since it plays
a central role in the following analysis.

Definition 3 (Best-Response Correspondence): In a non-cooperative game described by the 3-tuple
(IC, (Pr)viex - (uk)Vke,C), the relation BRy, : P_i, — P, such that

BRy (p_;) = arg 18X uy (ar-P 1), (16)

is defined as the best-response correspondence of player k € IC, given the actions p_,. adopted by all the
other players.

A. The 2-Transmitter 2-Channel Case

Consider the games G,y and G(;) with K = 2 and S = 2. Assume also that V& € K, Py max = Pmax and
Vs €8, 02 =0% and B, = g. Denote by SNR = P2gx the average signal to noise ratio (SNR) of each
active communication.

1) The power allocation game: Let us denote by p' = (pi,pé) the NE of the game (. Then,

following Def. 1, one can write the following set of inclusions,
k€K, pleBR:(pl,). 17)

Note that, for all k& € K and for all p_, € P@, the set BR; (p_},) is a singleton (Def. 3) and thus, (17)
represents a system of equations. By solving the resulting system of equations (17) for a given realization
of the channels {gij}v@,j) cicxs» one can determine the NE of the game G(,). We present such a solution
in the following proposition.

Proposition 2 (Nash Equilibrium in G,)): Let the action profile pl = (pi,p%) e P, with p{ =

<pJ{1,pmax — pL) and pg = (pmax - p£2,p£2> be an NE action profile of the game G,y with channel

realizations g = (g11, 12, g1, o2 )- Then, with probability one, p' is the unique NE and it can be written
as follows:

1l . _ 4 . g 14+SNRg11  g21 14+SNRg11 T
o Equilibrium 1: if g € A, = {g € RY 1 U, 2 T1oNRem’ 00 S —1+SNR922}, then, pj; = Pmax and

oo
P22 = Pmax-
o Equilibrium 2: if g € Ay = {g € ]Ri AL > 14+ SNR (911 + 921) s 22 > 1 4+ SNR (911 + g921) }

g22

then, PL = Pmax and p£2 = 0.

.. . Lo . 4 . g 1 g21 1 I
o Equilibrium 3: if g € A3 = {g € RY 00 S T Rt gm S —1+SNR(g12+g22)} then, py; = 0

and ply = Prax.
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1
Y (g12+922)

(et
TT6)

)

921
922

6

(ZZﬁiZIﬁ
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Fig. 2. Nash equilibrium action profiles as a function of the channel ratios 9# and 921 for the two-player-two-channel game G (). The
function ¢ : R+ — Ry is defined as follows: 1(z) = 1 + SNR z. The best response Function BRy(p_y), for all k € K, is defined by

(12). Here, it has been arbitrarly assumed that ﬁggf;; < igg;;;

4 . g1 1+SNRga1  g21 1+SNRgo1 T T
o Equilibrium 4: if g € Ay = {g CRL L, S T 5NRarn’ g0 = m}, then, py, = 0 and py, = 0.

e Equilibrium 5: if g € As = {g € Ri’; Lo e LESNRan ) 4 GNR (g + g) } then,

2 2
pJ{l = Pmax Cmdp;Q = % < max — 4 m>.

922 921
libri - — 4 . ogu > g 1 _ g1t 1+SNRg11
o Equilibrium 6: if g € Ag {g € Ry : 7o > 2 TSRty < o < TT5NRess (- then,
T 1 o2 0'2+pm x922 T —
P11 =5 \Pmax — ;7 05 and Py = Pmax-

o Equilibrium 7: if g € A; = {g € RY : ;% < %, % < zg < 1+ SNR (g11 + g21) } then,

Py = 3 (P — Pt 1 22 and pl, = 0

TR . _ 4 . gn g21 1 g21 1+SNRg21 T
o Equilibrium 8: if g € Ag = {g € Ri : e S g TS NR 0] < o2 < —1+SNRg12}, then, p;; =0

To_ 1 0%+ g12Pmax
andp22—§ Pmax — g22 - +921

The proof of Proposition 2 is given in Appendix B.
In Fig. 2 we plot the different types of NE of the game G, as a function of the channel ratios % and

gj—l. Note that under the knowledge of all channels, the set of all possible pure NE can be obtained by

g22
conditions. In fact, infinitely many NE can be observed, however, the conditions for this to happen are

zero probability events, as we shall see in the following lemma.

A
g1 __ gi2
L;mma 4: Let o = o = e and assume that the set of channels {g;; }v(” cicxs Satisfies the following
conditions

simply placing the point Qg“ 921) in Fig. 2 . The uniqueness of the NE is not ensured under certain

1
1+ P26 (g19 + go2)

Then, any PA vector p = (P11, Pmax — P11, Pmax — P22, p22) € P9, such that

pmax

< a <1+

(911 + 921),

P =3 (pmax (1-a)+o? (912 gh)) + apa



is an NE action profile of the game G,
The proof of Lemma 4 is the first part of the proof of Proposition 2. In the next subsection, we perform
the same analysis presented above for the game G).

2) The channel selection game: When K = 2 and S = 2, the game G, has four possible outcomes,
ie., }P(b)} = 4. We detail such outcomes and its respective potential in Fig. 3. Following Def. 1, each
of those outcomes can be an NE depending on the channel realizations {gij}v@,j) cicxs» as shown in the
following proposition.

Ta\Txg P2 =(Pmax,0) P2=(0,pmax)
_ 1, 2 1, 2
P1= 5 log2|\ o +Pmax(911+g21) 5 loga\ o +Pmax911
1 2 1 2
(Pmax,0) + 3 loga|( o + 2 logg | 0“+pPmax9g22

pP1=

(0,pmax)

% logg <U2+Pmax912)

+% logo (0'2+Pmax921)

3 logo (02+pmax(912+922))

+% logo (0'2)

Fig. 3. Potential function ¢ of the game G(,), with K = 2 and S = 2. Player 1 chooses rows and player 2 chooses columns.

Proposition 3 (Nash Equilibria in Gu)): Let the PA vector p* = (p},p3) € P®) be one NE in the game
Gw). Then, depending on the channel gains g = (g11, g12, 921, g22), the NE p* can be written as follows:
o Equilibrium 1: when g € By = {g € RY : % > m and % <1+ SNRgH}, then, p} =
(pmaxa O) Cll’ld p2 (0 pmax)
o Equilibrium 2: When g € By =
p1 (pmax’ 0) and p; = (pmaX7 0)
o Equilibrium 3: when g € B; = <g € R% : % < m and % < m}, then, pt = (0, Pmax)
(0 pmax)
o Equilibrium 4: when g € B, =
pi = (Oapmax) and p; = (prnax7 0)
The proof follows immediately from Def. 1 and Tab. 3.

In F1g 4, we plot the different types of NE action profiles as a function of the channel ratios ;ﬁ and
. Note that under the knowledge of all channels, the set of all possible pure NE can be obtained by

{g € RY : 21 > 14 SNRgy and 2 > 1 + SNRgy, } then,

and p; =

4 .g g e
{g € R} : {5 < 1+ SNRgi2 and 20 > v

<Q
M)

}, then,

g1 g2
gi12’ g22

Pt = (0, Pmax, Pmax, 0) are both NE, when the channel realizations satisfy that g € B;

- (pmaX707 Oppmax> aﬂd
= 61 N 84, i.e.,

51mply placing the point < ) in Fig.4. Note how the action profiles p

1 gu 1 g _
Bs ={g € R+ T SNRggs <= s < 1+ SNRgy and TSNRan, S < L= i
This confirms the fact that several NE might exist in the game G depending on the exact channel
realization, as stated in Proposition 1. Moreover, one can also observe that there might exist an NE action
profile which is not a global maximizer of the potential function (9) [33] (e.g., ¢ (p*) < ¢ (p; )).
In the sequel, the performance achieved by the transmitters at the equilibrium in both games are compared.

<1+4SNRgi;}.  (18)

B. A Braess Type Paradox

As suggested in [23], a Braess-type paradox refers to a counter-intuitive observation consisting in a
reduction of the individual utility at the equilibria, when the players are granted with a larger set of
actions. That is, by letting the players to choose from a larger set of options, their individual benefit
reduces. Recently, the Braess-type paradox has been also associated with the reduction of the sum-utility
instead of the individual utilities, as in [20], [25], [34] in the wireless communications arena.

In our particular case, the set of actions for player k in the game G, is a subset of its set of actions in

the game g(a), ie., Vk e IC, P,ﬁb) - P,ga). Interestingly, as observed in [23], reducing the set of actions of
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Fig. 4. Nash equilibrium action profiles as a function of the channel ratios gﬁ and ‘g% for the two-player-two-channel game G,
respectively. The function ¢ : R4 — R is defined as follows: t(z) = 1 4+ SNR z. The best response function BRy(p_,), for all k£ € K,
is defined by (12). Here, it has been arbitrarily assumed that ¥(g11) < ¥ (g21).

each player leads, in this particular game, to a better global performance. This effect has been reported in
the parallel interference channel in [24], [25] under the consideration of particular channel conditions and
later, more generally in [20]. However, a formal proof of the existence of this paradox is not provided
in the aforementioned references. This observation, has been also reported in the parallel MAC for the
case of successive interference cancellation (SIC) in [35]. Nonetheless, the channel in [35] was not fully
decentralized, as it required a central controller to dictate the channel policy to all the transmitters. In the
following, we study this observation in more detail.
Let us denote by p,(j’”), the unique NE action profile of game G(,), when the vector g = (¢11, g12, 921, 922) €
A, for all n € {1...,8}. Let us also denote by p*™ one of the NE action profiles of game G
when (g11, 912, 921, 922) € By, for all n € {1,...4}. The sets A, and B, are defined in Proposition
2 and 3. Then, for a finite SNR level, one can observe that Vn € {1,...,4}, A, N B, = A, and
Vg = (911, 912, 921, Go2) € Ay, the following equality always holds p,(c n p,(:’"), which implies the same
network performance. However, when the NE of both games are different, one can not easily compare
the utilities achieved by each player since they depend on the exact channel realizations. Fortunately,
the analysis largely simplifies by considering either a low SNR regime or a high SNR regime and more
general conclusions can be stated. The performance comparison between games G,y and G for the low
SNR regime is presented in the following proposition.

Proposition 4: In the low SNR regime, both games G,y and Gy, with K = 2 and S = 2, possess a
unique NE, denoted by p*. Here, for all k € KC and s € S,

(19)

)

sz - pmax]l = arg max
{S— g Al gw}

p;;_s =  Pmax — Pk,s- (20)
The proof of Proposition 4 is given in App. C. From, Prop 4, it can be stated that at the low SINR regime,
players achieve the NE by simply choosing the channel with the highest channel gain independently of

the other player’s action. The performance comparison between games G,y and G for the high SNR
regime is presented in the following proposition.



Proposition 5: In the high SNR regime, with K = 2 and S = 2, the game G, has a unique pure NE
denoted by p' and the game Gw) has two pure NE denoted by p Y and p*=Y, respectively. Then, at least
for one n € {1,4}, there exists a SNR value 0 < SNRy < oo, such that YSNR > SNRy,

2 2

> u (p) =D w(ph) =6, 1)

k=1 k=1

and 6 > 0

The proof of Proposition 5 is given in App. D. From the proof of Proposition 3, it can be stated that in
none of the games, players transmit simultaneously on the same channels. Now, from Proposition 4 and
Proposition 5, it can be concluded that at low SNR both games G,y and G induce the same network
spectral efficiency. On the contrary, the game G,y always induces a higher or equal network spectral
efficiency than the game G, in the high SNR regime. This counter-intuitive result implies a Braess type
paradox, as suggested in the beginning of this subsection.

C. The Case of Large Systems

In this section, we deal with the games G, for the case of large networks, i.e., networks with a
large number of transmitters. Within this scenario, the dominant parameter to analyze these games is
the fraction of transmitters using a particular channel. As we shall see, contrary to the case of small
number of transmitters and channels analyzed in the previous section, in the case of large networks,
each player becomes indifferent to the action adopted by each of the other players. Here, each player is
rather concerned with the fractions of players simultaneously playing the same action, i.e., using the same
channel. Hence, one of the interesting issues to be solved is the determination of the repartition of the
users between the different channels at the NE.

As a first step towards identifying the fractions of transmitters per channel at the NE, we first re-write
the potential (9) as a function of the vector x(p) = (z1(p), ..., xs(p)), where x4(p), with s € S, denotes
the fraction of players transmitting over channel s given the action profile p € P"). Hence,

VseS, a(p) = Kl
S

22
Y mp) = 1, 22
=1

where K,(p) C K is the set of players using channel s given the action profile p € P®), ie., K (p) =
{k € K :pps # 0}. Let by = BS denote the fraction of bandwidth associated with channel s, such that
ZS bs = 1. Then, one can wrlte the potential as follows

S
¢(p) = stlogQ NOBS +pmax Z Ik,s

s=1 keKs(p)
> NoB
= SlogQ(KH;bSlogz o T 0s(P) P |/C ke; gs | |- @3

Note that the term S log,(K) in (23) does not depend on the actions of the players. Thus, in the following,
we drop it for the sake of simplicity. We assume that the number of players /K and the available bandwidth
B grows to infinite at a constant rate ;> 0, while the fractions by, for all s € S are kept invariant. That
is, the average bandwidth per transmitters is asymptotically constant,

B

L= S 9



13

Thus, under the assumption of large number of transmitters and for any action profile p € P®), it follows
that,

Vs €8, S g X / AE,, () = Q,,
0

1
IKs(p)|

where Fy  is the cumulative probability function associated with the channel gains over dimension s.
Hence, for all action profile p € P® adopted by the players, maximizing the function ¢ (p) in the
asymptotic regime reduces to maximize the function ¢ (z(p)),

S
¢ (@(p)) =Y bsl0gy (HNObs + 24(P) Pimax ) -

s=1

That is, solving the OP,

s
max bslo Nobs + TsPmaxfls) ,
s ; g2 (1No )
S
s.t. inzl and Vi€ S, x; >0,
i=1

The optimization problem above has a unique solution of the form,

1 ,uNo :|+
VS G S, 1’5 - bs - )
|:6k pmasz

where () is Lagrangian multiplier to satisfy the optimization constraints. Interestingly, in the case when
all the channels are described with the same statistics, that is, Vs € S, F, (A\) = F,(A), (Vs € S, Q, =)
it holds that,

(25)

B,

VseS, Ts =5 (26)
The above provides a very simple relation between the repartition of the users among the available channels
in the asymptotic regime. Indeed, it can be implied that the number of transmitters using a given channel
s is proportional to the bandwidth allocated to the corresponding channel. In particular, note that this
result generalizes the work in [36].
To conclude on the usefulness of the large system analysis, let us consider the upper bound on the number
of NE which is given by Proposition 1. Let us normalize the upper bound on the number of pure NE L
in (13) by the total number of pure (channel selection) strategy profiles, and let us write,

Z < e (1+(5—1)25). (27

Now, for a sufficiently large number K, the following approximation holds,
e (1+(S=1)25) ~ (S-1)(2)". (28)

Although the number of pure NE in the channel selection game might be conjectured to be large, it
is in fact relatively small in the asymptotic regime. Indeed, (28) indicates that when the number of users
is large, the fraction of pure NE goes to zero whenever the number of channels is greater or equal to 3.
This result shows the difficulty of using methodologies such as the one proposed in Sec. III-C3 to study
the set of NE or the difficulty of achieving equilibria using decentralized learning algorithms as proposed
in [7], [8].



D. Price of Anarchy and Price of Stability

The price of anarchy (PoA) [37] and the price of stability (PoS)! [38] are both measures of the efficiency
of the set of equilibria of a game. Basically, the PoA measures the loss of global performance due to
decentralization by comparing the maximum sum utility achieved under the global control of a central
authority with the minimum sum utility achieved at the Nash equilibrium. The PoS measures also the loss
of global performance due to decentralization by comparing the maximum sum utility achieved under the
global control of an authority with the maximum sum utility achieved at the Nash equilibrium. For the
power allocation game G(,) and the channel selection game G, the PoA and the PoS can be written as
follows,

max U (p)
peP @)

min U (p)’

pEPI(\I%

PoA (G(i)) = (29)

and .

max U (p)
peP®)

max U?(p)’

pepﬁj

PoS (G)) = (30)

respectively. Here, i € {a,b}, U is defined in (15) and 7)151% is the set of NE of the game G(;). Regarding
the optimization problem in the numerator of (29) and (30), we have that the following holds from the
information theoretical upper bound of the sum of individual rates of the multiple access channel [1]:

K
DPk,sGk,s
- @ B, ;
k=1 seS S

B, B
= Z 5 log, [ o2 + Zpk,sgk,s) - Z B log, (Ug) ’ (32)

seS ke seS
B
= 0(p) =) log, (07), (33)
seS
® B,
< oph) =) logy (02). (34)
seS

Here, (a) holds with strict equality, for any given power allocation vector p, when the receiver implements
(perfect) successive interference cancellation (SIC). Moreover, (b) holds with strict equality when (perfect)
SIC is used at the receiver and p* is the power allocation vector at the NE with the highest NSE. That is,

(19

p € arg ma(x) o(p) = arg ma(x_) o(p), (35)
7) 1 1

pE PEPNE

where, the equality in (35) holds since the maximizers of the function ¢ are the set of NE as shown in
Sec. III.
Regarding the optimization problem in the denominator of (29) and (30), we use the following notation

p™ ¢ arg max U"(p) and (36)
PEPLL

ptY e arg min U(i)(p). (37)
PEPLL

"Note that the PoS as defined in (29) is the multiplicative inverse of the one defined in [38]



and we write (29) and (30) as follows,

Z—logQ (0 —i—ZPkS gks> —Z%k’gz (05)

PoA (g(i)) _ sES seS (38)

Zu (J_z

and
Z il > log, (a + Zpl(jsl)gk S) _ Z % log, (o2
PoS (Gy) = *= < = , (39)
Z ur(p"?)
k=1
respectively.

Now, using the fact that, for all p € P@

K K S
Bs Pk,sGk,s
> Betony (024 Someatns) - B 02 = 03 oo [ 14— ,
s€S k=1 s€S k=1 s=1 o5+ Z Dj,s95,s
FER\{L,...k}
we write (29) and (30) as follows,
K S i
Z Z Bs log 14 p](cjs)gk's
— log, Z
k=1 s=1 B Os + Z pgis )g]s
iek\{1,....k}
PoA (Gu) = - (40)
K S
ZZ Bs log p](gs)gks
- 1082
oo B 02+ Z p]s gjs
JER\{k}
and
K S 1o
D) DL FRS
—log, -
k=1 s=1 B Us + Z pgis )gjs
K\{1,..., k
PoS (G SR 1)
T,
Sy~ B |1y A
=) 2 T,
oo B 0'2+ > 5 7gs
JER\{k}

Finally, we highlight that, for all £ € X and for all p € P@ (and thus, for all p € P®), we have that,

BS S S BS S S

Z = log, | 1+ Dk,s 9k, > Z = log, | 1+ Dk,s 9k, L @2)

ses o2 D Pisbis ses o2+ D Djsgis
JER\{1,....,k} JjeR\{k}



Here, strict equality holds for all £ € K, only when transmitters do not share the same channels with
other transmitters. In the following, we use this reasoning to study the PoA and the PoS of both games
Q(a) and Q(b).

1) PoA and PoS in G,): As shown in Theorem 1, the set of NE of the game G, is unitary. Thus, we
have that,

Pt = p(Ta) — pla) (43)

and thus,
POA (Q(a)) = POS (g(a)) . (44)

Following Prop. 2, it becomes clear that strict equality in (42) is observed at the equilibrium of the game
G(a)» if and only if, transmitters use different channels to communicate with the receiver. In the case in
which K = 2 and S = 2, according to Prop. 2, such condition is fulfilled when g = (g1, 912, g21, 922)
satisfies either g € A; or g € A4. This observation leads us to the following Lemma.

Lemma 5 (PoA and PoS of G(a)): Let K =2, S =2 and g = (911, 12, 921, 922) satisfy at least one of
the following conditions:

g c {geRi&>1+SNR911’&<1+SNR911} or (45)
gi2 1 +SNRgas g22 ~ 14 SNRgao
gi2 1 +SNRgi2 g2 = 14 SNRgio
Then,
PoA (G(a)) = PoS (G) = 1. 47)
Otherwise,
PoA (Q(a)) = PoS (g(a)) > 1, (48)

with strict inequality.

From Lemma 5, the following corollaries follow by taking the limits SNR — 0 and SNR — oo,
respectively.

Corollary 1 (PoA in the low SNR regime): Let K = 2, S = 2 and g = (911, g12, go1, go2) Satisfy at
least one of the following conditions:

g11 = g1z and  ga1 < ga2 OF (49)
g1 < g1z and  go1 Z goo. (50)
Then, in the low SNR regime (SNR — O),
PoA (Ga)) = PoS (G()) =1, (51)
otherwise,
PoA (G)) = PoS (G(a)) < 1+¢, (52)

with € > 0 arbitrarily small.

Corollary 2 (PoA in the high SNR regime): Let K = 2, S = 2 and g = (911, 912, 921, g22) satisfy at
least one of the following conditions:
11 Or (53)

g2 = g1z and  go <
< Z goo. (54)

g11 < g1 and g2
Then, in the high SNR regime, we have that (SNR — oo),

PoA (Ga)) = PoS (G()) = 1, (55)

g
g



otherwise,
PoA (Q(a)) = PoS (g(a)) — OQ. (56)

In a more general case, for instance K > 2 and S > 2, we state the following result:
Proposition 6 (PoA of the G,): Let p* € P be the equilibrium of the game G(a) and consider the
following condition:

If I(k,s) € Kx S :py, > 0,then Vj € K\ {k},p}, = 0. (57)
Then, if the condition above holds, we have that:
PoA (G(a)) = PoS (G)) = 1, (58)
otherwise, we have that:
PoA (G(a)) =PoS (G)) > 1 and (59)
oim PoA (Gg)) = lim PoS (Ga) = oo (60)

Note that from Prop. 6, it can be concluded that in the case in which K > S, the PoA is strictly
bigger than one, since the condition (57) does not hold. Thus, as long as K > S there always exists a
loss in performance due to the decentralization of the network. Nonetheless, depending on the channel
realizations, in the case in which K < S, global optimal performance can be achieved at the equilibrium.

2) PoA and PoS in Gg): As shown in Theorem 1, the set of NE of the game G, is not necessarily
unitary. Thus, we have that if the equilibrium of the game G, is not unique, then p(T%) = p(ha) and the
following holds:

PoA (Gy) > 1and 61)
PoS (Gp)) = 1, (62)

with strict inequality for any channel realization in (61). This is basically because two different NE
action profiles generate the same sum utility with probability zero, when the channel gains are generated
following a continuous distribution. Thus, the numerator is monotonically increasing while the denominator
is monotonically decreasing in (40). On the contrary, in the case of the PoS (62), equality can be observed
whenever p?) = p(T% and (33) holds with equality, which is the case when there exists an equilibrium
where every transmitter uses a different channel from all the other transmitters.

Following the same arguments as in the case of the game §(,, we state that a unitary PoA (PoA = 1) is
observed only when the set of NE is unitary and transmitters do not share the same channels to transmit.
This condition according with Prop. 3, is observed in the game Gy, with K = 2 and S = 2, when
g = (q11, 12, 921, go2) satisfies that g € {B; U By} \ Bs. This observation leads us to the following
Lemma.

Lemma 6 (PoA of the game Gu)): Let K =2, S =2 and g = (911, 912, 921, g22) satisfy at least one of
the following conditions:

g € {geﬁi:&>1+SNRgm,@<1+SNRgH}, 63)
gi12 922
1 g11 g21 1 }
€ ER}: ————— <= <1+SNRgoy, = < ———— &, 64
g {g T 1+ SNRg  g12 g2 g22 1+ SNRgio ©4)
g11 1 1 g21
€ eRY 2= < , < &= <1+ SNR or 65
g {g " g1a  1+SNRgae’ 1+ SNRgiz  goo 911} (63)
g € {geﬂ{izﬁgwsmgm,@>1+SNRgH}. (66)
gi12 922



Then,
PoA (Q(b)) =1. (67)

Otherwise,

PoA (Guy) > 1, (68)

with strict inequality.
In the case of the PoS, we highlight that strict equality holds in (42) when transmitters use different
channels to communicate with the receiver at the equilibrium. This condition is satisfied in the game g(b),
with K = 2 and S = 2, when g = (g11, g12, go1, goo) satisfies either g € By or g € By. Thus, we write
the following Lemma.

Lemma 7 (PoS of the game G)): Let K =2, S =2 and g = (g1, 12, g1, go2) satisfy at least one of
the following conditions:

g11 1 g21
€ eRY = > —— 2= <1+4+SNR },or (69)
g {g T g12 7 14+ SNRgaz' g2 I
g1 go1 1
€ eRY: 2= <1+SNR ,—>—}. (70)
g {g g1 92 922 ~ 1+ SNRgo
Then,
PoS (G)) = 1. (71)
Otherwise,
PoS (Gw)) > 1, (72)

with strict inequality.

From Lemma 6 and Lemma 7, the following corollaries follow by taking the limits SNR — 0 and
SNR — oo, respectively.

Corollary 3 (PoA and PoS in the low SNR regime): Let K = 2, S = 2 and g = (11, 912, Go1, G22)
satisfy at least one of the following conditions:

g1 = g1z and  goy < gao OF (73)
g1 < g1z and  go1 = G2o. (74)
Then, in the low SNR regime (SNR — O),
PoA (G)) = PoS (Gw)) = 1, (75)
otherwise,
1 < PoA (Gp)) =PoS (Gpy)) < 1+e¢, (76)
(77)

with € > 0 arbitrarily small.
Corollary 4 (PoA and PoS in the high SNR regime): Let K = 2, S = 2. Then, in the high SNR regime
(SNR — oo), we have that

PoA (g(b)) — OO (78)

PoS (Q(b)) — 1. (79)

In Corollary 4, (78) follows from the fact that at high SNR, the game G, with K = 2 and S = 2,
always possesses two equilibria in pure strategies (Lemma 8). Thus, at the high SNR regime, the numerator

of (29) arbitrarily increases while its denominator arbitrarily decreases. Similarly, at the high SNR regime
both equilibria consist in action profiles where transmitters use different channels to communicate with
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the receiver. Thus, (42) holds with strict equality for the case of the NE with the highest NSE p', which
justifies (79). In a more general case, for instance K > 2 and S > 2, we state the following result:

Proposition 7 (PoA of the G)): Let p* € PO be an equilibrium of the game Gw) and consider the
following conditions:

(1)  p* is unique (80)
(#6)  If I(k,s) € K xS :pj > 0,then Vj € K\ {k},p;, =0. (81)

Then, if both conditions simultaneously hold, we have that:

PoA (Guy) = 1, (82)
otherwise, we have that:

PoA (Gw)) > 1and (83)

s1\11fi£1>oo PoA (g(b)) = 00. (84)

Proposition 8 (PoS of the Gu)): Let p* € PO be the equilibrium with the highest NSE of the game
Gy and consider the following condition:

(1)  If3Ak,s) e KxS:pp,>0,thenVje K\ {k},pj,=0. (85)

Then, if the condition above holds, we have that:

PoS (Guy) = 1, (86)

otherwise, we have that:
PoS (Gwy) > 1and (87)
odim PoS (Giy) — oo, (88)

Note that from Prop. 7, it can be concluded that in the case in which K > S, the PoA and the
PoS are both strictly bigger than one, since the condition (85) does not hold. Thus, as in the previous
case, as long as K > S there always exists a loss in performance due to the decentralization of the
network. Nonetheless, depending on the channel realizations, in the case in which K < .S, global optimal
performance can be achieved at the equilibrium.

V. NUMERICAL EXAMPLES

In the previous sections, a mathematical argument has been provided to show that at the low and high
SNR regimes, using a channel selection policy yields a higher or equal NSE than using a water-filling
power allocation policy. A formal proof has been provided for the case of K = 2 transmitters and S = 2
channels. Moreover, we highlight that a CS policy is evidently simpler than a PA policy in terms of
implementation. Unfortunately, providing a formal proof for an arbitrary number of transmitters K and
channels S at a finite SNR becomes a hard task since it will require to calculate all the types of NE
depending on the exact channel realizations. Hence, for the case of arbitrary parameters K, S, and SNR,
we provide only numerical examples to give an insight of the general behavior. First, we evaluate the
impact of the SNR for a network with a fixed number of transmitters and channels. Second, we evaluate
the impact of the network load, i.e., the number of transmitters per channel for a given fixed SNR.
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A. Impact of the SNR P22*

In Fig. 5, we plot the network spectral efficiency as a function of the average SNR of the transmitters.
Here, it is shown that in fully-loaded and over-loaded networks, i.e., n = % > 1, the gain in NSE obtained
by using a discrete action set (game G(,)) increases with the SNR. Conversely, for weakly loaded networks
1 < 1, limiting the transmitters to use a single channel appears to be suboptimal as the SNR increases. This
is basically because using only one channel, necessarily implies letting some interference-free channels
unused. Interestingly, at low SNR, the NSE observed in both games is the same, independently of the
load of the system. In both cases, high SNR and low SNR regime, the observed results are in line with
Proposition 4 and Proposition 5.

In Fig. 6, we plot the probability of observing a specific number of NE in the game G, for different
values of SNR. This probability is calculated as the empirical frequency of the number of NE observed
in 10° realizations of the game G(a) and G). At each game realization, a new channel matrix realization
H is considered. In the first case (Fig. 6 (a)), we consider S = 2 and K = 3, whereas in the second
case (Fig. 6 (b)), K = 3 and S = 3. Note that from Proposition 1, the maximum number of NE is 4 and
7, respectively. However, only 3 and 6 NE are respectively observed in the simulations. This observation
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Fig. 7. Network spectral efficiency as a function of the system load n = % for different SNR = 224 levels in dBs.

joints the discussion on the tightness of the bound presented in Sec. III-C2. Note that Proposition 1 relies
only on the number of transmitters and available channels. A tighter bound can be obtained if the actual
channel realizations are considered. However, this might be significantly tedious for networks with large
number of transmitters. Moreover, note also that low SNR levels are associated with a unique NE (with
high probability), whereas, high SNR levels are associated with multiple NE (with high probability). Note
that this observation, at least for the case of K = 2 and S = 2, is inline with Proposition 4 and Proposition
5.

B. Impact of the Number of Transmitters (K)

In Fig. 7, we plot the NSE as a function of the number of transmitters per channel, i.e., the system
load n = % Therein, one can observe that for weakly loaded systems 1 < 1, playing G, always leads
to higher NSE than playing G). This is natural since restricting the transmitters to use only one channel
implies not using other channels which are interference-free, as S > K. On the contrary, for fully-loaded
and over-loaded systems, the NSE of the game G, is at least equal or better than that of the game G).
Indeed, the fact that for high system loads n > 2, the NSE obtained by playing the game G,y and G,
become identical stems from the fact that under this condition the system becomes dominated by the

interference.

In Fig. 8, we plot the PoA (29) of both games G,y and G as a function of the number of transmitters
for several SNR values. First, we highlight the fact that as shown in our theoretical analysis, optimal
performance (PoA(G)) = 1) is achieved in the case of low density networks 7 < 1 using channel
selection. Note also that in the case of the power allocation game PoA(Gy)) > 1 independently of
the network load, which implies that there always exists a loss of performance when the network is
decentralized and the transmitters are allowed to use several channels simultaneously.

Finally, in Fig. 9, we show the fractions x, of transmitters using channel s, with s € S, obtained
by Monte-Carlo simulations and using (26) for a large network with an asymptotic ratio of players per
channel equivalent to 7 = 10. Therein, it becomes clear that (26) is a precise estimation of the outcome
of the games G,y and G;) in the regime of large number of players.
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VI. CONCLUSIONS

In this paper, it is shown to what extent the equilibrium analysis of the decentralized parallel MAC
differs from those conducted for other channels like Gaussian MIMO interference channels and fast
fading MIMO MAC. In particular, the special structure of parallel MAC and the assumption of single-
user decoding at the receiver leads to the potential game property. The channel selection game was merely
introduced in the literature but not investigated in details as it is in this paper. In particular, a graph-theoretic
interpretation is used to characterize the number of NE. In the case where the number of transmitters
is large, the fraction between pure NE and the total number of action profiles is relatively small, which
makes both the analysis and the achievability of the NE a challenging task. Now, from a design point of
view, we provide theoretical results and numerical examples to show that a fully loaded network, when
transmitters use only one channel, can be more efficient than its counterpart when all the channels can
be exploited by the transmitters. Although all of these results are encouraging about the relevance of
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game-theoretic analyses of power allocation problems, important practical issues have been deliberately
ignored. For example, the impact of channel estimation is not assessed at all. Also, it is important to
conduct a detailed analysis on the signaling cost involved by all the power allocation algorithms arising
from this game formulations to learn NE.

APPENDIX A
PROOF OF PROPOSITION 1

In this appendix, we provide a proof of Proposition 1, which establishes an upper bound for the number
of NE of the game G;). Here, we exploit some basic tools from graph theory. Let us index the elements
of the action set P in any given order using the index n € T = {1, ..., 8K } Denote by p™ the n-th

element of the action set P(*). We write each vector p(™® with n € Z, as p™ = (p§”>, cee p%)), where

for all j € K, pé-n) € 73]@. Consider that each action profile p(™ is associated with a vertex v, in a given
non-directed graph G. Each vertex v, is adjacent to the K (S — 1) vertices associated with the action
profiles resulting when only one player deviates from the action profile p™, i.e., if two vertices v,, and
Um, With (n,m) € Z% and n # m, are adjacent, then there exists one and only one k € K, such that

vje K\ {k}, p" =p{", and p{" #p{".

More precisely, the graph G can be defined by the pair G = (), A), where the set V = {vy,...,vgx}
(nodes) represents the S possible actions profiles of the game and A (edges) is a symmetric matrix
(adjacency matrix of () with dimensions S¥ x SX and entries defined as follows V(n,m) € Z? and
n #m,

Qn,m = Am,n = { 0 otherwise , )

and a,, = 0 for all n € Z, where the set V), is the set of indices of the adjacent vertices of vertex v,,.
In the following, we use the concept of distance between two vertices of the graph G. We define this
concept using our notation:

Definition 4 (Shortest Path): The distance (shortest path) between vertices v,, and v,,, with (n,m) € Z*
in a given non-directed graph G = (V, A), denoted by d,, ,,(G) € N is:

K
p(G) = dmn(G) =) 1 ey (90)
k=1

Here, for any pair of action profiles p(™ and p'™), with (n,m) € Z? and n # m, we have that ¢(p™) #
#(p'™) with probability one. This is because channel gains are random variables drawn from continuous
probability distributions and thus, Pr (¢(p™) = ¢(p™) | n # m) = 0. Hence, following Def. 1, one can
state that if the action profile p(”), with n € Z, is an NE of the game G;), then, it follows that

Vm € Vi, (™) > ¢(p™), 1)

and thus, with probability one, none on the action profiles in V) are NE. By iteratively following this
procedure over the remaining set of action profiles Z \ {nUV,)}, some action profiles can be eliminated
and only those that are potentially NE are left over.

Thus, given that the action profile p{™ is an NE, the action profile p(™), with n # m, can be an NE
candidate, if it is (at least) at distance two of p(™ and any other NE candidate, i.e., d,, ;,(G) = dp.n(G) €
{2,4,... K }. An action profile at distance ¢ € {2,4, ... K } from p(™, is a vector where ¢ players have
simultaneously deviated from p(™. Hence, for each (-tuple of players, there always exists S — 1 action



24

profiles at distance ¢ from p(™ and at distance 2 from each other. Thus, considering the initial NE action
profile p™, there might exist at most

L<1+ ) (f)(s—n (92)

ie{24,...K}

NE candidates. This establishes an upper bound for L and completes the proof.

APPENDIX B
PROOF OF PROPOSITION 2

In this appendix, we provide a proof for the Proposition 2. The proof is separated in two steps. First,
we show that a power allocation vector p = (p,, p,) € P(® of the form

b, = (pllapmax - p11) and py, = (pmax - P227p22) )
is not an NE of the game G(,), when p;; € 10, Pmax|[ and poz € |0, pmax[- Second, we show that if p is an
NE, then, p is unique and satisfies that, p € P, where

Pt = PO\ {p = (11, Pumax — P11, Punax — P2z, P22)
€ Ri 1P € ]O7pmax[ and D22 € ]07pmax[}'

In the following, we use the notation —c to denote the element other than c¢ in the binary set C.

First Step: Assume that the action profile p = (p,, p,), with p; = (p11, p12) and p, = (p21, p22) is an
NE of the game G(,), and assume that for all (k,s) € K xS, prs > 0, with strict inequality. Then, from
the best response correspondence, it holds that V(k, s) € K x S,

1 2 tgan "
I L (93)

E - Gk,s
with 3, a Langrangian multiplier chosen to satisfy (2). Then, from 93, it can be implied that Vk € K,
1 . 0_2 +pfk,sgfk,s

Pks = — > (0 and (94)
ﬁk Gk,s
1 2 —k,—sY—k,—s

poy = —— TP ksloks g (95)
Bk Gk,—s

Then, from the fact that Vk € K, p s + Pr,—s = Pmax. We have that,

1 . 02+9—k,k(pmax—p—k,—k)
DPk.k - 3 Pmax 9k k
+ 024Gk, —kP—k,—k (96)
9k, —k

Pk,—k = DPmax — Pk,k-

Using a matrix notation, the system of equations (96) can be written in terms of p;; and poo as follows:

C < P11 ) _ A, (97)
P22
where, the matrix C' is
C — 2011612 — (922911 + g21912)
— (922011 + 921912) 2922921

and, the vector A is ,
A — ( Pmax9r2 (911 — g21) + 0° (911 — g12) ‘ 98
( Pmax921 (922 — G12) + 07 (922 — g21) ©8)
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Note that the system of equations (97) has a unique solution as long as the set of channels {g;1, 912, 921, 922}
satisfies the condition ¢i2921 — g11922 # 0. Let us continue the analysis under the assumption that,
912921 — 911922 # 0 (the case where g12921 — g11920 = 0 is treated later). Then, the unique solution of (97)
is Vk € IC,

Pmax9—k.k (gk,—k + g—k,—k)
912921 — 911922
02 (9—kk + Gk —k)

912921 — 911922 ’
Pk—k = DPmax — Pk,k-

Pek =

Note that if g12921 — 11922 < 0, then Vk € K, Pk < 0, and, if g12921 — 11922 > 0, then Vk € K,
Dk.k > DPmax. Which contradicts the initial power constraints (2). Hence, any vector p = (p;, p,), with
D1 = (P11, Pmax — P11) and py = (Pmax — Doz, P22), such that V(k, s) € K xS, 0 < prs < Pmax is not an NE
for the game G(,) when gi2921 — g11922 # 0. Assume now that gi2g21 — g11922 = 0, and let a = Zi = %.
Then, the PA Vector in (96) can be written as follows, for k£ =1

{ P11 = Qapa+ %( max(l )_I_U (912 gﬁ)) (99)

P12 = Pmax — P11-
and, for k = 2,

1 1 1 1
P2 = 3 ( max (1 + a) +0° (ml - E)) + 4Pu (100)
P21 = Pmax — P22,

Note that the first equations in both (99) and (100) are identical. Thus, we focus only on the first equation
in (99). This implies that any PA vector, p = (p;,p,), With p; = (P11, Pmax — P11) € Pfa) and p, =
(Pmax — P22, P22) € Pz(a) satisfying the condition

1 1 1
P == (pmax (1—a)+o? (— — —)) + apaa (101)

2 gi12 g1

is an NE of the game G(,) when g12921 — 911922 = 0 as long as V(k,s) € K X S, 0 < prs < Pmax. For
satisfying the latter conditions, it suffices to ensure that: 0 < p1; < pmax When pss = 0 and pos = Prax-
Solving these inequalities leads to the following conditions over the channels:

(i) p11 >0, when pyy = 0, if

1+pmdx
2 921 < &

(102)
L+ P2g15  gio
(i) pi > 0, when pas = Pax, if
1 g1
< = (103)
L+ 228 (g1o 4 g22) 912
(“Z) P11 < Pmaxs when P22 = 0, if
g11 pmax
— <1+ (911 + 921) (104)
g12
(10) P11 < Pmax, When pas = Prax, if
St pma" (911 + g21) (105)

gi12
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Finally, we obtain that if the vector of channels g = (g11, g12, 921, go2) satisfies that

I 1 1+ B2 gay
e P "1 4 Pmax < o« and
1+ 2282 (g1o + gaa) " 1+ P2 g1y
Pmax 1+ P2exgyy
max | 1+ + ,——2" ) > aq,
< g (n T on) oy %92)
that is,
1 pmax
< a <1+ + 7
L+ p:;X (912 + 922) o2 (gll 921)

then any vector p = (p;, p,), With p; = (P11, Pmax — P11) € Pfa) and Py = (Pmax — P2, P22) € PQ(a)
satisfying the condition (101) is an NE of the game G ,. Note that infinitely many PA vectors might satisfy
(101), which implies infinitely many NE. However, since the channels are realizations of random variables
drawn from a continuous distribution, the probability of observing a realization such that g15g21 —¢g11922 = 0
is zero. Thus, with probability one, any vector p = (p;,p,), with p; = (P11, Pmax — p11) and p, =
(Pmax — D22, P22), such that V(k,s) € K X S, 0 < pis < Pmax is not an NE for the game G,).

Second Step: Consider that pf = (pi, pE) € P is an NE. Then, it must follow that p’ € P, where,

PT = P \ {p = (pllapmax — P11, Pmax — p22>p22> € Rﬁ- P11 € ]Oapmax[ and P22 € ]Oapmax[}
8
Y (106)
n=1

where the sets PI C P@, for all n € {1,...,8} are described as follows. The singletons PlT =

{p - (pmaX7070:pmax)}’ ,Pg = {p - (pmaxaoapmaxa())}’ P;,L - {p - (O7pmax,07pmax)}a ,Pl - {p =
(0, Pmax, Pmax, 0) } and the convex non-closed sets,

Pl = {p= (P11, Pmax — P11, Pmax — P22, P22) € RE - 11 = Prna, and pag € 10, prmax [}
Pl = {P= (P11, Pmax — DPi1, Pmax — P22, P22) € R% : p11 €0, Pmax| and pao = pax},
PI = {p= (P11, Pmax — D11, Pmax — P22, P22) € R% : pi1 €0, Pmax| and poy = 0},
79§ = {P = (P11, Pmax — P11; Pmax — P22, P22) € Ri cpin =0, and pas € ]0, Pmax}-

In the following, we identify the conditions over the channel vector g = (g11, g12, go1, go2) such that
each p' € P!, with n € {1,...,8} is an NE.

Assume that p! € P, ie., pl = (0, pmax) and pl = < max —pgg,pJéQ), with pl, € ]0, pmax[. Then, from
(93) with k£ = 2, we have that:

1 o?

Py, = R 0 and (107)
2 21
1 0%+ g12Pmax

pl, = 5 % > 0. (108)

Then, since ph; + ply = Pmax, We have that é =1 (pmax 4 CtPmaxgrz 4 5721>’ and thus,

922

1 0° + G1oPmax | O
Ph =3 (pmax R e £ (109)
922 921
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Pmax9d21
where, it must satisfy that 0 < ply, < ppae. The inequality pl, > 0, holds only if % < Hpm—;’fm, whereas

o2

the inequality p;2 < Dmax holds only if % > ! 7 Similarly, from (93) with £ = 1, we have

14+SNR(g12+922
that given pEQ, in order to obtain pJ{l =0 and p{2 = Pmax, 1t must hold that

1 02 + go1 <pmax - p£2>

P = 5 — < 0 and
B g11
1 2

prp = - L F9RPn ., (110)
B gi12

Hence, by doing p15 — p11 in (110), we obtain that:

o’ + 921 (pmax - p§2> o? + 922]7;2
J11 g12

< Pmax- (111)

Then, by replacing (109) in (111), we obtain that the condition (110) are satisfied only if the channels
satisfy that:

g I (112)

g12 g22

Hence, we can conclude that whenever the vector g = (g11, 912, go1, g22) € As, the NE is of the form
0'2+912pn\ax

(P11, Pmax — P11, Pmax — P22, P22), With py1 = 0 and pyy = % Pmax — oo
p' € P!, with n € {1,...,7}, leads to the conditions of the other types of NE, i.e., the corresponding
sets A,, such that whenever g € A, then p' € PI. It is important to note that, for any particular vector
g = (911,912,921, 922) € R*, there exists, with probability one, only one set 4, which satisfies that
g € A, This is basically because for all (n,m) € {1,...,4}?, with n # m, it follows that A, N A,, = 0.
Now, for all (n,m) € {5,...,8}%, with n # m, it follows that A, N A,, C {g = (911, g12, 921, goz) € R*:
g11922 = g12901} and observing a channel realization g, such that, g11g20 = g12921 is a zero probability
event, since all channel gains are drawn from continuous probability distributions. Thus, with probability
one, the game G(,) has unique NE. This completes the proof.

+ ;é) Now, assuming that

APPENDIX C
PROOF OF PROPOSITION 4

In this appendix, we provide a proof of the Proposition 4. The Proposition 4 basically states that at
low SNR regime if an action profile p is a NE of the game G(,), then it is also a NE of the game G,
and it is unique. The proof follows from the fact that in the asymptotic regime, i.e., SNR — 0, the set
A, and the set B,, become identical, when n € {1,...,4}. Moreover, the sets A,,, with m € {5,...8}
become empty. The sets A4, ..., A, and the sets By, ..., Bg are given by Proposition 2 and Proposition
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3, respectively. Then,

. . gi1
1 = lim B, = RY: 2= >1 and
SNRS0 Ar SNRS0 ! lgeRy G12 an
g21
2 <1
g22 }
. . g1
1 = lim By, = R : 2= >1 and
o2 = fim, B = g e Ry 2> lan
@ > 1}
g22
lim A; = lim B; = {gcR?: &gland
SNR—0 SNR—0 T 1o
g21
22 <1
g22 }
lim A= lim B, = {g€R4 : ﬂgland
SNR—0 SNR—0 T o
g21
= >
922 }
and moreover,
lim A; = {geR': 2L =1and 2 =1},
SNR—0 912 g22
and
M 6,...,8 li = 0. 113
ne{6,....8) lim A, =0 (113)
Now, since the sets A, ..., Ay or the sets By,..., B, cover, in the asymptotic regime, all the space of

vectors g and both A,, and B,, determine a unique NE in the game G and G(,), respectively, it follows
that the NE of both games is identical in the asymptotic regime. The uniqueness of the NE in the game
G(q) holds with probability one, independently of the SNR level (Proposition 2). In the game G, the NE
is not unique if and only if g € A;. Nonetheless, since for all (k,s) € I x S, gi s is a realization of a
random variable drawn from a continuous probability distribution, we have that

Pr(g € As) = 0. (114)

Thus, with probability one, the NE of the game Q(b) is unique in the low SNR regime, which completes
the proof.

APPENDIX D
PROOF OF PROPOSITION 5

In this appendix, we provide the proof of Proposition 5, which states that at the high SNR regime there
always exists an NE action profile in the game G(;), which leads to an equal or better global performance
than the unique NE of the game G(,). Before we start, we introduce two lemmas which are used in the
proof.

Lemma 8: In the high SNR regime, the game G, possesses a unique NE, which can be of six different

types depending on the channel realizations {g;; }V(ij) xS’
o Equilibrium 1: ifge A"y, = {g € ]RflF g2 = G12, and go1 < g11}, then, p{l = Pmax and pEQ = Dmax-
o Equilibrium 4: if g € A'y{g € R : g11 < g21, and g2 > g2o}, then, p11 =0 and p;z =0.

o Equilibrium 5: if g € A5 = {g € R} : &L > 2 gpd gyy > g11}, then, P = Pmax and

, gi2 g22’
P 1 _ 0% 4 o°+g11Pmax
P22 = 3 max g22 + g21 :
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o Equilibrium6: ifg € A's = {g € Ry : &L > 2L and gy < g1}, then, pJ{l = < e — L CtPmaxga

g11 912

and p;Q = pmax-

o Equilibrium7: ifg € A7 ={g € RL : &L < 2L and gi1 > go1 }, then, pL =1 (pmax — CtPmagn y 02

2

g12 922 g11
and p£2 = 0.
o Equilibrium 8: if g € As = {g € R} : <2 and g1z < ga}, then, pl, = 0 and pl, =
l _ 02+912pmax 0'_2
2 pmax g22 g21 .

The proof of Lemma 8 follows the same reasoning of the proof of Prop 2. Here, Vn € {1,...,8},
A = lim A,, where the sets A, ..., As are given by Proposition 2.

SNR— oo,
In the follgwing lemma, we describe the set of NE of the game G;) in the high SNR regime.
Lemma 9: In the high SNR regime, the game Gy always possesses two NE action profiles:
P = (0, pmax) and p3" = (Pmas, 0) (115)
and
Pr" = (Pmax, 0) and py" = (0, pma), (116)

independently of the channel realizations.
In the high SNR, i.e., SNR — o0, the sets By, ..., By, given by Proposition 3, become the following sets,

. o . o 4
SNllQ}Ln+oo B = SNPI{ILHJFOO Be = Ry a1n
lim By= lim Bs = 0. (118)
SNR—+o00 SNR—+o00

Thus, one can immediately imply that

Pr (g € lim 82> =Pr <g € lim Bg> =0,

SNR—+o00 SNR—+o00
and,
P li =P li =1.
(oe gl ) <P (o m_50)

Hence, from Proposition 3, we imply that both p*!) and p**) are NE action profiles of the game G
in the high SNR regime regardless of the exact channel realizations {g;; }V( which completes the
proof.

From Lemma 8 and Lemma 9, it is easy to see that if g = (g11, g12, 921, g22) € Ay, with n € {1,4},
then (21) holds since p' and at least one of the NE action profiles p*", with n € {1,4} are identical. In
the cases where g = (g11, g12, 921, g22) € A’p, with n € {5,...,8}, we prove by inspection that in all the

cases condition (21) always holds for both NE action profiles p*") and p**). For instance, assume that
g € A’s. Then, we have that the unique NE of the game G, is p’ = (1}, Pmax — P11, Prmax — Do, Dby ), With
0'2+pmax911

PL = Pmax and p£2 = % <pmax + o — ;2—22> (See Lemma 8). Define the function ¢ : Ry — R as
follows: ¢ (z) = 14 SNRz, with SNR = £2=2x and denote by A; (SNR), the difference between the NSE

o2

achieved by playing G,) and G, with respect to the NE p*! at SNR level SNR, i.e.,
Ay (SNR) = wu (p*') +us (p*') —
(ur (p") + 2 (p"))
921 ¢(922)) B

= 2log, (2) — 2log (1+—
2(2) 2 g22 ¥ (g11)

922 ¢(911))
1 J42
082 <1 - 921 ¥(g22) "

log, <% + (g — 911)> :
g22

1,j)EXLXS?

g12

)
)
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Note that if g € A's, then ¢o1 > ¢11. Hence,

lim A, (SNR) = oo,
SNR—o0

which justifies (21). Similarly, denote A, (SNR), the difference between the NSE achieved by playing

Ga)

and G, with respect to the NE p**, i.e.,

A, (SNR) = wuy (p*h) + us (p™*) —
(ur (P) + w2 (p"))

= 2log, (2) —2log, (1 + =
~log, (1 + ?%) (119)

922 + w(gzz - 912)) ‘ (120)
g21

Note that if g € A's, then g9 > ¢12. Hence,

which justifies (21). Hence, one can imply that in the high SNR regime both NE action profiles p*
, satisfy (21) when g € A’5. The same result as the one obtained when g € A’;, is also obtained

p

*,2

lim A, (SNR) = oo,
SNR—o0

I and

when g € A',,, with n € {6, ..., 8}, which completes the proof.
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