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Analyzing resource conflicts in wireless network:s

ost human activity is limited in one way or
the other by the finite availability of
resources. In communications engineer-
ing, the fundamental resources are
bandwidth (spectrum) and power.
Power is needed to overcome noise at the receas,
it is basically limited because of regulations adde
to limitations on storage (i.e., batteries). Spegin
is fundamentally in shortage, because the part of
the electromagnetic (EMspectrum where
radio wave propagation behaves well is rather
limited. As a result, licensed (dedicated)
spectrum has become very expensive, as
evidenced by the spectrum license auc-
tions for third generation (3G) tele-
phony, for example. At the same
time, unlicensed spectrum has
become overcrowded and at many
locations so cluttered with interference that sys-
tems provide a very poor grade of service or evease to work.
One example of this can be seen in places whereymdreless
local area network (LAN) base stations are placeddosely.
Game theory is a branch of mathematics and providesol-
set for analyzing resource conflicts, or more gealty, optimiza-
tion problems with multiple conflicting objective unctions. In
the context of this article, the finiteness of sgrem and power,
and especially the situation when multiple operasoare allowed
to use the same spectrum, creates a resource anflihe goal
of this article is to explain some basic terminolpgnd to convey
why game theory is a useful tool for analyzing thissource
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conflict. The specific focus will be on the phyditayer of wire-
less links, including in particular beamforming andrray signal
processing aspects for multiantenna systems. Thicla will
build on material from the literature [1]+[6] and © our own
work on the topic (e.g., [7]x[9]).

Before we begin our discussion, we should note ttiegre is
relatively rich literature on applications of gamileory to the
study of various other aspects of resource allooas in
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GAME THEORY IS A BRANCH OF
MATHEMATICS AND PROVIDES A
TOOLSET FOR ANALYZING RESOURCE
CONFLICTS, OR MORE GENERALLY,
OPTIMIZATION PROBLEMS
WITH MULTIPLE CONFLICTING
OBJECTIVE FUNCTIONS.

A BRIEF SURVEY OF RELATED TUTORIAL ARTICLES
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the utilities 1R; 1 R,2is maximized. (In communications
this point is also called the @sum-rate® point.) This is the
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[FIG1] Example of a utility region (inside the solid green curve)
and some interesting points: the egalitarian (E) po  int, utilitarian

(V) point, single-user (SU ;) points, and the Nash bargaining
(NB) solution.
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[FIG2] Interference channel encountered in the power game.

point where a straight line with slop 1 touches the
Pareto boundary.

« The egalitarian point (E) is the point whemin IR;, R,2is
maximized. This point is the intersection betweenet Pareto
boundary and a straight line with slop# 1, which passes
through the origin.

- The single-user (SI)SU) are the two points wher&, 5 0
and whereR,; 5 0, respectively.

RESOURCE CONFLICTS ON THE

GAUSSIAN INTERFERENCE CHANNEL

We will next introduce three running examples theiill be used
to illustrate how game theory can be used to analyesource
conflicts in communications, and specifically sittiens that are
well modeled by an interference channel [16]. Famplicity of

representation, we restrict ourselves to two-playgames,
K5 2. The first example is the so-called single-inpstngle-

output (SISO) interference channel, and the correspling

resource allocation problem is formulated as a powame. The
second example is the multiple-input, single-outpMISO)

interference channel. The resource allocation prefl is inter-

preted as a beamforming game. Finally, in the thegample, we
consider the multiple-input, multiple-output (MIMO)interfer-

ence channel. Here, the strategy space is the spdggositive
semidefinite matrices that satisfy a trace constrai

EXAMPLE 1: POWER (SISO) GAME

In this running example we consider a 2power gameRich is
simple but provides some insights into what gamestity can
offer. Consider two transmitter-receiver pairs, T8 RX, and
TX, S RX, that operate in the same spectral band and create
mutual interference to each other. Suppose that tfiest system
transmits the signalx,; :14using the powerP;, and so does the
second system transmits, h14with powerP,. The signals at the
two receivers can then be modeled as

Y1945 hyx; 4l hyx,hal e h4
Vo345 hyx, 4l hix,hdl e,h4 1)
where the channels between the transmitters and the receivers
of both systems are defined in Figure 2 and denotad
hy,i,j[ 51, 26. Also,e h4and e,h4are samples of a zero-
mean circularly symmetric complex Gaussian noisepess
with variances . The discrete-time signals in (1) are obtained
either by filtering and sampling, or by projectionf con-
tinuous-time waveforms onto an appropriate set of basis func-
tions. The assumption made on the powers impliesath
E3x; $14%45 P.

The systems compete with each other for resourdes;ause
if one of the transmitters increases its transmibper in an
attempt to improve performance (SINR at its receaiyethen it
will simultaneously increase the amount of interience gener-
ated to the other system. The 2astrategy® spacetfa two sys-
tems consists of how much power to sperid,(P,) and during
what fraction of the available time, to transmit.l€arly, the
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[FIG3] Different time-sharing schemes are shown in (a)£(c)
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LICENSED (DEDICATED) SPECTRUM
HAS BECOME VERY EXPENSIVE, AS
EVIDENCED BY THE SPECTRUM LICENSE

AUCTIONS FOR 3G TELEPHONY.
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[FIG4] Examples (a) and (b) of rate region boundaries for ~ two
randomly chosen channel realizations. Results are s hown for all
the three sharing schemes defined in Figure 3. Also , the two
Nash equilibria are pointed out (to be explained la  ter).
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THE PRICE OF ANARCHY MEASURES
THE COST THAT A SYSTEM PAYS FOR
OPERATING WITHOUT COOPERATION.
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[FIG5] Convergence of IWFfora2 3 2 MIMO IFC with two users.
The SNR was 15 dB and the channels were randomly ch  osen.
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RESOURCE CONFLICTS IN WIRELESS
SYSTEMS CAN BE UNDERSTOOD
USING GAME THEORY.
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[FIG6] Example of the PoA for a two-user three-antenna
MISO IFC as a function of the SNR, for four differe  nt
channel realizations.
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A FUNDAMENTAL POINT WE MUST
UNDERSTAND IS THAT A PLAYER
CAN BE COOPERATIVE AND RATIONAL

AT THE SAME TIME.
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