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Abstract— Dynamic spectrum access has become a
promising approach to fully utilize the scarce spectrum re-
sources. In a dynamically changing spectrum environment,
it is very important to design a distributed access scheme
that can coordinate different users’ access adapt to spec-
trum dynamics with only local information. In this paper,
we propose a self-learning repeated game framework for
distributed primary-prioritized dynamic spectrum access
through modeling the interactions between secondary users
as a noncooperative game, With the proposed framework,
the inefficiency due to users’ selfish behavior can be highly
improved, and the secondary users can distributively
obtain their optimal access probabilities with only local
observations. The simulation results show that the pro-
posed framework can achieve comparable performances
with those of the centralized primary-prioritized dynamic
spectrum access scheme.

I. INTRODUCTION

With the dramatic development of the mobile telecom-
munication industry in the last decades, the demand for
wireless spectrum resources has been growing rapidly.
However, the inflexible spectrum policies by FCC result
m a large portion of the scarce spectrum resources
remaining unutilized. The inefficient usage of the Imuited
spectrum necessitates recent development of dynamic
spectrum access techmiques [1], [2], through the use
of cognitive radio technology [3]. By exploiting the
spectrum 1n an opportunistic fashion, dynamic spec-
trum access enables the secondary users to sense which
portions of the spectrum are available, select the best
channel, coordinate access to spectrum channels with
other users and vacate the channel when a licensed user
appears.

In order to fully utilize the limited spectrum resources,
efficiently and fairly sharing the spectrum among mul-
tiple dissimilar secondary users becomes an important
issue. There are several previous efforts addressing this
issue, on an opportunistic basis [4]-[6], or a negotiated
basis [7]-[12]. In [4], a novel random access protocol
by using agile radios was proposed to “pack” all the

radio systems tightly together in the spectral domain, and
achieve awrtime fairness between dissimilar secondary
users. The work in [5] examined the mmpact of sec-
ondary user access patterns on achievable improvement
mn spectrum utilization, and proposed a feasible spectrum
sharing scheme. The authors in [6] proposed a primary-
priorifized Markov dynamic spectrum access to opfi-
mally coordinate secondary users’ spectrum access and
achieve a good tradeoff between efficiency and fairness
statistically.

In order to study the users’ selfish behaviors for dis-
tributed dynamic spectrum access in wireless networks,
game theoretical approaches have been developed for
dynamic spectrum access. A local bargaming mech-
anism was proposed in [7] to distributively optimize
the efficiency of spectrum allocation and maintain bar-
gaming fairness among secondary users. In [8], auction
mechanisms were proposed for sharing spectrum among
multiple users such that the interference was below
certain level. In [9], the authors proposed a repeated
game approach to enlarge the set of achievable rates, in
which the spectrum sharing strategy could be enforced
by the Nash Equilibrium of dynamic games. In [10]-[12],
belief-based dynamic pricing approaches were developed
to optimize the overall spectrum efficiency while keeping
the participating incentives of the selfish users based on
double auction rules.

Although existing dynamic spectrum access schemes
have successfully enhanced spectrum efficiency, in order
to achieve more flexible spectrum access in long-run
scenarios, some basic questions still remain unanswered.
First, considering the constant spectrum environment
variations and lack of centralized authorities, the spec-
trum access scheme should be able to distributively adapt
to the spectrum dynamics due to channel variations,
varying ftraffic load, and user mobility with only local
observations. From the game theoretical point of view,
the spectrum access scheme needs to be designed as a
multi-stage repeated game framework instead of a static
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garme. Furthermore, the users may belong to differant
autherities and aim to maxdmize their cwn interssts so
they have no incentives to cooperate with each other,
and the nonc oopet ative behavior may result in inefficient
and unfailr outcomes. Therefors, novel spectrum access
schemes should be deweloped to anhance the efficiency
and fairness of the game,

Motivated by the preceding, in this paper we propose
a self-learning repeated game framework for distributed
primary-prioritized dynamic spectrum accsess [6]. Con-
sidering multiple secondary users cosxist and constantly
access sorne ternp orarily unused licensed spactrurn band,
wemoda] the spectrurm access as a noncooperative game.
To solve the ineficiency of static game MNash Equilibrium
(ME) due to secondary users’ selfish behavior, we de-
velop an efficient selflsarning repeatad game approach
to enhance the game to a coopetating point with only
local observations. The contributions of the proposad
tepeated game framework are rlti-fold, Fitst, by mod-
aling the spectrum access process as a selflsarning
tepeated game, we ate able to optimally coordinate
secondary users’ access adapt to the spectrum dynam-
ics with only local information. More importantly, the
spectrum efficiency is improved compared to the static
game ME. Morsavar, the proposed distributed repeated
game approach can achiewe comparable performances
with those of the centralized proportional -fair dynarmde
spectrum access [6], thersfore, provide better fairness
among dissimilar sacondary users than the static game
IME aeng with highet spectrum efficiency.

The temainder of this papaer is otganized as follows:
The system model of the dynamic spectrum access is
dascribed in Section II. The selflearning repeatad game
apptoach for the dynamic spectrum access is proposed
in Zection III. The simulation studies are provided in
Section [V, Finally, Section W concludes this papet.

[I. SYSTEM MODEL

We consder dynamic spectiurn access networks whers
mltiple secondary users are allowed to access the
tamporarily unused licensed spectrum bands on an op-
pottunistic basis, without conficting ot interfering the
primary spectrum holders” usagse. Such scenarios can
be envisdoned in many applications. Considering: the
fact that heavy specttumn utilization often takes place in
urlicensed bands while licensed bands often expetrience
low (&g, TW bands) ot medium (e.g, some cellulat
bands) utilization, IEEE 802,22 [13] proposes to reuse
the fallow TV spectrum without causing any harmiil
interfarence to incumbents (i.e., the TV receivers) With
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the development of cognitive radios, ancillary setvices
carriad by the Ultra-High Frequency (UHF) televizon
transmission ate technically feasible. Moreovar with ra.
gard to mote efficient ulilization of some cellular bands,
in [14], it is proposad to share the spectrum between a
cellulat communication system and wirslass local area
network (WLADN systems. In rural areas whera thars iz
little demand on the cellular corrmunication system, the
WLAM usets can afficiently inctreass their data rates by
shating the spectrum.

In order to take advantage of the temporally unused
specttum holes in the licensed band, without loss of
genetality we considat a snapshot of the above spectrum
access netwotks shown in Fig 1, where two secondary
usets and one primary uset coexist, and the secondary
usets oppottunistically utilize spectrum holes in the
licensad band. Mote that the systemn diagram shown hers
serves only as an example modeal and can be axtendad to
the scenatio with multiple sscondary users in a similar
WaY.

Let's denote the primaty user by F, and the sec-
ondary users by A and E. For sach uset -y, whats
v & {A, B P, ils offered traffic is modeled with two
independant Poisson processes, with the sarvice-raquest
rate A, and the departure rate p..

Since the ptimaty user’s specttum vsage in its licensad
band should not be affected Dy the operation of any
othet secondary user [15] [16], we assume that once
ptimaty user P appeats, any secondary user should stop
transmission, buffer their interrupted traffic, continue
seanning the licensed band, and immediately resume
transmission once the licensed band becomes idle again,
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Fg Z: The rate diagram of PP-CTMC.

TAELE I: The Eight States of PP-CTMC

Tredec State Descripton
0 (0,00 Spectrurm iz idle
1 (0, B Secondary wser B is inosarvice
Z i, Ay Serondaty user A i mosemvice
3 AL Both 4 and B are in service
4 LFE Pritnary usar F iz in sarvice
3 = F iz in service; B iz waiting
3 (F A, P 1z in zerdice, d iz waling
1 (F.{AD),) | Pizinservice, 4 and B are waiting

Bloreoser, if more than one secondary users are allovwed
to share the licensed frequency-band, the sfficiency of
spectrum usage can be fiurther improsed, However, too
much cosxistence of the secondary users may result in
sevvere rrutual interferenice, and we will describe later
how to coordinate the access of secondary users to
allesiate the interference level.

From the preceding assumptions, it is clear that the
spectrum errvitonment is highly dynamic. The comven-
ticnal spectrum allocation schemes specific for a static
spectrum snwironment are no lengsr fasible. This is
because using global optimization approaches, after sach
change in the spectrum enviromment, g, a secondaty
user enters or leaves sormne frequency bard, the netwrork
needs to re-optimize the spectrum allocation for all users
completely, resulting in high computational complexity.
Therefors, in order to chatacterize the dynamics of the
spectrum emvitonment and fully utilize the statistics of
different users’ spectrum access, we model the interac-
tinns between the primary user and the secondary users
as a Primary-Prioritized Comtinuous-Time Markov Chain
(PP-CTHCY, illustrated in Hgure 2. The states of PP-
CTRC are deseribed in Table L

Aszume at first the licensed spectrum band is idle,

ie, PP-CTMC is in state (0,0). The two secondary
usets contend to operate in the specttum. Upon the
fitst access attempt of some user, say user A, PP-
CTMC enters state (0,.4) with transition rate As. If
uset A finishes its service duration befors any other
usar requests spectrum access, PP-CTMC then transits
to state (0,0) with rate pa. If user B's service request
artives before A completes its service, PP-CTMC transits
to state (0, 4F) with rate Ap, where both secondary
usets share the spectrum usage using Code-Division
Bultiple Aceess (CDRMA) techniques. Onee user B (or
AYs service duration is completed, PP-CTMC transits
from state (0, AF) to {0, 4) {or (0, B)), with rate 1 p
(or peal.

However, primary user P may, once in a while, appear
during the service duration of the secondary users, ie.,
when PP-CTMC iz in state (0,43, {0, B) or (0, 4F).
suppuse the licensed band is being ccoupied by user 4.
If user A detects that primary user F needs to acquire
the spectrum band, A ceases its transmisson, buffers
its interrupted traffie, and keeps sensng the band wntil
P finishes operating in the band Therefore, PP-CTRC
transits from state (0,.4) to (P, 4,) with rate Ap. If
primmaty user P finishes its service before B's access,
A wdll continue its transmission, and PP-CTMC transits
from state (P, A, to (0, 4) with rate ur. In confrast,
if the access request of B arrives before primary user F
completes its service duration, B also buffers its traffie,
and PP-CTMC transits to state (P, (AEB),) with rate Ap.
In state (P, (4E),), both 4 and B keep sensing the
spectrum,. Ones P is sensed to vacate, PP-CTMC transits
to state (0, 4 B) with rate up, where 4 and B share the
spectrum band. Also, when PP-CTMC iz in state (P, 0},
if secondaty users attempt to access the spectrum, they
are kept sensing untl P finishes its service, and PP-
CTMC transits to state (F, 4,) or (P, B, ), with rate
Mg ot Ap, respectively.

The equation atray governing the above systemn is
sven by

(hatAdp+ Az o = ppll + palls +pplly,
(e + Ar + A2l = Apllp + palls + pplls,

(13
(2]

(e +Ap + A0z = Aallo + pplls +pplls, (3D
(e +pp+Ae)ls = Aally + Aplle +pplly, )
(up + Ae+ Ap) Ty = Apllp, (5
(up + Au)lls = ATl + Aplly, (6
(up + Ap)llg = Aplly + Aally, {7

(8]
(%)

prlle = Aplls + Aplls + Aulls,
I+ 1y + Mg+ T3+ Iy + s + Tl + T1, = 1.
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The stationary probability of each state 15 solvable from
the above linear equation array, since the corresponding
coefficient matrix can be verified nonsingular.

As the fraffic of the secondary users becomes heavier,
they have more chances to coexist in the band, and suffer
more throughput degradation due to mutual interference.
To coordinate secondary users’ access and manage the
mterference, a centralized control 18 often needed. This
approach, however, requires global information from
all users. Thus, m the following we will develop a
distributed game theoretical framework to optimize the
system performance with only local information.

ITI. SELF-LEARNING REPEATED GAME FRAMEWORK

According to the system model, i this section, we
first describe a centralized optimal dynamic spectrum
access problem. Then, we formulate the spectrum access
problem as a noncooperative game to study secondary
users’ selfish behaviors, and further develop a distributed
repeated game framework to enhance the efficiency of
the game equilibrium.

A. Centralized Optimal Dynamic Spectrum Access

One of the most important goals in spectrum sharing
15 efficient spectrum ufilization, it.e., high throughput
achieved by each secondary user through successful
acquisition of a spectrum band. From a statistical pomnt of
view, the secondary users want to maximmize their average
throughput. Given the system equation array in Sec-
tion II, we can obtain the stationary state probabilities,
denoted by II,,, where s; € {(0, A), (0, B), (0, AB)}.
Since Il,, can be equivalently viewed as the ratio of
allocation time to state s; to the entire reference time,
the product of I1;, and the capacity that secondary user
~ achieves when operating in state s; represents one
average throughput component acquired by user v in
state s;. Therefore, we can express the total average
throughput for user v as follows,

Uy = H(oﬁ)?q + H(o,AB)?“g, (10)

where r| and r] are channel capacities for user  when
it operates in the licensed band alone and with the other
secondary user, respectively.

In order to alleviate the mutual interference among
secondary users, we introduce the spectrum access prob-
ability for user A and user B, denoted by a4 and ap,
respectively. Then, the resulting random access process
can be approximated by slightly modifying the origi-
nal CTMC. Because each secondary user +'s traffic is
admitted with probability a~, the actual arrival rate is

approximated by a- A,. Therefore, the system optimiza-
tion goal 1s to determine @ 4 and a g, such that the utility
function of the system can be maximized, 1.e.,

Usys({ay}), (11)

{ay} = arg [max
FaN
where Vy € S = {4, B}
Since a good spectrum sharing scheme not only can
efficiently utilize the spectrum resources, but also can
provide fairness among different users, the centralized
optimal dynamic spectrum access scheme can be de-
fined to maximize the average throughput based on
the proportional-fairness (PF) criterion. Thus, m (11),
Ugys{aa,ap) can be written as [6]

HU a4,ap).

YES

Usys a4, CLB (12)

In order to solve (11}, a centralized management point
1s required to collect all the information about the traffic
statistics and the channel capacities from the secondary
users, which 1s difficult to implement in a real spectrum
access scenario. Therefore, in the next we will develop
game theoretical approaches to solve this problem with
only local information.

B. Spectrum Access Game and Nash Equilibrium

Different secondary users may belong to different
authorities, so it is natural to assume that each secondary
user -y selfishly selects its access probability a. to
optimize its own throughput. In this case, game theory
[17] 1s a successful approach to study the mteractions
between selfish secondary users.

Let & = {S,(A,)yes, (Uy)yes} be a finite spectrum
access game in strategic form, where S 15 the set of
players, A, is the strategy space for player y, and U, is
the utility function for player ~. Then, n our spectrum
access game, we have S = {4, B}, A, = [0,1], and
U, 18 defined in (10) with all A,’s replaced by a. A,’s.
Let’s denote the action for user ~ and its opponent as
a~ and a_., respectively, and define .A_., as the strategy
space for user v's opponents. Then, the Nash Equilibrium
(NE), which states that in the equilibrrum each user
selects the best response strategy given that the other
users are playing the Nash Equilibrium as well, is defined
as follows,

Definition 1: A strategy profile o* = (a,r,a L) 15 a
Nash Equilibrium if, ¥y € S, Va., aZ, € A, a®. € A,

U, (aZ az,a ) > U, (ay, _q,). (13)
Since the spectrum occupatlon time ratios 1oy and
0, 4By are increasmng with the access probability a.,
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TABLE II: Utility table of the spectrum access game

User B
User A Cooperate(PEF) Non-Cooperate
Cooperate(PF) | (UF,UE) | (UR,UE)
Non-cooperate (UX“), Ué”’c)) (Uff’”), Ug“’”))

we can verify that 89U, /0a., > 0. Thus, the NE for
the spectrum access game is a, = 1,V~y. By greedily
accessing the licensed band, each secondary user in-
creases its occupation time duration, so as to boost its
average throughput. However, if the secondary users are
located very close to each other, such a greedy access
pattern will greatly increase the probability that both the
secondary users coexist in the spectrum band, and thus
heavily degrade each user’s throughput due to severe
mutal nterference. When more than two secondary
users compete for the licensed spectrum, the throughput
each secondary user can obtain will become even worse
if all of them access the spectrum with a, — 1. Consider
an example illustrated i Table II, where the “Coop-
erate(PF)” represents the secondary users access the
spectrum band with the optimal probability a5”" through
solving (11) with PF criterion, the “Non-Cooperate”
represents the access probabilities for both secondary
users are 1, with Uz(f’n) < Uﬁln’n) < Uz(f’c) < Uz(f’c), and
ng’c) < ng,n) < Ug’c) < Ug’n). We can observe that
when the secondary users cooperate with each other and
access the spectrum band less aggressively, both of them
can get higher utilities than those in the NE. Therefore,
it i1s not efficient for the secondary users to play NE
m the spectrum access game. To enhance the game to
an efficient cooperating point rather than the NE, we
propose a self-learning repeated game framework in the
next,

C. Self-Learning Repeated Game Framework

From the previous discussion, the NE of the sta-
tic spectrum access game is a, — 1, Vv, which is
mefficient. In practice, however, the secondary users
have continuous spectrum access requests as long as
the promary user does not occupy the licensed band.
Therefore, the game 1s played more than once and can be
modeled as a repeated game. The definition of a repeated
game 18 stated as follows [18].

Definition 2: If we denote (¢ as a static spectrum
access game and J§ as a discount factor, the 7 -period
repeated game, denoted by G(T, §), consists of game &
repeated 7 times. The average payoff to user -y is the
expected sum of stage game utilities discounted at rate

TABLE III: Self-Learning Repeated Game Algorithm

Initialization: ¢ =0

a’%, = Gmin, ¥v. Choose small mcrement 5, 7.

Iteration: £ =1,2,---
Observe Ufyfl(&’fyfl) and Uf’fl(c?fyfl + g)
Obtain
AV — U a4 ) — U@,
For each -y such that AU,’;_1 >0,
at = at_l + L’fﬁ‘_l
Y Y nUff—i(ag—i),
af, = min{al, 1).
End when: No mmprovement in U,J,.

3, represented by
-

07 = (1 6) 8¢V, (are)),

t=1

(14)

where U (d(t)) represents the utility of user -y at each
stage game played at time {.

Since the secondary users always have continuous
spectrum access requests with high probability, without
loss of generality, we can further model the game as
a repeated game with infinite horizon. Unlike a game
played once, a repeated game allows for a strategy to be
contingent on past moves, thus allowing for reputation
effects and retribution. The player’s payoff in a repeated
game 1s a discounted summation of her/his payoff at each
stage. One of the most mportant results i repeated game
theory i1s Folk Theorem [18], which asserts that for
mnfinite repeated games there exists a discount factor 5 <
1 such that any feasible and individually rational payoff
can be enforced by an equilibrium for any discount factor
§ € (8,1). Thus, by playing a strategic game many
times, more efficient Nash Equilibria can be achieved
m a repeated game framework.

Further, if we assume 1n the infinitely repeated game,
the secondary users are aware that whenever a noncoop-
eration 1s detected, all the other cooperative secondary
users will furn to be noncooperative, thus resulting
m a global performance decrease, it is better for the
secondary users to conform with the cooperating point.
Therefore, we can develop a self-learning algorithm for
the mfinitely repeated game, by which the secondary
users can learn the optimal access probabilities in a
distributed way. The heuristics of the self-learning algo-
rithm is stated as follows. With only local information,
the secondary users can only observe the history of
their own actions and the corresponding utility functions.
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Learning Curve of Repeated Game
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Fig. 3: Learning curves for the repeated game.

Therefore, the best way for the secondary user to learn
the optimal access probability 1s to observe how it will
affect 1ts own ufility value to change the access proba-
bility. Assume under the threat of potential punishment,
the secondary users simultaneously increase the access
probabilities from very small values (e.g., 0.1) gradually.
If the new utility 1s greater than the previous one,
the new access probability will be adopted. Otherwise,
the previous access probability 1s kept. The proposed
algorithm 1s shown in Table III. We note that the access
probability 1s increased proportionally to the increase in
the utility function AU};fl; however, 1n order to keep the
updated access probability bounded, normalization factor
needs to be employed here. Therefore, we mtroduce
UL 1(at™1), the utility obtained before changing the
access probability, as the denominator of AU,?,_I. The
increase n the access probability depends on the “step
size” 5 and the normalized increment in the secondary
user’s utility function. The access probabilities are in-
creased iteratively until no improvement in the utilities
can be achieved. Note that the algorithm showed in Table
III can also be employed to the scenario with more than
two secondary users by carefully choosing the increment
5 and 7. And we will show by simulations in the next
section that the self-learning process will converge to a
near optimal cooperating point within several iterations.

IV. SIMULATION RESULTS AND ANALYSIS

In order to evaluate the performance of the proposed
self-learning repeated game approach for the primary-
prioritized dynamic spectrum access scheme, we first
study the convergence of the learning algorithm. Then,
we compare the results of the self-learning algorithm

Access probability vs kA
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Fig. 4: Comparison of the learned access probabilities
and the theoretical optima vs. A4.

with the theoretical optimal solutions through solving
(11) with the PF criterion.

In the simulations, the communication bandwidth i1s
200 KHz, the transmission power i p, — 2 mW,
and the thermal noise power is ng = 10715 W. The
propagation loss factor is 3.6. The transmitter of user
A is at (Om, Om), and its receiver is at (200m,Om). The
transmitter of user B is at {200m, 120m), and its receiver
is at (Om, 120m). The service rates of P, A and B are all
set to be 100 ms 1. The spectrum access request rates of
P and B are chosen as 85 ms—! and 100 ms™!, while
the spectrum access request rate of A varies from 80
to 120 ms~L. In the self-learning algorithm, we choose
£=15x 10745 x 1074], and n = 0.8.

In Figure 3, we show the learning curves of both user
A and B when A4 equals to different values, and in
Figure 4 we show the comparison of the learned access
probabilities with the theoretical optimal probabilities.
We can see that the self-learning repeated game algo-
rithm converges to near optimal solutions with about 10
iterations. The fast convergence of the learning algorithm
ensures the secondary users to obtain proportional-fair
utility distributions before the licensed band 15 required
by the primary user. From Figure 4, we can see that
the learning results of the repeated game 1s very close
to the PF optimal probability distributions. However,
the learning results are smaller. This is because the
secondary users in the spectrum access game are selfish
and only want to maximize their own utility. Thus, al-
though they agree to simultaneously increase their access
probabilities gradually, once a secondary user can not
getter higher utility by increasing its access probability,
the learning algorithm is forced to stop. While the
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Utility vs kA
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Fig. 5: Comparison of utilities under cooperation and
noncooperation.

theoretical PF optimal probabilities are obtained with-
out considering the selfishness of the secondary users.
Therefore, the learned access probabilities are smaller
than the theoretical optimal ones.

We can also observe from Figure 4 that the optimal ac-
cess probability for user B 1s almost the same, regardless
of A4, and user A’s access probability is reduced when
A4 15 increasing. This 1s because from the simulation
parameters, we have rf = r! > »P = ri! so the
actual admitted access request rates (a,A,) for user A
and B should be the same to ensure famrness. This also
shows that the self-learning repeated game is fair in
the sense that the secondary user’s access probability
is only determined by its own traffic statistics and the
channel conditions, and not by other opponent user’s
traffic patterns.

In Figure 5, we compare the utility values versus A4
with cooperation and noncooperation of the secondary
users. As is mentioned above, since ri = rit > 78 —
rQA, theoretically the two secondary users should be
given equal chance (a-Ay) to access the licensed band
no matter how A4 changes. With the proposed self-
learning repeated game, we can see the secondary users
almost have the same utilities, so fairness is ensured.
However, when neither of the secondary users cooperates
and accesses the spectrum band with probability 1, 1.e.,
plays the NE of the static game, the utility distribution
for the secondary users i1s very unfarr. In Figure 6,
we compare the sum of the utility values versus Ay
with cooperation and noncooperation of the secondary
users. We observe that with cooperation the secondary
users can obtain a larger aggregate utility than that of

Sum Utility vs kA
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Fig. 6: Utility sum (I74 + U/g) under cooperation and
noncooperation.

the noncooperation case. As the traffic injected by the
secondary users becomes heavier, the difference of the
utility sum between cooperation and noncooperation be-
comes even greater. This fact indicates that cooperation
among secondary users is especially beneficial when
there 1s heavy traffic in a dynamic spectrum access
network. If more secondary users share the spectrum
and suffer more severe mutual interference, we can also
expect that by cooperation, the secondary users can
achieve much better aggregate utility than that of the
noncooperation case.

V. CONCLUSIONS

In this paper, we propose a self-learning repeated
game framework for distributed primary-prioritized dy-
namic spectrum access. In order to coordinate secondary
users’ access adapt to the spectrum dynamics, the -
teractions among secondary users are modeled as a
repeated game. To improve the spectrum efficiency under
the selfishness of secondary users, we develop a self-
learning algorithm that helps secondary users obtain their
optimal access probabilities with only local observations.
The smmulation results show that the proposed self-
learning algorithm has fast convergence, enhances the
game efficiency, and achieves comparable performance
with those of the PF dynamic spectrum access.
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