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Abstract— Recent studies indicate the presence of a significant
amount of idle licensed spectrum, in different time periods and
geographic locations. Prompted by the latest regulatory changes
and radio technology advances, dynamic spectrum access is be-
coming increasingly attractive, for alleviating the spectrum scar-
city problem in the unlicensed bands. We study the dynamic
spectrum access in a CDMA environment. We assume that users
selfishly switch from one frequency band to another, so as to
maximize their individual benefit, and model the studied problem
as a non-cooperative game. We propose a probabilistic, distrib-
uted strategy with which users might share the available re-
sources to satisfy their quality of service requirements, and
minimize their transmitted power. The comparison of the pro-
posed strategy against other alternative strategies shows that it
combines fast convergence, efficiency and stability, while its sim-
plicity makes it practical for a real network.

Keywords— Distributed frequency band selection, game theory,
dynamic spectrum access, code division multiple access

1. INTRODUCTION

Until recently, radio devices were only allowed to operate
in designated spectrum bands. Recent studies by the US Fed-
eral Communications Commission (FCC) have revealed that,
even in major urban areas, only 30% of the licensed spectrum
is being utilized on average. Hence, the use of opportunistic
spectrum agile radios (OSAR) over assigned spectrum may
open new directions for wireless, QoS-sensitive services that
suffer from spectrum scarcity in the unlicensed bands. The
FCC has issued a Notice of Public Rulemarking and Order
concerning cognitive radio technologies [1]. Furthermore, the
Defense Advanced Research Project Agency (DARPA) has
launched the neXt Generation (XG) program for developing
new adaptive mechanisms and technologies for spectrum shar-
ing [2]. In both initiatives, spectral agile devices are capable of
identifying and dynamically using the idle or sparsely-used fre-
quency bands, thus, increasing the spectrum efficiency.

We study the dynamic spectrum access (DSA) problem for
CDMA wireless networks. We assume that users have certain
QoS requirements regarding their throughput, and are selfish,
i.e., access the wireless resources according to their individual
interests, without taking into account possible degradation to
the QoS of the other users. Due to the selfishness of users, we
use game theory for modeling their interactions and studying

the equilibria of the system. We also propose a distributed
strategy for band selection (DSBS) for efficient spectrum us-
age and stable operation in the discussed selfish environment,
which can be easily adopted in a real network. The comparison
of the DSBS against other strategies shows that it achieves fast
convergence, while the equilibrium points are both efficient
and stable.

The rest of the paper is structured as follows. We discuss
prior related work, in Section II. In Section III, we describe our
dynamic spectrum access system model for CDMA networks.
In Section IV, we study the non-cooperative band selection
game, and provide an appropriate distributed strategy for con-
vergence to equilibria. In Section V, we discuss the perform-
ance of the proposed strategy. Section VI concludes the paper
with our key findings and directions for future work.

II.  PRIOR RELATED WORK

In [4], the cognitive radio architecture has been defined,
and a prototype cognitive radio, named CRI, has been pre-
sented. In [5], continuous-time Markov models for dynamic
spectrum access have been investigated, and have been shown
to be accurate in predicting the dynamics of open spectrum ac-
cess. In [6], the characteristics of opportunistic spectrum avail-
ability have been studied. However, none of the above works
has modeled DSA for CDMA networks, with individual user
QoS constraints, and, to the best of our knowledge, this issue
has not yet been covered in the literature.

In [7], which is considered as the closest to our work, the
problem of providing QoS for multimedia applications over
OSAR TDMA networks has been investigated. A distributed,
non-cooperative, channel-switching scheme has been proposed,
and, similarly to our work, a game theoretic formulation has
been adopted. One major difference from our work, as a result
of the different access technique, is the adopted QoS model. In
[7], the goal is to keep delay (due to collisions and retransmis-
sions) under a certain value, and at the same time minimize the
packet loss rate. In our model, due to CDMA, delay is not con-
sidered (lack of collisions). Instead, we are primarily concerned
with the trade-off between the achieved throughput, and the re-
quired transmission power. Moreover, contrary to [7],we as-
sume that all users may switch band at the same time, after the
feedback broadcast by the serving BS. With this freedom, best-
response strategies, as those proposed in [7], are rather unsuit-



able, as they typically lead to oscillations. For this reason, we
propose an appropriate distributed strategy that may avoid such
undesirable phenomena.

III.  SYSTEM MODEL

In this section, we introduce our DSA model. We assume
that a set of wireless terminals (WTs), J= {l, ... , N}, is com-
peting for access to a set of available CDMA frequency bands,
C={1, ..., K}. We also assume the existence of a set of base
stations (BSs), I = {1, ..., B}, and that each WT attaches to the
BS with the strongest signal. WT j independently selects its
transmission power p; as well as its band ¢; in order to maxi-
mize its “benefit”.

In CDMA, the primary quantity that relates to the WT
benefit is the signal-to-interference ratio (SIR) at the BS, as it
is directly coupled with the achieved bit-error-rate, and, thus,
throughput. We assume that each WT has certain QoS re-
quirements in terms of lower and upper bounds on the achieved
throughput, expressed by respective lower and upper bounds
on its SIR, y,,; and y,,;, respectively (y,,; < yMj)l. The SIR y; of
WT j transmitting in band c is

y, = w ha,./p./ (1)
7R zha,kpk +0'3
k#j,c,=c

W is the chip rate, and R the transmission rate (b/s), while the
fraction W/R denotes the CDMA processing gain. 4, ; denotes
the path loss from WT £ to BS a, and a2 the additive white
Gaussian noise (AWGN) power at the BS in band c.

Observe that WT j may increase its SIR y; by increasing its
transmission power p;. However, by increasing p;, the WT bat-
tery lifetime becomes shorter. In [3], a utility function quantify-
ing the benefit of a WT as the number of bits successfully re-
ceived per Joule of consumed energy (i.e., throughput versus
energy consumption trade-off) has been introduced. In our
model, apart from the transmission powers of the WTs, we ex-
tend the discussed utility function to take also into account
their transmission bands.

LR o0 )M
u.(p,c)= 7] (bits/Joule) (2)

M and L denote the length (bits) of a frame with and without

headers, respectively. The term (1— e i )M denotes the
probability of correct frame reception (for asynchronous FSK
modulation) and is a measure of the achieved throughput.

In our model, the WTs, every T,, select their transmission
band, in response to band load information provided by the
serving BS. Within a band selection period, the WTs adjust
their transmission power, every 7, (7, < T,), based on interfer-
ence information also provided by the BS. Due to the WT self-
ishness, we study the discussed situation as a combination of a
power control game (PCG) and a band selection game (BSG),
the former being nested into the latter.

! This is a valid assumption for delay intolerant, bandwidth-elastic services,
where some variation in transmitted rate is not a problem but only very short
delays are permitted (e.g., voice, video, real-time file transfers, etc).

The PCG has already been studied in [3]. It has been
proven that it has a unique Nash equilibrium (NE) [9], i.e., a
stable power allocation, where no WT can improve its utility
by making individual changes to its transmitted power. At the
discussed NE, duy(p, ¢)/op; = 0, V j € J (first-order optimality
condition), which is readily equivalent to

0.5My+1=¢"7. (3)
This means that at the NE all WTs enjoy the same SIR y" that
solves (3). Note, however, that in the presence of SIR bounds,
the following rule has to be applied for calculating the NE SIR

[8]:

ym,_/’ 7/* < ym,_/ < yM,_/
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Note that each WT may independently solve (3) and, then, use
(4), in order to determine its (target) NE SIR. Then, the WT,
according to periodic feedback (total received interference)
from the BS (every T,), may adjust its transmission power to
achieve its target SIR. After a finite number of successive
power adjustments performed by all WTs, the NE power allo-
cation is, finally, reached. The details of the discussed power
control procedures fall outside the scope of this paper and will
not be further analyzed. The interested reader may refer to [3],
or [8] for more details. For the rest of this paper, it is sufficient
for the reader to keep in mind that, for the period between two
successive band updates, each WT transmits with its NE power
pj so as to achieve its NE SIR yj in the band it transmits.

*
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Let us now analytically determine the NE power qj (where
qj = hyp; ") with which WT j reaches its BS, a, based on the
linear system of SIR equations (see (1)):

_1 5
g =] Lo yies (5)
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p’ea denotes the other-cell interference received at BS a in
band c (the interference component attributed to WTs attached
to different BSs), i.e.,

pcz,a = zha,kpk +O_c2 > (6)
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l., is a measure of load on BS « in band ¢ as a result of the
target (NE) SIRs of the attached WTs. Note that, as more WTs
attach to BS a in band c, the term /., increases, resulting in a
corresponding increase of the NE power of the WTs. Note also
that in order to have a feasible power allocation, the following
condition must hold true:
lea<1 (8)

Condition (8) represents the capacity limitation of the CDMA
band, also termed pole capacity, beyond which the system is
unable to settle to equilibrium.

while




IV. NON-COOPERATIVE DYNAMIC SPECTRUM ACCESS

In this section, we study the BSG. As already discussed,
each WT, every T, selects its transmission band for the next
period, based on load information provided by the serving BS.
Over that period, it shares the selected band with other WTs.
Mutually interfering WTs transmit with their NE power (see
(5)), which depends on the other-cell inference p*., (see (6)) as
well as on the aggregate SIR requirements of the WTs (see
(7)). Note, however, that from (3) and (4) the NE SIR, and,
thus, throughput, of a WT does not depend on any of the
aforementioned parameters. Hence, a WT may switch from one
band to another and benefit by a power decrease, while main-
taining its SIR (or throughput). Hence, in what regards the
preference of a WT among a set of bands, only the transmis-
sion power is important, which means that utility function (2)
can be simplified in the BSG. Specifically, it is sufficient to
consider only the following quantity, which appears in (5):

2
P c,a

Oua =77~ O

Observe that, if Q., < Q. band c is preferable to band ¢’
(for any WT), as the NE power will be lower in the former,
compared to the latter band (while the achieved SIR will not be
affected). Note, however, that if condition (8) is violated (i.e.,
l.. 2 1), O., assumes negative values (or may become infinite,
if ., = 1). This renders the Q,, load metric unsuitable for use
in the BSG®. For this reason, we define an alternative metric,
L., that approximates the mutual influence of the WTs at-
tached to BS ¢, in band c:

Lc,a = pcz,a ' lc,a (10)
Through the L., metric, a WT prefers band ¢ to band ¢/, if
L., <Ly, A band allocation, in which no WT can unilaterally
switch to another band with lower value of the L., metric, is an

equilibrium, hereinafter referred to as selfish band allocation
(SBA). Below we provide a formal definition of the SBA.

Definition 4.1 (BSG SBA): An outcome of the BSG is a
SBA iff for every WT j that is attached to BS a and for all out-
comes such that ¢,/= ¢, and ¢/# ¢; the following inequality
holds: L, ,<L;,-

The BSG, like similar settings, e.g., dispersion games (DQG)
[11], many settle to different equilibria that depend on the
course of actions of the involved players, i.e., there is no
unique equilibrium outcome.

A. Distributed Strategy for Dynamic Spectrum Access

As already discussed, WTs take decisions synchronously,
in a distributed manner, based on updates on the status of the
available bands broadcast regularly (every 7.) by the BS (see
Section IV.B). We do not assume a sequential update scheme
(as, for example, in [7]), as the considered environment is fully
distributed and WTs are selfish; it is rather difficult for the BS

% In an OSAR environment, the set of available bands may be capable of ad-
mitting all the WTs, if WTs are spread among the bands. However, if the ma-
jority of WTs is gathered in a restricted set of bands, the discussed bands
might fail to provide the required capacity, i.e., (8) may not always hold true.

to enforce WTs to follow a given band update sequence. This
means that interactions among WTs can only be realized
through the joint use of the shared bands.

Note that, if WTs employ best-response strategies, the sys-
tem will typically suffer from oscillations (WTs forever hop-
ping from one band to another), making it impossible to settle
to a SBA [10]. It is, thus, important to introduce a strategy ca-
pable of avoiding such phenomena, by leading to SBAs,
smoothly and rapidly.

We propose the distributed probabilistic strategy for band
selection (DSBS) that is capable of leading the BSG to SBAs.
One of the main characteristics of the DSBS is its simplicity,
and that it can be easily realized in a real network.

Definition 4.2 (Distributed Strategy for Band Selection -
DSBS): Given an outcome of the game, WT j, attached to BS a
and transmitting in band ¢, using the DSBS will do the follow-
ing:

— IfL., < (F./K), select band ¢ with probability 1,

— Otherwise, select band ¢ with probability v = (F,/K)/L.,
and with probability 1-v randomize over the frequency
bands ¢ “for which
Cl) L /cfa < Lc,a: and,

b)) 1..<1,
K W -
WhereFa:cha,l;a:lm+ —+1| ,and
- \Ry

’
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Lc,a = pc,a : lc,a .

As described in Definition 4.2, according to the DSBS, a
WT, if not satisfied by the load level in its current band (i.e.,
the load metric L., exceeds the balanced load, F,/K), considers
abandoning it. However, it does not always leave the band, but
may stay in it with probability v, which is inversely propor-
tional to the load level of the band. This ensures that not all
WTs of a congested band abandon it. Specifically, with this
probability, the expected remaining load in the discussed band,
after all WTs have decided, will be the balanced load, F,/K.
Hence, at every round, the load distribution approaches the
BSG SBA. Note also that when assessing (a) and (b), the WT
takes into account its potential contribution to the respective
conditions (i.e., load, and power allocation feasibility (8)), in
order to avoid potential oscillations, and, finally, lead the BSG
to the SBA. A formal proof on the convergence of the DSBS to
SBAs is not provided here, for the sake of brevity. Conver-
gence can be easily proven using ideas from analogous algo-
rithms proposed for DGs.

B. A Simple Protocol for Distributed Band Selection

In the following paragraph, we introduce a simple protocol
for providing band load feedback to WTs, so as to support the
DSBS, or any other similar distributed band selection strategy.
We assume that BSs are capable of scanning a considerable



spectrum of frequencies and recognizing free spectrum bands”,
i.e., bands that are not occupied by any primary user. BSs are
also aware of the level resource saturation of the free bands,
i.e., quantities p’.,, and I, (see (6) and (7), respectively).
Hence, BS a may compute for each band ¢ a tuple of the form
<fi Wes pzm, l..>, where f. and w, denote the central frequency
of the band, and its bandwidth®, respectively. The BS periodi-
cally (period T,) broadcasts all gathered tuples in all frequency
bands. Each WT may simply respond by switching to its “fa-
vorite” band.

If a BS discovers that one or more primary users started
transmitting in a band, it notifies the secondary WTs to imme-
diately abandon this band. Specifically, a notification message
containing a list of forbidden bands is broadcast to all WTs.
WTs that transmit in one of the forbidden bands switch directly
to a non-forbidden band. With this simple feedback protocol,
the BSs may enable distributed band selection performed by
selfish WTs.

V. SIMULATIONS

In this section, we evaluate the performance of the DSBS
versus other strategies with regards to the speed of conver-
gence, as well as the “quality” of the resulting equilibria. Spe-
cifically, we compare our strategy with the Freeze [11] and the
elementary step system (ESS) strategy [12]. Other candidate
strategies that could be used include the fictitious play learning
rule [13], and the reinforcement learning [14]. However, such
strategies are rather unsuitable for the BSG, due to their com-
plexity, not guaranteed convergence, and significant communi-
cation overhead [11].

TABLE 1. THE LIST OF SIMULATION PARAMETERS
M, total number of bits per frame 80
L, number of information bits per frame 64
W, spread spectrum bandwidth 10°Hz
R, bit rate 107 b/s
6, AWGN power at the receiver 5x10"° W

modulation technique non coherent FSK

Pmax, Maximum power constraint 2W
N, number of WTs 1:45
Ymg» Ymj» SIR constraints of WT j Uniformly distributed in
the [1,20] interval
C, number of CDMA frequency bands 5
B, number of BSs 1

According to the Freeze strategy, at each round, the WT
chooses a band at random. The WT “freezes”, if, at some
round, the load metric L., assumes lower or equal value to the
balanced load level, F,/K. From this point on, the WT always
selects the same band regardless of the choices of the other
WTs.

Contrary to Freeze and DSBS (where all WTs may play
concurrently, after an update broadcast by the BS), with ESS,
WTs take decisions one at each round, based on the best-

? Such issues are outside the scope of this paper and, thus, not discussed here.
The interested reader may refer to [15] for relevant details.

4 We assume that the considered bands are of equal bandwidth, for the sake of
simplicity. However, the obtained results can be easily generalized for bands
with different bandwidth.

response concept. The ESS has attractive theoretical properties
(e.g., at each round the system “improves” while in concurrent
distributed models, such as DSBS, the system might also “dete-
riorate”), but also has serious drawbacks [12]: 1) since only one
WT may select a new band at each round, the convergence
time is at least Q(N), and 2) the centralized control of the order
in which WTs make their updates is rather unattractive for a
truly distributed system. The ESS is readily incompatible with
our model, where WTs are free to select their band at any
round. However, we compare the ESS to the DSBS, as it is of-
ten adopted, as in [7], due to its simplicity and predictable be-
havior.
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Figure 1. Number of rounds until convergence

Table 1 presents our simulation parameters. An important
assessment metric is the number of rounds required for conver-
gence. In Fig. 1, we observe that the Freeze achieves the fastest
convergence. This is reasonable, since with Freeze a WT that
finds itself in a “good” band does not consider leaving it in the
next rounds (“freezes”). As the population of “frozen” WTs in-
creases, the possible options for improvement of the remaining,
“unfrozen”, WTs rapidly decrease, thus, resulting to a quite fast
convergence. We may also see that the DSBS converges almost
as fast as the Freeze strategy. Finally, as anticipated, we ob-
serve the slow convergence speed of ESS.
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Figure 2. Total consumed energy until convergence

Apart from the speed of convergence, it is also important to
examine how energy-efficient the path from a given initial non-
SBA state to a SBA is. This is quantified through the CP met-
ric, which measures the aggregate consumed power until a
SBA is reached:

N

n—1
CP=2 2 4;) (11)

=0 j=1



n is the number of rounds until convergence, and qj*(t) denotes
the NE power with which WT j reaches the BS during round ¢
(see (5)). Fig. 2 shows that, as anticipated, ESS is more power
consuming than DSBS. A WT that operates on a very loaded
band, by using ESS, will incur significant energy losses until
its round to play and leave this band. We also observe that both
Freeze and DSBS exhibit similar power efficiency.
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Figure 3. Frequency of NE outcomes

We also assess the “quality” of the resulting SBAs, as, after
convergence, WTs remain static for a significant amount of
time (until the arrival of a new WT, or the occupation of a band
by a primary WT), which is typically much longer than the
time to reach the SBA. An important issue is that a SBA may
not always be a NE. This is due to the fact that we used (10) in-
stead of (9), as the band load metric, for the reasons reported in
Section IV.A. Hence, we examine whether with (10) the as-
sessed strategies are capable of reaching a NE, i.e., a point
where no WT may benefit by unilaterally selecting another
band. In Fig. 3, we see that ESS and DSBS almost always
achieve NE outcomes. On the other hand, Freeze is rather inef-
ficient in reaching a NE, i.e., the achieved band allocations are
rather unstable (after convergence, a WT by considering (9)
may have the incentive to deviate).

From the discussion above, we may conclude that, even
though the DSBS is a bit slower than the Freeze, the failure of
the latter to converge to a stable band allocation (NE) is a ma-
jor reason for preferring the former. Moreover, although the
ESS guarantees stable outcomes, it is much slower than the
DSBS, but more importantly is incompatible with our model
where WTs are free to switch band at any round, and not in a
predefined sequence. Hence, we believe that DSBS is a distrib-
uted strategy, which is suitable for use in a real system, as it is
simple, fast converging, and stable.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, we have studied the problem of non-
cooperative, dynamic spectrum access in CDMA networks. We
have considered an environment where WTs independently se-
lect their transmission band among a set of available CDMA

bands, so as to maximize their personal benefit. We have mod-
eled the BSG and proposed a distributed strategy, DSBS. We
have assessed the performance of DSBS, against other strate-
gies, showing that our strategy achieves fast convergence,
while the achieved equilibria are both efficient and stable.

We plan to further assess the proposed strategy, using more
complex and realistic simulation scenarios. We would also like
to introduce new strategies based on the concept of bounded ra-
tionality, or learning algorithms from artificial intelligence.
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