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ABSTRACT

In this paper, we caonsider a gnitive Radio (CR) OFDMA-basel
network, in which the nodes detect avaiabe spectrm reurces,
andadop a sisé of acessilbe pectum units(subcariiery. The
idea d our approach to the dficient spectrmm utilization is to
allow eachnode to optimize he resurces acqisition, where the
competition of nodes for available mmnon resources is obseved.
This can be rodeled asa multi-stage gamen the sense of game
theory. In our game modd, the eficiency ad ratonality
mechanisra have been introdced in the utility function, which
refled the throughput ahieved by a single player and the network
potertial to seve multiple nodes. Moreover, taxation of reources
is recanmended tococerce desirale dayers’ behavior. Simdation
resuts stow that there exist tte trac-ff values d the linear awnl
arthmetically-progres$ve tax-rde paameers b appoach high
overal spedral dficiency, high peceived throughputand fairnes
in digtributing available resources.
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1. INTRODUCT ION

In the last yeas, the demand br ubiquitous mobile
communcatons and efficiert spectum utili zation is ndicealty
growing. Cost-effective Dyamc Spectrm Sharing (DSS
procedures are neded to increag the tilization of the scace
spectum reources aswell as to fande the farness of the
resairces dstribution anong users.Swch procedures havebeen
preseited in the literature (eg. in [1]) however, mast of themare
the certralized ones, and require the Channel State Information
(CSI) of all corsidered links. Ths necessates the adequate
amourn of cortrol traffic, which in turn occupes the gectrum
resairces.Moreover, a cetralized appoach & not appopriate for
the Cogntive Ralio (CR) concept P], where bhe nodes are
expectedto be autonomously sersing, learing ard decision
takingertities.

In this pape, we condder the mgntive Othogond Frequeny
Division Multiple Acces (OFDMA), in which the secadary
usersare afte to deted available sgectrum resources, ad to adbpt
a sutseé of accessite aibcarriers (SCs), as well as the
tramsmission power level at tkese SCs. The GDMA is a
promising technque, casidered for modern high data rae
wirelesssygems, eg. for IEEE 802.16e, 3@PLTE downlink, or
IEEE 80222 (WRANS). Most d the dgorithms for flexible
resairce allocaion in OFDMA presetted in the lieratue sofar
are thecentralized ones a assune sane limited cooperaton
betweenthe cels, ard few o them enploy the gametheory

[3][41[5]-

Game thery apgied in rado spectum acqusition mode
behavor and stategic interadions among néwork nodes (the
players) canpeting for the gpectum accesq6]. Gane-thearetic
schedling for OFDMA has leenalso consideredin the Iteraure
in two major directiors. The first ore is the cerralized s
allocation which alows for more eficient andfair spectum
utilization and applies cmperative game #ory, Nashbarganing
ard arlitrary Pareteoptimal sdutions ([7][8]). The seondoreis
the distributed ded¢sion nmeking, which onthe mntrary, deploys
non-cooperatve games fomulti-cell OFDMA systans ard resuts
in Nash egqilibrium as a game dation for the base staions,
which act asplayers ([9]). The dawbacks ¢ the alove lutions
are ather lack d optimality (Nashbargaining sdution is wsualy
notoptimal), lad of rationdity (the utiliti es ae usudly deinedso
asto maximize the tdal sum-throughput,and neglect tre quality
of experienceard the power ecanomy), lack d geneality (Pareb-
optimal sdutions are bund for two uses mly) or lack d
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suitability for the CR néworks (some near-optimal solutions can
be found asin [8], but they are eentralized).

In this pape, we consider non-coopedétive dlocaion of SCsfor

multiple CR nodes in an OFDMA-based nework. The conddered

approah is based on non-coopeative game theory, and ams at

high spectral dficiency ard high erergy-efficiercy of the CR-

nodes comnunication, & well as & the network ability to srve

multi ple users and resourcedistribution farness.This can be done
based on the concept of coercive resource taxation and educed-

compexity non-coopeative multi-stage game model

2. THE GAME-THEORE TIC TA XATION-
BASED RESOURCE ACQUISITION

In our OFDMA-based néwork scenario, multiple CR node ae
sewnday uses of the nework. Each nodeis able to detedt
avalable gectum, ard its gal is toacauire radio resairces, ard
maximize the throughpu at a minimum cast, expessedin erergy
conaumption. In our ®mnsdeations we do not care how the
adthieved daa rates are mappel to daa steans. For a proof of
concept we dsoassune thata CR-node can acquire any subse of
avaiable s, ard that there exsts a llision-avadance
mechanism, used to prevert nodes fom trying to access lte
spedrum atthe same timeinstart.

An intelligert Control Unit (CU) of a CR node makes deision
concerning which SCsand howmany of them it will use for the
trarsmisson. It canbe casidered as @& elemen of the kroader
concept of the cognitive emjine [2]. The QJ ack as aplayerin our
game for resources. In orde to prevent a single player from
occupying dl resources, we limit the maximum number of SCs a
nodecan acquire & atime, introdue the “soda consiousnas’
mecharism such asnetwak capacity facta in the uility function
and enploy resource taxation. Resulting throuchput dgpends on
the power levels albcatedto aoquired SCs, ard we assume that
this is donein an opimal way bassed on te so-caled water-
pouring principle [11]. After the application of water-pouiing
(calcuation of the waterdevel), it may turn out that same SCs
acquiired camot be wsed for the trarsmission with assuned
reliabiity (due to thdr poor qudity). In such a cae, they are
returned to the pool of available resourcs.

Let us define aur gane, wrich eachCU plays agairst the other
usess. The elemets of this definition are the players, the
strategies ard the paydfs.

2.1 The players and their strategies

Following the spetrum-sersing agorithm, the CU of a CR-node
canmake decigon on the rumber of acquired SCs. If there are N
avalable SCs,K nodes,and eachone can take ary subsetof these
SCs(but no nore then | SC9, the problem of finding the game
sdution becanes etremely complex. This is becawsethe ganmeis
K-dimensond, and the nunber of possible outtomes of the game

equds:
5! N! ]K
Q= [Zi:om @
Thus, amalyzing the exstence d the Nashequili briums becanes

very compex paticularly for high I, N ard K values.

As shown abowe, it iscrucial to narrow the spaceof our aralysis.
For this purpose we & eachCU take decisbns indepencertly
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while treaing the restof the players asone gayer (the CRnodes
commurity), and by eliminating its stratgic choices wlich are
disadvantagrous Naturaly, a selfish player would oacupy the
maximum of avaiable SCs, becawse sgh an action would
maximize its throuchput. However, from the fairnes point of
view, this behavior would decrease e rumber o users sered
The poblem is rehted to the clasical common resource
utilization dilemma known as the Tragedy of Comnons ([10]),
which shows tha sdfish behaior of the comnon-resouree users
leads toinefficiert (eventhe poorestpassble) utilization of these
resairces.

In order o eliminate dsadwartageaus strategic cloices(eliminate
dominated strategies [3]), we sinply asume that, when a CU
wants to ue a nuber of i subcarriers, for sue these slould be i
stongest £s (d the highest Carrier-gan-to-Interferenceand-
Noise Pwer Ratios (CINRs)), becase making use d the
strongestSCsresuts in highest sgctral efficiercy. A single gayer
does nat care, how efficient the aher players ae in utili zing their
acquired reources,i.e. what ae their CINRs at varous SCs, hut
rather how many of these SCs the other players (al togetter) are
going to use. The number of occipied SCs affecs the netwark
ahility to servethe incoming users ncluding the userswho are
already being sewed but would like to acaquire more resurces in
the future.

Thus, in our considered case the gane for each payer becanes
two dimensond only, and the nunber of possible game outcomes
to be aralyzedis sigrificartly reduced Qg =1xN .

To summarize, the strategésof a CU are al possile numbers of
the grongest detecied SCs (from O to ). The drategies d the rest
of the CR-nodes commurity are the rumbers & SG this
commurity may occlpy all together. Moreover, the gane is
dynamic, i.e. the dayers take decisiors subsequently tharks to the
cadlision-avadance pocedire.

2.2 The payoffs

The paydf at ezh stage 6 the gane is the value d the utility
function ard exhbits the gane autcome, when the CU player
chooses stategy i (i stonges SGs) while the rest of the
community occlpies j subcarriers. For our gane, we sggestthat
the payoff refleced the rormalized throughpu (throughpu
divided bythe sibcarrier distance Af) achievedby the CR-node
ard the retwork potertial to seve aher users (related to the
notion of fairnesg. Thus the proposel payoff function for player
k (at the kth stage 6 the gane), who acauiresi SCs(i <1), while
the restof the CR-nodes commurity is expected to occipy j SCs
equals:

i, = ﬁzlogzum-P(fsmfs)]}-{wk—i—j}, @

=S

where y(f) =|H(fs) | [(Woaf +3,) is the ANR at the SC

frequencyfs, whos index s belongs to thesat S of indices of i
strongest SCs (the cardindity of S is i), H(fs) and H(fs) arethe
chamel charactristic ard the power level allocatd to this SC
frequencyfs respectively, . is the nobe power spetral dersity,
K is the interfererce pwer, Af is the SG distarce, «is the facor
depending onthe assumed Bit Error Probability (BEP) Pe, andNg
is the number of available SCs at the garre sagek, i.e. for userk.



(Note that for M-QAM, « can be @proximaed by
o =-15/In(0,5P,) or more predsely asin [11].) Letusnote that

the optimal power level P(fs) dlocated to SCs should be
cdculated acording to the water-pouting principle, asuming that
CINR values are perfectly known by the CU, i.e. the CSl is
peafed, dthoudh in redity the player uses estimated CINR for
eah dhose subarrier frequency fs. The first facor in (2)
represents the potentia throughput of a singe player at the kth
stage of the game, while the second onerepesents the network
potential to Erve other players at subseuent game stages. This
way, the dayers factar the sodal aspet of the nework (to srve
multiple users) intheir decision-making.

Note, that for any j value (any stategy of the CR-nodes
community), §k|,j 2§kiyj @i=0,..1), ad thus §k|,j

represents the highest payoff regardless of j. As a rsut, the
dominating strategy for evey corsidered player is to use he
maximum dlowable numbe of SCs I, and the comnon radio
repurces would not be utilized in a fair way. Therefore the
payoff (2) should bemodified so as to force the more rationd
behavior of the payers with resgect to the avalable resurces.
Our proposl is to introduce taxation of resources, what results in
thefollowing payoff fundion:

G :{ﬁ S logy[1+a- P(fs)y(fs)]}{Nk i} @)
%S5

where 7,; is the tax vale, that aplayer k hasto “pay” at the kth
stage of thegame. This tax value should depand onthe amountof
resources used by a player. {ki’j repesents the profit (revenue

minus cast), and thus, if a single player facespoor dannd-
qudity, and yet occupies alot of SCs its profit should besnall or
even negative dueto poor pedra utilization andrelatively high
tax “to pay. Taxes should brihg presare to ber upon dairable
players behaior and the Pareto-optimal solution of the game.
However, cdculation of sud an optimal tax is qute a difficult
task,requiresthe knovedge & the ANRs at al SCs for all links,
and resuts in many tax vales specific for evey player. Thes
cdculationscan bedoneonly centraly, eg. atabase station, from
where the tax vaues (and ther updaes ewery time the CINRs
change) can be broad@sted. In our consdered CR nework, al
decisions are expded from the intelligent CU. Therebre, we
look a a simplified case of common (for dl nodes) andinvariant
(with respect b CINRs clanges) way of taxing the resurces.
Moreower, we cortertratt on the linear taxaton ard
anthmetically-progress$ve taxaton. In both casesthe tax can be
defined asfollows:

VkeLK]: 7 =7, =i-(rg+iA), @

where (7o +i-A;) is the tax rate determined by the arithmetic

progresson, with the first dement 7 and the mommondifference
A.. Both 7 ard A, should becaefully adoped to the nurber of
SCs, the numker of players ard their anticipated behavior. Let us
note, thatif A, =0, the abowve formula defines the linear taxation,
i.e. the tax value is a linear funcion of the numkber of acquired
SCs If A;>0, the taxation is aithmeticaly-progressve. Both
paameters % and A, should also depend on the average Bynal-to-
Interfererce-and-Noise ratio (SINR) (aveaged over al SCs)
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experiencedby CR-nodes in the systemToo high taxes ercourage
everyplayer to not useary subcarrier,and reailts in poar usage 6
available resurces,if the rodesSINRs are lav.

Finally, the paydf of the other player, here rderred to as“the reg
of the CR-nodes community” is defned as the numbe of SCs tha
canbe potertially occipied by this player:

Vi, =i (5)

Let usnote, that after we have introduced taxation ofthe occupied
nurmber of SCs there may not beonedoninaing srategy of the
single plyer. Although the valies d paydfs decreme wth
increasing j:

Vie[01] VieoNe-1-1: & 284 ja 6)
(equality occusfori =0), it is not thecase for increasing i:

Fo.o <. forO<i<i”
VieloNg-113i": {k'_l’J ¢ki,j for0<i <i o

é/ki,j ngi+Lj fori <i<lI

Moreover, theremay still exist some dominated strategies afer the
tax has been introduwced If, for instarce the ith stongest
subcariier is a verybad one (haslow CINR), an assaiated tax
exceed the kerefit of using it for everyconsidered strategyj of
the rest of the commmunity. In such acase, this dominaed strategy
i should be removed from the considerations of the rational
player.

We may caclude the alpve considerations thet there exst the
saddle point or the Nash euilibrium for the @owve defined @me,
i.e. for stategiesi’ deined by (7) and for j = N¢—I. It is well
known however, that a Nash equilibrium may be far from
optimality [4][5][6]. In our gane, the player named as“the rest of
the CR-nodes commurity” does rot rationalize its behavior to
med this equilibrium. Althoudh thebehaior of individud players
is hard to articipate (becawse it depends on the chamel quality
they face),the behavior of the wiple commurity of the CR nodes
canbe assesed Its drategyj is the aggregied number o SCsthis
commurity occupies, ard thus, the probahlity of this drategy
approximates the Gaussan didribution. Thus individud players
can meke decisions d@ending on the anticipated behavior of the
rest of the CR-nodes commurity. The pocedure stould apply
mixed drategy refleding probeability of the CR-community
strategés.

3. SIMULATION RES ULTS

For the purpose of our gane-nodel verification and simulations,

we have consideredthe following seup: the numter of availabe

SGs at the begiming of the gane N = 256, the maximum nunbe

of SCs each payer cantakel and the rumber of competing nodes
K saisfy: KI = N (potertially there is erough SCs to seave al

nodes). Each rode is alloved to transmit with the samepower

limit. For a given nunber of conpeting nodes K, the total power

in the CR-nodes canmurity (being the sum of the transmit

powers d the CR nodeg has also been fixed so that if some

nodes do not use avdable s, the aher nodes areallowed to

increase their power. Thus, the interference level is canstart.

Moreover, two scerarios have ken considered equal average-
SINR ca® (the ‘E' case)when the average IR 7 =30 dBis
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Figure 1. Spectral efficiency (a) and the oveall throughput
averaged over N available SCs (b) vs.the linear tax-rate
parameter value 7, (E —equal average SNR for all nodes,
D —diverse 3NR with 1 dB max deviation from 7).

the same for every node due to the Power-Control (PC)
mecharism, and diverse averag8iNR case (D’ case) wkn the
PC medhanism has a tolerance of 1.5 dB, ® tha random
deviation not exceedhg 1 dB from the averageSINR is possible
for ary node. For modern cell ular systens the PC inacaracy can
be usudly around 1.5 dB This nunbe ha ben chosn to
obsewe dfferencesn the obtained resuts for both scerarios.

The clamel model cansidered is the two-paths Rayleigh-fadng
channd with thedday spread ranging from O to onefourth of the
OFDM symbol, and the average power of the semnd pah being—
3 dB relaive to the averagepower o the first path. The
simulation time covered the channd coheence tme, and 1000
channd redizations The asumed BEP for unmded QAM
modulation isP, = 1075,
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Figure 2. Spectral efficiency(a) and the throughput averaged
over N available SCs (b) vs the arithmetically-progressive tax
rate parameter A,. (E — equal average SNR for nodes,D —
diverse 3NR with 1 dB max deviation from 7).

The main challenge of our simulation experiments is o calibrate
the tax value, i.e. the tax-rate parameters. As mentioned atove, the
optimal tax values calculation for distinct nodes resuting in either
maximal spedral efficiency fairnessbased or Pareto-optimal
sdution can be implermrented only certrally. Since our scerario is
the CR network without the centralized management, we have
tesed common tax-rate vduesfor adl nodes,and seachedfor a
near-@timumvalue. In Fig. 1, Smulation resuts are pesened for
the ase ¢ lineartaxation of resaurces,i.e. for A, = 0 and various
K ard | values In Fig. 1.a, tte spectal efficiency(sum-throughpu
averagedver the numkber of used SCs is preserted, while in Fig.
1.b the throughpu averayed over the mimber of all avaiable SCs
N is ploted vs. the taxrate paameter value 7. Moreover, these
resuts are capared with the Raund-Robin (R-R) SCsallocation
and with the optimd SCs alocaton. The gptimality here reérs
only to the spectral efficiencyof all-resairces dstribution, which



means that the sibsequent Cs are dlocated b nodes, which
experiercethe highest CINRs at theseSCs.

In Fig. 2a and 2.b,andogous results for the arithmetically-
progressie taxation of reources ae peseried vs. the taxrate
paameter value A, (% = 0). Let usnote, tha for the appopiriately
high tax values, the sgctal efficiency is higher in our game
modd than even this opimal dlocation of SCs dthoudh the
avemrge throughpd per SC decreaes wih an increase 6 the
relevart tax-rate parameters: %, and A.. Low average tfoughpu
for high tax-values occurs due b poor SG utlizaion (Fig. 5),
which beome too “costly” (in terms of low payoff). Moreover,
the increaseof the sgectal eficiency, tle decreasef the aveiage
throuchput, and the decrease of the percentage of utilized SCsis
more gradial for linear txation than for the arithmetically-
progressve taxation (where nore rapd reactbn of the system
modd peformance to the A, paameter change is observed) Thus
the calbration of A; can be relatively more senstive to the CSl

imperfecions than z,

Moreover, asexpeced, the gedral efficiercy for the ‘D’ caseis

slightly higher than for the ‘E’ ca® definedabove. This is becase
in the dverse-aveage-3NR scerio, the rodes with higher
average SINRs aguire more SCs than the nodes with lower

averlgeSINRs. In case blinear taxabn of resarrces,the aveage
throughpu is agproximately the same for both casesE’ ard ‘D’,

whil e for arithmeticaly-progressve taxaion the acteved average
throughputfor case ‘D’ is dightly higher than for cese ‘E’.

Finally, becawse everynode has te same trangmission powver
limit, the higher number d players K, the lower nunber of SCs
they can acquire and higher power is albcatedfor eachSC, and
thus, the higher spetral efficiercy is obtained.

In Fig. 3 and 4, theCunulative Distribution Fun¢ion (CDF) of

the nodes' percaved throuchput averaged ower the nodes SCs
share (perceived spectral efficiency) is preserted for the optimal

SCs alocaton discissd atove, for the R-R SCs allocation ard

for our linear aml arithmetically-progressive resairce-txation
modd implemented with various tax-rate parameters (% and A,

values). Let us rote, tat for the gotimal SCs allocation, the
probability that tre perceved spedral efficiency is lower than
even very low but podtive value is quite high (eg. goproXxmately
0.5 for K=16,1 =16 and 0.3 for K =8, | = 32). This mears that
thereis a high number of nodes,which are rot sevedat dl. Inthe
R-R algorithm, evely node receves gproximately equal share of
SCs, arl the chamel quality of eachnodeis not accountd for.
Therefore ther peaceived thoughput does not drop bdow a
certain level, however this level is rather low.

The CDF curves obtained for our gane model show that
depending on thetype of taxation axd the i, or A, value, high
perceived spectral efficiency can be approachted with adequately
high taxes. Tao high taxes lowever, resut in low perceriage of
the uilized SCs and seved nodes, what can ke observedin Fig. 5
and 6. More fair SGs allocaion (resulting in 100% of served
nodes), beter SCs tili zation (esuking in a decen percenageof
used SCs), higher averge throughpu, lower percewved ard
overal spedra efficiency (athoudh dos to the spedra
efficiency of optimal SCsallocation) can be obtaned with lower
taxes, e.g. with p=1for K =16 andl = 16 for linear taxation and
with A;= 0.1 for K =16 and | = 16 and arithmetcdly-progressve
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Figure 3. Cumulative Distribution Function (CDF) of the

perceivedthroughput per frequency unit in the game with

linear taxation for the ‘E’ case, ¥ =30dB anda) K = 16,
| =16,b)K=8,1 =32.

taxaton. Adogtion of these vales reuts in a poper kalarce
betweenthe aveagethroughpd, percertage é servednodes, tre
percettage of used SCs ard overall spectal efficiency.
Additiondly, for these vales of %, or A, animprovemer over the
R-R SCs allocaton is rmoticealte, ie. cut-off value d the
perceived nodes’ spectré efficiency below which the CDF equals
0 is much higher for our taxaton-based aproactes than for the
R-R aborithm.

An interesting obsewation canalso be made, that evenwith no
taxes,i.e. =0 or A, =0, the perceived spectal eficiency CDF
curves of our txation modds can befoundbdow the respedive
CDF for the aqotimal SCs alocaton for adequately low CDF
argument values. This is becauseniour ganme model we have
defined the payoff, which refleds mt only the potertial
throughpd, but also the fairness, i.e. network potertial to serve
multiple nodes.
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Figure 4. Cumulative Distributi on Function (CDF) of the
perceived throughput per frequency unit in the game with
arit hmetically-progressie taxation for the ‘E’ case,y = 30dB
and a)K = 16,1 =16,b) K=8,1 =32,

In Fig. 6 e care dbsewe, thatfor a givenK and | thereexistthe
values of the linea and arthmetically-progressve tax ra¢
paameters 7, ard A, , above which the peccentage of served nodes
dramaticaly drops. The so-called barrage taxes rpvent the

players from occupying evena sngle one SC. For exanple, in
cese ‘E’, for K=16 and | =16, the harrage lineartaxrate

parameter and the barrage aithmeticaly-progressve tax-rate
parameter equd: 1 =4, A, =4 resgectvely. The barragetax-rae
parametersarea little higher in case’D’, becase in this serario
some nodesare in a beter postion (in terms of the average SINR)
than others. For these nodes in the congdered stuation, it gill
pays off to acaquire same SCs, evenif taxes areas hgh as he

barragetaxesin caseE’.
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4. CONCLUSIONS
The taxaton-based framewak for the dstributed, efficient, ard
rationd resource aqyuisition in the cogntive OFDMA nework
has keen pesrted In our game-heaetic model, each player
makes decisions independently based on the local CSI and the
taxation paameters 7, ard A,. For the sake b the algaithm
efficiercy, the payoff has been d@fined so as to reflect the
throughput ahieved by a CR-node and he nework cgpadty of
serving the COR-nodes conmurity. For the s&e d ratonality,
taxation of the SCshas bean introdued. By treding the CR-nodes
commurity as a mge observel player, ard by introducing the
efficiency and rationality measues we an approach high overal
and nodes perceived spectral eficiency high usage & the
availabe SCsard 100% of seved nodeswith low compexity ard
in thedigributed manne as oppogd b solutions decribed in the
literatre. The base sition role is aly to beaconthe tax-rae

paranetervalue in its servcearea.



Furthemore, in our simulated modd, we obsrve that thee is
same degee d freedm in eshbishing the linear ard
anthmetically-progressve tax-ete parameters  and A, to
approach high overal spectral efficiercy ard fairness in
distributing avalable resairces The optimal values of 7, ard A,
canbe chosento compromisebetweenthese wo goals.
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