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Abstract— The concept of cognitive radio (or secondary spec- bandwidth with a secondary network consisting of multiple
trum access) is currently under investigation as a promising competing transmitter-receiver pairs (interference channel [4]
paradigm to achieve efficient use of the frequency resource. In [5]), as sketched in fig. 1. On one hand, the goal of the

this paper, we consider a decentralized cognitive radio model = - link is th imizati it hievabl i
based on spectrum leasing, whereby a primary (licensed) user primary link 1S the maximization of 1ts own achievabie rate,

leases its bandwidth for a fraction of time to a network of DYy optimizing the amount of resources (fraction of time),

independent secondary (unlicensed) terminals in exchange for if any, leased to the secondary network and the amount of
cooperation. On one hand, the primary user decides whether required cooperation. On the other hand, different competing
to exploit (space-time coded) cooperation from the network of yansmitters in the secondary network seek to increase their

secondary terminals in order to maximize its own transmis- . . L
sion rate. On the other hand, secondary terminals accept to achievable rates towards the intended destinations under the

cooperate with the primary only if compensated with a large COnstraints imposed by the resources leased by the primary
enough fraction of time for their own transmission, towards and by the overall cost of transmission power (including the
the goal of maximizing their rate discounted by the overall power spent for cooperation). Given the competitive nature of
cost of transmitted power. The considered model is studied in secondary transmitters, the outcome of their interaction can

the framework of Stackelberg games, with the primary and iently d ibed b ti |
the set of secondary users modelled as the (Stackelberg) gamé)e conveniently described by a non-cooperative power contro

leader and the follower, respectively. Numerical results shothat game [4] [5] and, more specifically, by the corresponditegh
spectrum leasing based on trading secondary spectrum access f Equilibrium (NE) [6].
cooperation is a promising framework for cognitive radio. An appropriate analytical framework to study the spectrum
leasing scenario at hand is that 8fackelberg games]. In
such a hierarchical game model, one agent (the competitive
Cognitive radio is a debated new paradigm for efficiegecondary network) acts subject to the strategy chosen by the
spectrum utilization that prescribes the coexistence on t#er agent (primary link), which in turns seeks maximization
same spectral resource of primary (licensed) and secondahjts own utility (here the achievable rate). Primary’s strat-
(unlicensed) terminals. The most common approach to cagy that yields the optimal solution and the corresponding
nitive radio, often referred to as @emmonsor unlicensed power/cooperation response of the secondary network are
model [1], requires secondary users to first sense the rad@ntly referred to as &tackelberg equilibriuniThe concept of
environment in search of spectrum holes (portions of tigeStackelberg equilibrium can be further exploited to predefine
bandwidth where primary users are not active) and then dp-set of rules to be imposed on the players that would
portunistically exploit the detected transmission opportunitieigsult in the most desirable interaction outcome. Related work
The main hindrance to the implementation of cognitive radigan be found in [7], where the main focus is on promoting
according to this principle is the inherent limitation in thgooperation in ad hoc networks, and in [8], where the authors
ability of secondary nodes to properly sense the radio en@ke primarily interested in the optimal design of an access
ronment [2]. An alternative approach to secondary spectryiint in a decentralized network.
access, sometimes referred to agraperty-rights mode[1],
prescribes primary users that are aware of the existence of

secondary terminals on a given bandwidth, and willing to lease!n the following, we detail the proposed game-theoretic
the spectrum for a fraction of time. model of spectrum leasing and the main system parameters.

In this paper, we propose and study spectrum leasing Al Medium access control (MAC) layer
exchange for cooperation from the secondary users throug

rQ/Ve consider the system sketched in fig. 1, where a primary
d'Str'.bUted s_pace-tlme c_odlng [3]. In t_he considered m(?de(\ILi’censed) transmitte®T communicates with the intended
a primary link (transmitter and receiver) shares a give

|. INTRODUCTION

II. SYSTEM MODEL

1The Nash equilibrium is defined as the state whereby any terdh
This work was supported in part by Samsung Electronics Cuwl., L deviation in player's strategy would not produce any gaih [6



receiver PR within a slot whose duration is normalized to
one. In the same bandwidth, a (unlicensed) secondary ad
hoc networkS, composed ofK transmitters{ST;}/ , and

K receivers{SR;}.-,, is active as well, seeking to exploit
possible transmission opportunities. We assume one-to-one
communication inS, i.e., the data from the secondary terminal
ST, is intended for the secondary recei,; (interference
channel). Furthermore, without loss of generality, the sec- (@)
ondary transmitters are sorted in descending order relative to , (o)
the instantaneous channel power gain flbih (1§ - é

The primary transmittePT is assumed to be able to grant < //;“ \ 1
the use of the bandwidth to a subs¥t) C S of k& secondary (saigy
nodes in exchange for space-time coded cooperation so as to f ‘“T"‘}?"'l
improve the quality of the communication link to its receiver Nl
PR. In particular, if the primary can benefit from cooperation \\__s’fi SR, SR/ ap
(i.e., if it can achieve a larger rate than via direct transmissio e
to the receiver PR), then it performs transmission as shown in ()
fig. 1-(a). A fraction of the slot dedicated to its transmission
towards the secondary sét(%) is of durationl — « (0 <
a < 1). Selection of the nodes ifi(k) doesn’t require further
signalling but is obtained automatically via rate adaptation.
Namely, only the terminalST,; whose channels froR'T are
sufficiently good to suppo®T’s rate are activatedS(['; and
STe in example depicted by fig. 1-(a)) .

The remaining timea is decomposed into two subslots
according to a parametdr < 3 < 1. In the first subslot
of durationa(l = 6)’ the & -aCtiV? Secondary r-]OdSTi < ig. 1 Secondary spectrum access through cooperati@dhbsgectrum
S(k) are al_lov_VEd to transmit their own dat_a (fig. 1-(b)), an aéiné, for K = 3 secondary transmitters and receivers: (a) primary
the transmissions scheme amounts to an interference chamagdmission(b) space-time coded cooperatics) secondary transmission.
[4] [5]. The last subslot is of duratiom3 and is used for

co?perauon: the sdef(k:) of atqtlvle ST: fortrrr: a d.'St”bUtedS' th‘fﬁ secondary network is required at the secondary terminals.
antenna array and cooperatvely reldy the primary COOeworg, q; ideal, the assumption of instantaneous Channel State

(decoded during the first subslot of duratibr- «) through Information (CSI is very common in the literature on game-

distributed space-time coding toware& [3] (fig. 1-(c)). theoretic applications to wireless networks (see, e.g., [4] [5])

and provides an interesting framework for analysis. A scenario

with CSI knowledge limited only to the channel statistics is
The channels between nodes are modeled as independgmside the scope of this work, and the related analysis and

complex Gaussian random variaBlegvariant within each giscussion can be found in [9], wherandomizeddistributed

slot (Rayleigh ergodic block-fading channels). We use th@ace-time coding is considered. As for the synchronization

following notation: 2p denotes the complex channel gaifissye on distributed space-time coding, we refer the reader to,
between primary transmittePl’ and primary receive’R; e g. [10].

hps,; the channel gain betwedtT and secondary transmitter  The transmission power of the primary is denoted
STi; hsp,: betweenST; andPR; hs,;; betweerST; andSR: a5 p,4. On the other hand, secondary transmit powers
foranys,j = 1,..., K. Without loss of generality, secondaryp — [P, .. P,]", 0 < P, < P,.. are obtained as the
nodes are sorted according to their channels fioil i.e., outcomeP (NE) of the power control game played between
|ipsif? = |hpsal* = ... = |hps k|?, sO that, according to secondary nodes in the subslot of duratiefl — 3) (fig. 1-

the discussion above, we ha®k) = {1,2,..k}. All the (b)) as detailed in Sec. lll-B. During the relaying subslot (of
receivers have a perfect knowledge of the relevant channg{grationa3, fig. 1-(c)), the set ok activated secondary nodes

i.e., the ST; and PR know the exact values okps; and s(1) is constrained to use the same powErs that are the
hsp i, respectively, for = 1,..., K. Furthermore, the primary

is assumed to be aware of all the instantaneous channel poweéThis does not refer to the CS| at the receivers, as it can hily éasilitated

a(1-p)

B. Physical layer

gains in the system (i.e|J;Lp|2, |hPS,i|27 |hSP,i|2 and|hs,ij|2), using the training sequences.

while the knowledge of the channel power galis ;| within

°Notice that the assumption of independent channels is giynersed in
the literature for the relay [3] and interference [4] chdene

4In this paper, power constrains are defined as average pesmiitied
symbol, as opposed to average over time.

5Possible malicious behavior of the secondary nodes in thging phase
(i.e., using the poweP; < P; or even refusing the cooperatiof; = 0) is
out of the scope of this paper.



outcome of the power control game in the preceding subslot.The primary’s optimization problem can now be summa-
Finally, the single-sided spectral density of the independenited as:

white Gaussian noise at the (both primary and secondary) g}gf]ﬁRP(aﬁ’k) (5)
receivers isiVy. Sth<K,0<a,pB<l1.
I1l. GAME-THEORETIC ANALYSIS This problem can be interpreted as a Stackelberg game [6],

In this section, we describe and analyze the behavior of p\rAI/_hereby the primary 15 the Stackelbd_egx_der, _that optimizes

. . O JIts strategy(«, 3, k) in order to maximize its revenue ac-

mary link and secondary network and discuss their interaction . . - )

within a Stackelberg game framework cording to (5), aware that its decision will affect the strgtegy
' selected by the Stackelbefgllower (the secondary set), i.e.,

A. Primary link the set of transmitting powers; (&, ).

The primary link selects the slot allocation parameterss] B. Secondary network

and the set of cooperating secondary nod&s) towards  Any active secondary terminal $Th the setS(k) attempts
the aim of optimizing its transmission rat@p(a, 5, k). AS  to maximize the rate towards its own receiver; $scounted
explained in Sec. II-A, we assume that the s¥:) is py the overall cost of transmission power), acting in a rational
selected asS(k) = {ST;i = 1,..,k}, in order to simplify and selfish way and being aware of the parameters)(se-
signalling. Assuming decode-and-forward space-time codegcted by the primary. In particular, each secondary transmitter
cooperation from the set(k) of & active secondary users [3],ST; chooses its transmitting powe?; according to the NE
the achievable rate reads P; (k, 8) (we will show that it exists and is unique) of the non-

_ [ min{(1 — ) Rpg(k), aSRsp(k,B)}, o >0 cooperative power control gameS(k),P(k),w; (PP _;)).
Rp(a,B,k) = Ryir, =0 The set of allowed (power) strategi®¥%) reads

1) T .

The first line in (1) stands for the rate that is the outcome’” () = {P = (P Pr) " (P € [0, Pa] s 0= 1""k}'
of cooperation (recall that > 0 is the fraction of time slot - ] ) (6)
dedicated for the secondary’s activity). It is the minimum be-ne utility function u; (P P ;) of the ith secondary node
tween two terms:if the rate achievable in the first subslot (fig(Player) is defined (similarly to, e.g., [11]) as the difference
1-(a)) between the primary transmittefl’ and the secondary Petween the transmission rai€1 — 5) &; on the link between
transmitter ST (recall that, due to ordering, $has the worst ST: and SR, where
channel from PT within the sef(k)), which is easily shown

hs.ul” P;
to be (1 — Oé)Rps(k), where? R, (Pi7 P,i) =log, | 1+ | Z, | 5 7 (7)
hps i B No + Zﬂlzl. |hs,i” B
Rps(k) =logy | 14+ —2K “2 ). ) e .
Ny and the energy cost- aF; (recall thata is the fraction of

-~ ) _ time where the active secondary nodes are transmitting), with
(ii) the rate between the active secondary transmittef%) . heing the cost per unit transmission energy. Noticing from (7)
and the primary receivePR via space-time coding (subslotthat parameter has no ifluence on the optimization process,
highlighted in fig. 1-(c)) aBRsp(k, 3), with we have

k 2 A —
hspql” P (k u; (P, P ;) =(1=p8)R; (R, P ;) —c- P, 8
= N where P_; is the vector that contains all the elements of

where we have made explicit the dependence of the NE on éaeexcept theith (i.e., it denotes the set of other players

parametersk, 5) selected by the primary link. Note that the rategies). Notice that the utility of each node (8) dt_apends
. 4 . : . : on k& and parametef, as well as on the power strategies of
rate (3) is obtained following the ideal information-theoretic . o
. : : Other activated users and the channel realizations. However,
assumption of orthogonal space-time coding able to harn

S ; .
the maximum degree of diversity from cooperation, he only degree of freedom, i.e., the strategy available to the

From (1), if the primary decides not to employ the cooperét-h secondary for the optimization of (8), is its transmission

0

. . . . ower F;.
tion, i.e.,a =0, then the primary rate i&p (0, 5, k) = Hair, i It is well known that a NE is a fixed point of the best
where hol2 P responses of the nodes &(k) [6]. Here, the best response
Rair = logy (1 + |P|7P> (4) of each user is obtained by setting the derivative of (8) with
No respect toP; to zero, i.e.,0u;(F;,P_;)/0Pi|p_p = 0, for

is the rate achievable on the direct link between primafy= 1, ---, k. Itis possible to show that the NE is the solution

transmitterPT and primary receiver PR. of the following set oft non-linear equations:
Prax
60n the negative side, this choice requires every secondaryirial to - 1-p5 Ny |hS,ij|2 -
attempt decoding. P = c - e 3 Z ﬁ j ) (9)
"We assume random Gaussian codebooks. | S:Hl j=1,571i | S:Hl



where we used the following notation 16 \ \

T, Tm S x S Tm
[x]ir’\: = Tm, T < ZTm ’ (10)
M, T > IMm

=
»
T

foranyz, x.,, zy € R. Therefore, the game has a unique NI
if the system (9) has a unique solution. In particular, for give
a andk, andc = 0, the game(S(k), P(k),u; (P, P_;)) has
been discussed in the more general framework of wideba
systems in [4] and [5], where it was shown that a NE exists al
that it is unique if the matrid, defined agH],; = |hs.ij|°

is strictly diagonally dominant, i.e.,

k

2
Z M < 1. (11) 08 : ‘ ' ‘
Py |hS,ii| 0 0.2 0.4 0.6 0.8 1
The condition (11) for uniqueness of the NE is intuitive sinc Normalized distance, d
it simply imposes an upper bound on the interference: in fact,
with negligible interference equations (9) become uncoupleg. 2.  Average primary raté[Rp (6, 3, k)] (14) versus distance, for
and the solution clearly exists and is unique. In the followingjifferent (fixed) &, and k optimized for each fading realizationi( = 5,
we assume that (11) holds. Finally, notice in (9) thafiset 9s = 10dB andSN % = 0dB).
by the primary is too large, the result can be the denial of
cooperation by the secondary (by settifig= 0).

P
N
>

Primary achievable rate, R,
-

and the optimized primary rate (1) reads
C. Interaction between primary link and secondary network BRsp(k,B)Rps(k)

The interaction between the primary and the secondary Rp (&, B, k) = = -
network is modeled as a Stackelberg game [6], whereby the Bps (k) + BRsp(, 5)
primary link is considered as the game authority, i.e., tHgecall from Sec. lll-A that the primary decides to exploit
Stackelberg leader. The leader optimizes its strategg () the cooperation only if there exists some < K such
in order to maximize its revenue (1), knowing that its decisidiat ftp (&, 5,k) > Rai: otherwise it uses the direct link
will affect the strategy selected by the Stackelberg followd¥ith achievable rateRq;.. Furthermore, we note that the
(the secondary network), namely the set of transmitting powétgtimization over the parametgr(12) and over the number of
P. The latter is in fact determined by the NE of the seconda#persk (as in (14)) requires numerical solving methods. The
power control game described in the previous section. Makext section provides numerical results to corroborate these
imization of the revenue of the primary amounts to severg®nclusions.
trade-offs. For exa_mple, pargmetér_has tvv_o coﬂicting IV. NUMERICAL RESULTS
effects on cooperation: while increasiggentails more time
for cooperation, it also renders cooperation from the secondar
stations less likely since the cost induced by the transmitti
power becomes dominant term in (8urthermore, while a
large value ofk may limit the overall rate by reducing the
term (1 — ) Rpg(k) in (1), at the same time it enhances th%
term S Rgp(k, ) in (1) thanks to cooperation. [

We now present some analytical insight into the consider .
system. Siﬁce the parametéyr appearg only in the term |hs,ij|*] = 1101 i 7 j, , P =1, Prax = 6 @ndc = 0.2'°,

. - : In order to get insight into the optimal behavior of the
afRsp(k, ) of (1), it can be optimized independently by ) . )
solving the following optimization problefn secondary network, and in particular on the optimal number

. of activated nodeg:, fig. 2 shows the achievable rate (14)
8= argﬁrg[%xxl] BRsp (K, 3) - (12) of the primary averaged over different (fading) channel re-
’ alizations, F[Rp (&, 3, k)], versus the normalized distande
Moreover, for a given sef(k) and 3, the optimal fraction ~ with optimized parameter& and 3 (recall (12) and (13)),
is given by making the two terms in the first line of (1) equaifferentk = 1,..., K, K = 5, gs = E[|hs,i;|*] = 10dB and
(so as to avoid performance bottlenecks), leading to:
1

(14)

n this section, we consider a simple geometrical model
ere the set of secondary nodes is placed at a normalized
tance) < d < 1 from the primary transmitteP'T and1—d

from the primary receiveiPR®. Consequently, considering
path loss model, the average channel power gains read:
|hp|?] = 1, Ellhws 2] = 1/d7, and E|hsp 3| = 1/(1 —

7, wherevy = 2 is the path loss coefficient. Moreover, we set

SWhile this collocation pattern can raise questions aboet thannel

& = (13) independence assumption, we emphasize that the modeltésl stasuch a
14 BRgp(k,B)’ manner strictly for the tractability of the numerical exdegp
Rps (k) 10For the optimization over3 and k, the exhaustive search method is

used. Furthermore, the results are valid for the systenizeg@n where the
8t can be proved that the optimization of (12) has a uniquetsmi. condition (11) holds.
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Lo V. NCLUDING REMARK
SNR £ Pp/No = 0dB. The result of the optimization over CONCLUDING S

k is shown as well and the average rate with no cooperationn this paper, we have investigated a secondary spectrum
(Rair, o = 0) is plotted as a reference. The figure reveaRCCess schemeT that hinges on cooper_atlon-based spectrum
that the proposed cognitive scenario with cooperation (alffSing. Analysis has been carried out in the framework of
properly chosen parameters) improves the (average) systefckelberg games. Numerical results confirm that the con-
performance. It also shows that larger gains from cooperatidfl€red model is a promising paradigm for cognitive radio
can be harnessed if the secondary nodes are sufficiently clBSBVOTKS.
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