Efficient Spectrum Sharing with Autonomous
Primary Users: Distributed Dynamic Spectrum
Leasing (D-DSL)

Georges El-Howayek Sudharman K. Jayaweera
Communications and Information Sciences Lab (CISL) Communications and Information Sciences Lab (CISL)
ECE Department, University of New Mexico ECE Department, University of New Mexico
Albuquerque, NM 87131-0001, USA Albuquerque, NM 87131-0001, USA
Email: ghowayek@ece.unm.edu Email: jayaweera@ece.unm.edu

Abstract—In this paper we introduce a new architecture as well as the secondary users, are involved in managing the
for dynamic spectrum sharing called the distributed dynamc interference. In DSL, each secondary user acts selfishly to
spectrum leasing (D-DSL) and a game theoretic framework for fully utilize the primary spectrum band. In [7], the authors

its implementation on a cognitive radio network. In D-DSL, it - : ; Y
is assumed that each channel is assigned to a primary user9eneralized their earlier framework by considering severa

who may lease the channel to secondary users. The spectrumpri_mary users in the system. As shown in Fig. 1(a), a central
owners can thus dynamically adjust the amount of interfereme unit measure the total interferenégfrom all secondary users

they are willing to tolerate from the secondary users. On the and sets acommoninterference cap (IC), denoted b9y,
other hand, the secondary users compete with each other in yha s valid for all primary users in the channel. The IC is

order to achieve maximum possible Quality of Service withot th . interf that th . ¢ . il
violating the interference cap imposed by the primary userson € maximum interierence that the primary system Is willing

each channel. The secondary users are allowed to transmit in tO tolerate from all secondary transmissions. This frantewo
more than one channel simultaneously. Under these conditis in  is termed as Centralized-DSL due to the assumed central
addition to the competition among secondary users, the pri@ry  coordination among primary users.

users also compete with each other to let more secondary user
to access their channels. We establish conditions for the stgm
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to reach an equilibrium and analyze the performance. It is Primary Spectrum Band Channel (1) _ Channel (2 Channel ()
shown that the performance of the secondary system improves ‘ U \ .‘w@ A ‘.@(% >
N 4 N 4

by increasing the availability of primary channels.

|. INTRODUCTION ;”
The rapid growth of wireless communication has resulted
in an increasing demand for the wireless bandwidth. On the
other hand some allocated spectrum bands have found to be
underutilized as noted in several recent studies by thergkde
Communications Commission (FCC) [1]. This has led the
FCC to allow unlicensed wireless users to access the lidense _ _ _
. ig. 1. a) The Centralized Dynamic Spectrum Leasing (C-D®{))The
spectrum bands under the concept of spectrum sharing. Y& iputed Dynamic Spectrum Leasin (D-DSL)
so-called cognitive radio has positioned the dynamic spect
sharing asarealistic_technology ovethe last severabyf@kr  |n this paper, on the other hand, we introduce a novel
Under the Dynamic Spectrum Sharing (DSS), the spectry@mework called the Distributed Dynamic Spectrum Leasing
owner allows the unlicensed users to dynamically access (5-DSL). In contrast to C-DSL, each primary user in a D-
spectrum. In almost all existing proposals, the secondseysu ps|_ system sets its own IC depending on the interference leve
are solely responsible for the interference management gpgly the secondary users. The secondary users are autosomou
coexistence in the primary spectrum band. These proposglignts that are allowed to transmit simultaneously in rieae t
are termed as Dynamic Spectrum Access (DSA). In [3], thejpe spectrum band in order to capitalize on, and fully wiliz
investigate the fairess and efficiency of the DSA systems Rye ayailable spectrum opportunities. We model this séenar
imposing punishment strategies. as a spectrum sharing game. The non-cooperative game in this

Recently in [4]-[6], the authors introduced the concept ¢fey framework will not only be between the primary and the
Dynamic Spectrum Leasing (DSL) in which the primary usergecondary users as in C-DSL, but also be a non-cooperative

This research was supported in part by the Space Vehiclestiate of the game_ among primary users themselve;.
Air Force Research Laboratory (AFRL), Kirtland AFB, Albwepque, NM. This paper develops a game-theoretic framework for such
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a D-DSL system by identifying suitable payoff functions foin the j-th channel and:’-th transmitter is denoted b;y,g{L/
both primary and secondary users, and establishes camglitigy, 1 1/ < k andj € K, and let AY)  — pU) N/

. N . ) c P ke k! k,k/ V/PK ,j
for existence of an equilibrium point that can be reachgk the received signal amplitude. As in [4], we may obtain
via adaptive best-response of users. As in previous work gngiscrete-time representation of the received signal at th
DSL, the proposed D-DSL can be implemented with the samg@mary receiver in the-th channel as

inter-system control information exchanges assumed i [4] ) - ) )
[6]. We study the system performance as a function of the ro; = Aofobo,jsop + Z Aoj,kbk,jskp +00,m0,5, (1)

secondary system size and number of primary channels. Using kel
simulations we evaluate the performance of the proposed D- ) 0 \T )
DSL and we show the improvement that the secondary systéfiere the vectorsr ; = (7‘071, e ,T“O,M) and s’ =

rate achieves by increasing the number of degrees of freﬁdgg}ﬂ, S ,5,334? are the vector representations of the primary

The remainder of this paper is organized as follows: Secti ceived signal and signal constellations, respectivaigh
. dgscribes the D-DSL iramework .and the s_ystem m.Od?espect to anM-dimensional primary ba’sis and ; ~
Section Il presents the game theoretic formulation. $edtV/ A(0,Tnr). Similarly, a discrete-time representatioﬁ of the

discusses the existence and uniqueness of a Nash eqmmb”i’bceived signals at thé-th secondary receiver fok € K
In section V, we evaluate the performance of a spectrum Shﬁwr'the _th channel is s
ing network based on the proposed D-DSL. Finally Section J

VI concludes the paper. T = Z A;{L,bk,yjsfj) + A%boyjsgs) tfowme;  (2)
1. D-DSL - BASED COGNITIVE RADIO SYSTEM MODEL Wk
. . T
We assume that there akg, channels each of them licensedvhere the vectors; = (riﬂi, o 7701(63_) ) and s](j) =
to a primary system. Without loss of generality, we assume ) (s) ’ '

that there is one primary transmitter receiver pair in every’k,1>" "+ Sk,n ) @r€ the vector rgpresentatlons 9f the sec-
channel. There are<, secondary transmitter-receiver pair@ndary received signal and the signal constellation, @spe
(links) that are active on the primary channels. In this II,‘.legvely, with respect to theV-dimensional secondary basis and
we introduce the concept of Distributed Dynamic Spectrufi.; ~ (0, In). o

Leasing (D-DSL) in which the primary user in thgth In the following we assume that all transmissions are mod-
channel, forj € k,, measures the total secondary interferen¢ated as binary phase shift keying (BPSK), and the detector
I; on its own channel and sets its own interference ca@l€ Pased on the matched filter (MF) outputs. Therefore the
denoted byQ;, that is applicable for only thg-th channel. Primary decisions in th@'t(?) channel are 9'(\;?”(?)%,]‘ =

As shown in Fig. 1(b), each secondary user now has tR@N(yo;) Whereyo; = Agobo; + D ke, Pox Ao rbk.j +
opportunity to.communigate over muItipIg primary channel;oyjno_j’ with p(()z) _ S(()p) Tsép) and no; ~ N (0,1).

by allocating its transmit power appropriately for diffate ’

. The total secondary interferende from all secondary trans-
primary channels. We denote tleth secondary user's power y $ y

missions to the primary-user in thgth channel isl; =

T
vector bypir = (pk,1,Pk2,-* Prk,) - for k € K, where 2
: (LDk2 o PhK,) o O ' ) 4O\ gimi e est
pr; is the power it allocates to communicate over thth  X_kek. (Pozzjc AOJ,k) - Similarly, the k-th secondary link esti-
primary channel. mates its symbols on thgth channel asy.; = sgn(yx,;),

When a primary user raises its interference cap, it ewherey;, ; = Ag;cbk,j +3.
courages secondary users to prefer that particular channel s ’(S) T (9 )
over other primary channels. This leads to a non-cooperatfneres;, » = (Sk ) s for k" € K andng; ~ N (0, 1).
game among primary users in wh|c_h the r_ew_ard of a primary . A GAME MODEL FORD-DSL
user should be an increasing function of its interferenqe ca
However, each primary user should maintain a target signal-In the proposed D-DSL game model, the users interact with
to-interference-plus-noise-ratio (SINR) to ensure itguieed €ach other by adjusting the tolerable interference capsef t
QoS. Each secondary user is assumed to act selfishly to m@stnary users and the transmit powers of the secondary users
imize its own total utility. However, the transmission pawe in each channel. We model the D-DSL system as the following
pk,;'S should be carefully controlled to maintain an overalfon-cooperative game' = (’QA(.,.),U(.,.))-
interference levell; that is below the primary interference 1) Players: the player séf = K, U K,. We represent the

eKo\k P;(CS,L/AEZL/ birj + Ok,j Tk,

cap @, for all j € K,. As one would expect, in a D-DSL secondary players by the indéxfor & € K, and the

network, the secondary system has more flexibility compared  primary players byj for j € IC,,.

to that in a C-DSL based network considered in [7]. 2) Action Space:P = A1 X As2 X -+ X Ag g, X
For eachj € K, the primary user in thg-th channel will Ap1--xAp i, WhereA =P = Pr1x---XPrk,

be labeled by and the secondary links (transmitter-receivers  for k& € K, represents the action space of theh

pairs) are labeled fronh throughK;. The set of user indices secondary player withP, ; = [0,P;] and A,; =

(primary and secondary) in every channel is denotedCby Q; = [O,Gj] for j € K, represents the action set of

i.e. K. = {0}UK;. The channel gain between theh receiver the j-th primary user. The upper limits of the action



sets P, and Qj represent, respectively, the maximun(IC,A(_,_),u(,7_)). The Nash equilibrium is a predictable and
transmission power of thé-th secondary user andstable outcome for the non-cooperative D-DSL game in which
the maximum tolerable interference cap of thigh no user can benefit by changing its action while the othersuser
primary user. We denote the action vector of all users likgep theirs fixed [8]. But such a point may not necessarilgtexi
a=(p1, ,Pk,,Q1, - ,Qxk,)" whereQ; € Q; for in a game.
j € Ky andpy = (pr1,--- ,prx,)" is the action set of  proposition 1: There exists a Nash equilibrium for the D-
the k-th secondary user for € Ks with py, ; € Pr; and  DSL gameG = (K, Ay, uy) if the action spaced, is a
Pkl = Zje}cp pk,; < Pj. For notational convenience,nonempty compact convex subsets of an Euclidian sfdce
we refer to the action vector excluding that of théh for all k¥ € K and the primary-secondary utility functions are
secondary player by ;. for k € K5 and the action continuous ina and quasi-concave iay, [8].
yector excluding thej-th primary player bya_,,; for Proof: Clearly the action spaces of primary and secondary
J e,_ICP' i users are compact convex nonempty sets. The primary utility
3) Utlity function: We denote byf‘Svk(Pk’a—Svk.)’ for  function u,.; (Q;,a_,;) is continuous ina and concave in
k € K, the k-th secoqdary users.ut|llty_funct|on, a}nde' The sécondary utility function j, (pr. a_,.x) is contin-
by uy,;(Qj,ap,;) for j € Ky, the j-th primary users ;s in the action vectoa and it is concave if the partial
utility function. utility functions uy ;(px ;) for j € K, are concave irpy, ;.
At any given timet, the assumedvorst-case target SINR Thys all the necessary conditions in proposition 1 arefgedis

of the j-th primary user is defined as follows: and ensuring the existence of a Nash equilibrium. =
% In dynamic spectrum leasing the goal of each secondary
(h0=0) Po.j user can be considered to be to maximize the rate it can
Yo = A 3 : . g
7 Qj+ 05 achieve. To that end, we will set the reward function in (6)

to be fi. j(pk,;) = Wjlog (1 + vk, ;) wherey ; is the k-th
<h<j>)2po , secondary user’s received SINR on thth channel as defined
(:)’U(j) - —. We choose the in (5) andV; is a positive weighting coefficient which can be
. . Sier, (PR0G) Prtod; taken to be proportional to the bandwidth of chanjeNote
utility function of the j-th primary user forj € IC, to be . . . . .
[4]: that this reward functioryy, ;(px,;) is an increasing concave
' function which satisfies the conditions for the existencea of
Uup,j (Qj,a—p;) = (Q; = (Qj — Ij (a-p;))) Q;.  (4) Nash equilibrium.
i L . The best response of a particular player in a non-cooperativ
The SINR of thek-th secondary user in theth channel is is the reaction that maximizes its own utility for a fixed aati
B9 . vector of the other players:
kk| Pk

5 . (5 Definition 1: The best response correspondence offitie
Dkt +a,§j playerr, : A_, — A is the setri(a_i) = {ax € Ay :
) _ 7 ug(ag;a_g) > ug(a);a_y) for all aj, € Ag}.
A reasonable utility function for thé:-th secondary user The best response of the primary user in a D-DSL game

should be a monotonically increasing function of the SINI% the uniqué Q* that maximizes its utilityu, ;(Q,). It can
Yi,; for Vj € K,. At the same time it should be a decayin% J Tl ST
function of I; — Q; for everyj € K,,. Hence, we propose thePe shown thaiQj (I;) = —5— for all j € K. Since the

The instantaneous SINR of theth primary user, on the other

hand, isvo; =

Vg =

2 .
Zk’e/Cc\k (Pl(c?c) ‘hl(cj;c

following secondary user utility function, far € Ks: primary utility is an increasing function whe; < Q7, if Q]
exceeds the maximum interference a@p, the j-th primary

sk (Prra—sk) = Y ukj(Prj) user will set its interference cap to li¢; = Q,. Therefore

ieks the best response of theth primary user isr;, ;(a—p ;) =

= > (@ = NI)) frj (prj),  (6) min{Qj([;),Q;}.
JEK, On the other hand, the best response of#thth secondary
H _ * * * * T
whereuy, ;(px ;) is the partial utility that thei-th user obtains US€' 1STs.k (a—sk) = Pr = (Ph1Pro - »Phxk,) Where

by transmitting on thg-th channel\; is a positive coefficient pj, is theuniquetransmitted power vector that maximizes;.

which controls how strictly the secondary users need to Obaxgizr:ttthoattg*e Eﬁ;ﬁ; Cs(;r:isstfrizismzﬁg é "12 \I:v.inghl}g rIL;r?r}Ll?ﬁn
: -Kuhn-

the j-th primary interference ca@; and f; ;(.) is the reward S ” _ ,
function of the k-th secondary user opi-th channel which Tucker (KKT) conditions [9]: Ljuy. < 0, 2) uj, ;(pkj) +pr =

should typically be an increasing function pf ;. 0 for all j € ICp, 3) p (Zjelcp Dk.j —Fk) = 0, and 4)
IV. THE EXISTENCE OF ANASH EQUILIBRIUM IN THE Zjelcp Prj < P
PROPOSEDD-DSL GAME

In this seCt'On. .W? 'nV?St'gate the existence and uniquéstpe uniqueness in the best responses of the primary anddsegonsers
ness of an equilibrium in the above D-DSL ganie = s due to the concavity of the utility functions.
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Fig. 2. The D-DSL behavior at Nash equilibrium as a functiérsecondary system siz& s assuming identical secondary users , whire = 4, @j = 20,

(p) (s) (s)

Pr =10, p) = pi’y = pi*), = 1 andhf?), = 1.

V. PERFORMANCE ANDNUMERICAL ANALYSIS OF A
D-DSL GAME BASED DSSSYSTEM

primary users. However, for large secondary system sihes, t
demand for the spectrum resources is large enough so that

In the following we investigate the performance at Nast€ effect of the availability of multiple channels on pripa
equilibrium of the proposed D-DSL based DSS system. Unleddlities is again reduced.

stated otherwise, the system parameters are set as fotlosvs:
receiver noise variance is set to bg; = 1 for j € K,
andk € K., the primary user target SINR g, ; = 1 for

Figure 2(c) shows the sum-ra}€,  fx;(p; ;) and the per-

user ratelKis >k frg (p;_,j) as a function of the secondary
system size. In the multiple primary channel scenario there

Vj € K,, the maximum possible primary interference caps apegain in the rate for the secondary users when there is only

Q; = 20, the maximum secondary transmit powerRs =
10, the weighting coefficient is\, = 1 and W; = 1. The

cross correlation coefficients”) = p\*) = pi*), = 1 for all
kK € K,.

one primary channel instead of four. This gain is expected
since the secondary users have more choices when there are
multiple primary channels. Thus they can transmit more powe
distributed over multiple channels compared to that inlsing

channel.
A. ldentical secondary users: ldeal AWGN channel

It is interesting to first investigate the Nash equilibriun- Non-identical secondary users: Fading channels

of a D-DSL system when all secondary users are identical,|n this section we assume Rayleigh distributed, quasi-
i.e. all channels are additive white Gaussian noise (A\WGNgiatic channel fading with normalized coefficients, i.e.
h,(ji 1 for all k,k" € K. andj € K,. In Fig. 2(a), we el(no 2
have shown the interference capy, the actual secondary {( kyk’) L
user interferencd; and the secondary user transmit powersver 2000 channel realizations using Monte Carlo methods.
|pj| at the system Nash equilibrium. Note that due to theigure 3(a) shows the primary interference e@p, the sec-
excess of resources in a D-DSL network, the total secondanydary interferencé; and the secondary transmit powsfr .
transmit power in the multiple primary channel system iBigure 3(b) shows how the interference c@y as well as
higher compared to that in the single primary channel cadbe total secondary interferend¢ decrease with increasing
Thus the interference caused by the secondary systemnirmber of primary channelé’,. This affects the primary
each channel is reduced whenever the number of primarser negatively. Due to competition among the primary users
channels is increased. Moreover, the behavior of intemfiswe and the availability of multiple degrees of freedom for the
cap @; follows I7. For a small secondary system size, theecondary system, the reward of each primary user is reduced
secondary users fully utilize their resources by allocati This reduction in primary utility with increasingy, is seen
their available transmit powers among the primary channeafsFig. 4. As shown in Fig. 4(b), when the number of primary
while still causing a smaller interference level on eachhef t channels increases, the primary utility ; decreases. Figure
primary channels. Each primary user tries to compensate #{g) also shows that primary utility, ; is still an increasing
the loss caused by the excess of resources by reducing filngction of the secondary system size. Thus the primary
interference cag);. users prefer having a large secondary system size (higher
Figure 2(b) shows the primary utility at the Nash equilibdemand). However, as seen in Fig. 5(a), the secondary system
rium of the system. When there is more resources (channdigps the incentive to keefX; small enough to maintain a
available for the secondary system, the non-cooperatiireegaminimum QoS guarantee for all its users. Note that, due to the
among the primary users leads to decreased utility for &ligher degrees of freedom available in a D-DSL system, the

= 1. In all simulations the results are averaged



secondary system is able to achieve a better sum and per-insardle up t® secondary users with a lower outage probability
rates compared to those achieved in a single channel secendi#,,; = 0.1).
Due to the available degree of freedom, the secondary system

can increase its total transmit powgpy|| without violating ..

x X
x x X X %
x x x X
x

the primary user interference cap. o xx
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Fig. 5. The secondary system performance at Nash equitibasi a function
of secondary system sizk ;.
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(a) The Game outcome and the seconddry The Game outcome as a func-
transmit powerp;, ; as a function of thetion of the primary system size

secondary system siz€. Kp. VI. CONCLUSION

In this paper, we proposed a new architecture for DSS
called the Distributed-DSL and developed a game-theoretic
framework for implementing the proposed D-DSL in a cog-

nitive radio network. In the proposed Distributed Dynamic
N L Spectrum Leasing networks, the secondary users prefer a
o i =01 primary system size with a large number of distinct freqyenc

Fig. 3. The Game outcome and the secondary transmit ppwer in a
Rayleigh distributed channel fading.
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channels. We showed that due to the multiple degrees of

freedom available in a D-DSL system, the secondary system
can achieve a better sum and per-user rates compared to
those in a Centralized-DSL network. The outage probability
is also improved with higher number of channels in the D-
DSL system. We also showed that the increased number of
degree of freedom negatively affects the primary users due t
the competition caused by the non-cooperative game among

as a function of secondary system sie a function of primary system size the primary players_

K.

p-
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