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| Abstract—A single cognitive radio transmitter—receiver pair users wishing to communicate to a single receiver in a multi-
shares the spectrum with two primary users communicating wth  access channel (MAC). The secondary terminal relays the
their respective receivers. Each primary user has a local tffic undelivered packets of the primary users stored in the irgjay

gueue, whereas the cognitive user has three queues; one stayits . S . ’
own traffic while the other two are relaying queues used to ste  dUEUES. The authors consider a priority of transmissioargiv

primary relayed packets admitted from the two primary users. A {0 the relaying queues over the secondary user's own queue
new cooperative cognitive medium access control protocobf the ~ when the primary queues are empty. Furthermore, the cogni-

described network is proposed, where the cognitive user eigits  tive radio user transmits its own packets in two ways: 1) when
the idle periods of the primary spectrum bands. Traffic arrival all the primary and relaying queues are empty; or 2) simulta-

to each relaying queue is controlled using a tuneable admiice . . . .\ .
factor, while relaying queues service scheduling is conttied neously with the primary users via a superposition techaiqu

via channel access probabilities assigned to each queue bds When the primary queues are nonempty. [lh [6], the authors
on the band of operation. The stability region of the proposd consider multiple primary users with a common destination

protocol is characterized shedding light on its maximum expcted and one cognitive radio user with relaying capability. The

throughput. Numerical results demonstrate the performan@  ognjtive radio user sends packets from relaying queudk unt

gains of the proposed cooperative cognitive protocol. all are emptied. Afterwards, the cognitive radio user st
Index Terms—Cognitive radio; protocol design; throughput to the idle band with the highest instantaneous channel gain

analysis; stability region; queue stability; multiple access. to send its own packets. Iiil[7], El Shafé al. propose a
novel multiple access protocol in which the cognitive nodes
I. INTRODUCTION are ordered in terms of channel access. The cognitive nodes

- . o _ are capable of relaying the undelivered primary packets.
The quest for efficient radio spectrum utilization and high 1, g work, we investigate a cognitive radio scenario with

performance wireless communication networks relies, @nogne cognitive user and two primary users. Unlike most of the
other technologies, on cooperative communications and cQgisting works, we assume that the primary users operatg usi
nitive rad|_os. Cognitive relaying, wr_nch involves coppma frequency-division multiple-access (FDMA). In contras{s],
among primary and secondary terminals, has been investigaj,e 4o not assume higher priority assigned to relaying packet
in [I}-{7]- . . o over the secondary own queue when the primary queues
In [1], a cognitive radio transceiver is used as a relay fQf;e empty. Also, we relax the assumptions of symmetric
the undelivered packets of the primary user. The second@pynary users and a common receiver. We do not assume the
user aims at maximizing its mean service rate subject o theaiiapility of channel state information (CSI) at trantefs.
stability of all other queues in the network via optimizing i \\oreover, we consider different packet sizes for each node i
own power. In[[2], the authors consider a cognitive settirtiy w the system. In contrast with previous work (eg. [5], [6] and
one primary user and one secondary user. The secondary Wsgfeferences therein), a new cognitive protocol is pregos
aims at minimizing its average delay by tuning the relayqgpger this protocol, the cognitive radio user admits tuteab
fraction of the primary undelivered packets. The autho_rs 8t ctions of the undelivered primary users’ packets anijass
[3] propose a cluster of secondary users helping the primaly.ess probabilities to each of its relaying queues. These
transmitter with a single relaying queue accessible byhe! t,ccess probabilities are assigned based on the joint state o
secondary users. 11[4], the_ author_s investigate an eXIB"Iff_' the primary queues. When primary bands are sensed idle (free
the_ cooperation problem with multlple secondary transm_Btt of primary users’ activity), the cognitive user may exploit
acting as relays for the undelivered packets of the primaghe o poth bands for the transmission of its own data; or
transmitter. Furthermore, the authors of [4] consider o for retransmission of primary relayed packets stored in the
in transmission given to the relaying queues of the cogmitiyg|aying queues. This protocol allows the cognitive user to

radio users. In([5], Krikidit al. consider a network in which 5.cess the channel whenever at least one of the primary users
one cognitive radio user shares the spectrum with two p§imag inactive (at least one band is empty).

, _ It must be noted that the proposed cognitive cooperation
This paper was made possible by a NPRP grant 09-1168-2-455 tie . . .
Qatar National Research Fund (a member of The Qatar FoonlaThe Protocol and the theoretical development in this work can be

statements made herein are solely the responsibility oftligors. readily generalized to networks with more than two primary
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users and more than one cognitive user, where several grimggmaining time for data transmission 1 — 7. The packets
users may choose one or more cognitive radio users or the hsthe relaying queud)s., — are of sizeb,  bits and have
cognitive user for cooperation. spectral efficiencyRs pa,, = bp,../((T — 7)W,,,) bits/sec/Hz,
This paper is structured as follows: Next we describe tivehereas the cognitive user's own data packets are ofigize
system model adopted. We provide the analysis of the dtabilbits and have spectral efficiencis «q = bs/((T — 7)Ws)
region and the problem formulation in Sectlod IIl. In Sentiobits/sec/Hz. As will be detailed later, the cognitive radio
we provide some numerical results. The conclusions awser can either exploit one of the two primary bandwidths
drawn in Sectiol V. individually Wy=W,_or combine both into anaggregate
bandW,=W= %2 _ W, =W, +W,,. Outage of an ar-

m=1

Il. SYSTEM MODEL bitrary link connecting any two nodes in the network occurs

We consider a cognitive scenario with one secondary udépen the instantaneous capacity of the link is lower than
(cognitive radio user) and two primary users. The primarq?e tra}nsmltted spect.ral efficiency rate. The packet correc
users are multiplexing over orthogonal frequency channdRCeption is characterized by the success probabillity[@],
using FDMA. Each of the two primary users is assigned a oRie 1
unique orthogonal band. Theth primary userp,,, uses band £i—¢w; :Pr{log2 (H9,el i e ) >Rial’} =exp (‘ o2 e )’
numberm. Lets, pd,, andsd denote the secondary user, the bt ’(1)
primary destination of user,,, and the secondary destinationyhere ¥ =1— X, vi.0=Pi/Ny is the received average signal-
respectively. The channel and time are slotted and the Hengd-noise ratio (SNR), when the channel gain is unity, &nd
of one time slot isI” seconds. Each user has an infinite lengtl the transmit power of node
buffer (queue) to store its own incoming fixed-length packet o feedback acknowledgement/negative-acknowledgement
arrivals, denoted by; (see [4], [5] for a similar assumption). (ACK/NACK) message is sent from a receiver at the end
The cognitive user has two additional relaying queues, whigf each time slot to inform its respective transmitter about
store primary users’ packets admitted for relaying. {8, the status of its packet decoding. The feedback message is
and Qs,, denote the relaying queues for the undelivereglerheard by all nodes in the network. Errors in the feedback
admitted packets from usefs; and p, respectively. The messages are negligible, which is reasonable for shortHeng
arrivals at queueQ; are assumed to be independent anghckets as strong and low rate codes can be employed in
identically distributed (i.i.d.) Bernoulli random vari@s [4], the feedback channell[5].][8]. A correctly received paclset i

[5] with mean A; € [0, 1] packets of sizeb; bits per time removed from the respective transmitter’s queue.
slot, wherei € {pi,p2,s} for primary user assigned to

band1, primary user assigned to bardand cognitive user,

respectively. The arrivals are also mutually independeornf fund | ¢ ¢ L
terminal to terminal. A fundamental performance measure of a communication

All wireless links exhibit fading and are corrupted bwetwork is the stability of the queues. Stability can be qgfin
additive white Gaussian noise (AWGN). The fading is assum&gorously as followsFor every queue represented by an ir-
to be stationary, with frequency non-selective Rayleigtckl "€ducible and aperiodic Markov chain with countable number
fading. This means that the fading coefficignt, (channel ©Of States, the chain and its associated queue are called stable
gain for the link connecting node € {pi,ps,s} and node if and only if there is a positive probability for the quetéte),
¢ € {pdi,pds,s,sd}) remainsconstant during one time ot 'éPresented by the chain, to become empty. Denote byQ

and over both primary bands, but changes independently® length of queu€) at the beginning cg)time slot. @ is
from one slot to another according to a circularly symmetrRaid 0 be stable ifim, o lim;— oo Pr{Q" < w} =1 [8].

complex Gaussian distribution with zero mean and varianlie@ Multiqueue system, the system is stable walémueues
012,@- Furthermore, the AWGN at nodé is assumed to be &€ stable. We can apply the following theorem to check the

of zero mean with variancd/;. The primary nodep., has stability of a queu€ [8]. Loynes’ theorerifithe arrival process

bandwidthW,_ . We do not assume the availability of CSI afind the service process of a queue are strictly Stationary, and
the transmitters. the average service rate is greater than the average arrival

The data packet of a primary nogg, containsb,, . bits. rate of the queue, then the queue is stable. If the average

The primary users transmit at the beginning of the time sIS'Vice rate is lower than the average arrival rate, then the

for T seconds (slot duration) and each of them transmits o\&feue is unstable. _
its own bandwidth. Hence, the spectral efficiency of primarg The probability of a network queu@; to be empty isr; =

—0l =1 A g i i
USerpm IS Ry, pd. =bp.. /(TW,,,) bits/sec/Hz. The cognitive r{Q; =0} = 1—2t. Since the primary users are operating

radio user perfectly senses both bands simultaneouslynwithnder an FDMA scheme with orthogonal bands, the states of
 seconds relative to the beginning of the time slot. Note thile ueues are independent, and the joint probability iergiv
the sensing duratiory;, needs to be long enough to justifyby Pr{Qp, =K1, Qp, =Ko} =Pr{Qy, =K1 }Pr{Qp, =2},
the perfect sensing assumptibherefore, we assume thatVNereX: andC; are two positive integers. _
7 is a non-negligible fraction of the time slot. Since the 'N€ cognitive radio user chooses to accept an undelivered
cognitive radio user spendsseconds in spectrum sensing, th@acket from usep, with probability as,, and from usermp;
with probability a,,. These probabilities are totally indepen-
1A similar assumption of perfect sensing is found[ih [2] [5 dent of all other events. The cognitive radio user accesses t

IIl. STABILITY ANALYSIS AND PROBLEM FORMULATION



channel on the basis of the primary queues sthfg ,1o,,), packet from@,,, using bandwidthW,,, with probability 7s;
wherelg, = 1if py, is active, and zero if it is inactive. Theor send a packet from each of the relaying quedgs, and
activity of the primary users is captured by the secondaey us),,,, with the relevant bandwidth to the respective receivers,
via channel sensing. which occurs with probabilityn,. The probabilitiesn, are

We assume that the cognitive radio user can transmit apbbabilities of exhaustive and mutually exclusive events
receive at the same time (full duplex) using two distinavheren € {1,2,3,4}. Therefore,Zizlnn =1.

frequency bands. We also assume that the cognitive radio usea packet from@Q; is served if either one of the following

cannot send more than one packet in any time-slot from agyents takes place: both primary users are inactive inotudi

of its queues. The cognitive radio user admits a certairiimac the aforementioned four scenarios with probabilitigsand

of the undelivered packets of each primary user. the link between cognitive user and its destinatiah, is not
Intuition: It may seem that the cooperation process basgfl outage; or only one of the primary users is inactive, in

on the secondary user relaying primary packets only cabgeshich case the cognitive radio user decides to send a packet

secondary user to waste time—slots for relaying primarkpadrom @, with probability s, if queueq,,, is empty, and the

ets that could be otherwise used for its own packets. Howeugik to its respective destinatiomd,,, is not in outage. The
it turns out that the secondary user is indeed gaining singfan service rate afs is then given by

opportunistic relaying of primary packets results in enmgy
primary queues faster; in return, more network resources cayu, = o, mp, (11 Pssd,w +12Pssd,wy, +713Pssd,w,,
be utilized for delivering the secondary user’s packets.aAs . .
result, all users simultaneously achieve performancesgain + Ty Tpy sy Ps—ssd, W, +Tpy Ty sy Psosd, Wi, »
3)
A. Primary User Operation wherem,—= A, /1ip,. IS the probability of the primary queue
When a primary packet is not successfully delivered to @,,, being nonempty, which is the complementmy, ..
primary destination, but decoded by the cognitive (secofjda A packet from the relaying queu®s,, is served if the
node, it is added to the relevant relaying queue, and a fe&dbeelevant primary usem, is inactive, the cognitive radio user
is broadcast by the cognitive user acknowledging the remeptchooses to send a packet fro@,, , which occurs with
of the packet. Accordingly, this packet is removed from thprobability a,, if p2 is active and with probabilityrn, + 74)
respective primary queue. if p2 is inactive, and if the link from the cognitive radio user
A packet at the head of the primary quedg,_,, is served to the respective destination (i.e., the receiver of ysgris
in either of the following mutually exclusive events: if thenot in outage. Hence, the mean service rat€)qf, is given
link connecting usep,, with its respective receiver is not inby
outage; or if the link is in outage, but the link between yser _
and the cognitive radio user is not in outage, and the cagniti fisry =T, [Fpg Gsey + Tpy (M2 4 14)| Psopdywy, - (4)
radio user decides to accept the packet. The mean servise r
of the primary queues are

_p D Msro = Tpy | T, Qsr, + T 3 +774) Ps—> do, W, * (5)
/’me - Ppm_>pdm7wpm + P m—>Pdm7me Ppm—>S,me asrm’ 2 p2[ p1 2 P ( ] pa2 P2

) From Eqns.[(B)[14) and5), the access probabilities assign
The term Py, pd,.w, P s W,, Qs > 0 s an ad- to the secondary queues control their service processes. Th

ditional primary throughput due to the availability of thesecondary user adjusts the access probabilities to actfieve
secondary user to assist, i.e., to relay the primary packegtimal throughput.
This term is linear in terms of the acceptance fractioy,_, We finally investigate the arrival process and the mean
which controls the fraction of accepted primary packet farrival rate of the relaying queu®@,, . A packet arrives at the
relaying. One can conclude that cooperation never harms tieéaying queue when the primary usggy, is active, the channel
primary users. Specifically, cooperation will always gudea betweenp,, andpd,, is in outage, the channel between,
non-negative gains to the primary service rates relativihéo and the cognitive radio user is not in outage, and the cagniti
non-cooperative case. radio user decides to accept the packet. The mean arrieal rat
is then given by

%ﬁmilarly, the mean service rate ¢f,,, is given by

B. Secondary User Operation

The operation of the secondary user can be described as
follows. At each time—slot, the cognitive radio user serseth  \We note thaty,,, controls the flow of the undelivered packets
bands simultaneously forseconds relative to the beginning oPf the mth primary user to the secondary relaying queue
the time—slot. When both primary users’ queues are empy, s, - Varying ag,, from 0 to 1 manages the arrival rate
cognitive radio user may: send a packet fr@nusing all the of primary packets af)s,, . The secondary user adjusts;,,
available channel bandwidthy, with probability7;; send a to achieve the optimal acceptable fraction of the undetigter
packet fromQ, using bandwidtiV,,, and another packet from primary packets from each primary user such that the regayin
the relaying queu®),,, using bandwidtfiv,,, with probability dueues are maintained stable.
712; send a packet fror@s using bandwidthW,,, and the other ~ The stability region of the proposed system is charactérize

)\STm = Ppm —>pdm7me Ppm —)S,me Oésrm ﬂ-Pm . (6)



by the closure of the rate tuplésg, Ay, , Ap;). An efficient highest objective function.
technique to obtain this closure is to solve a constraingd op
mization problem. The optimization problem aims at obtaini
the maximum mean arrival rate @, for each feasible\,,
and \p, as s, , Qsry, Gs, Gsry» Gsry, ANA7N, Vn € {1,2,3,4}
vary over the sef0, 1] with as, +as;, = 1, as, + a5, = 1 and
Zizl 1, = 1 and subject to the stability of all other queues.

If the primary users are symmetric, we have the following
identities: by, =bp, =b, A\p, =Ap, =Ap, Qgry = Qsry = Oy,
Wpy = Wy, = Wy =W/2, mp, =T, = Tp, a5, = s, = as
andn, = n3 = n. The objective function becomes

The optimization problem is stated as follows: _ 2P . ca w2
9= 771Psesd,w—|-7b_)b W/ Ny +Tpas | - (14)
max As = ls Tp
0<asry ,asry <1
0<as, ,asy,@sry asry <1 The constraints become
0<n.<1 V ne{1,2,3,4}
(7) m+2n+n=1. (15)
st.  as, tag, =1, as, +ag, =1, Znn =1
and
A, < Ap, < A A .
p1 S Hpys Apy S Hpys Asry S ,Usrla STy /’Lbl‘g 1— Asr > TpQs+NTp+MTp- (16)

The optimization problem irfi{7) is nonconvex, however, it ca TpPspa, W/2

be shown that, on fixingo:, , asr, ), the optimization problem since we have a linear program, the optimal solution exists
becomes a linear program, which is convex. Hence, it can §ethe edge points of the feasible region. ket Tpas+ 1T

solved efficiently and reliably. andz = m,n1, wherey € [0,1— Z2] andz € [0, 7,]. We also

For a fixed (oo, ; @sr, ), mp, @nd mp, are constants. The gefinep = ﬁ# The optimization problem in terms

. . . us s—pd, W/
objective function of [(I7) after straightforward simpliftan of y and > can be rewntten as follow:
becomes

- - - al 20
g = ans%sd W+772Ps~>sd sWp, +773Ps~>sd,wp2 Ze[o7ﬂp1ily6)([ 1_i]z+ y
T (8) 0<as<1
oG Pesawy 2 oy s Do W, st. y+z<1-D, &0
The stability of themth primary queue provides a constraint z+ 2y < mp+2Tpas — 1,

on . Specifically, . .
ot P y where § = M Noting thatas and 7, appear only in

Ap = Ppoopdin, Wy, @) the second constraint, settid@,as — 4 to its highest value,
P ' whenas=1 andny = 0, will expand the feasible set (feasible
region). The solution of the new optimization problelmn](18)
is achievable by the original problem by setting =
Ap —Fpn]_)pdmwpm and 4, = 0. Hence, solving the new optimization problem
max - ’0} < Qg < 1. (10) provides exactly the same solution of the original problem.

m —Pdm, W m P m—s, W m
PP P PmrE H The optimization problem after making the aforementioned
The constraints of the relaying queues are linear and can ynge becomes

simplified as follows:

Qgr,, >

Ppm%pdm-,me Ppmﬁsyw

Pm

Adding the constraint thats.,, € [0, 1], o, is bounded by

A max . F = z+28y
sr - 2€[0,mp],y€[0,1— 22
l— ——=——— 2> Mp,a5, +mp, (M +7m3),  (11) [ O]ngzs[gl a2 (18)
Ty Pspdi, wy, _
st.  2+y<1-D, z+2y < 1+7,.
Asts L Note thatD must be strictly less thahfor the stability of the
1 - > Mpias, T (1 +12); (12)  relaying queues to be attained ahd D < 147, The optimal

Tpy Ps ) e : . .
P2t s7pd2,Wp, solution of the optimization problem is obtained grapHical

and The feasible region for different conditions is shown in.[Flg
The main results are summarized as follows—+D > H”P —
L <1/2 and1 - D < m,, the optimal solution can be one of
the following points (and perhaps the line segment conngcti
Since the objective function and the constraints are line&0 points of them based on the value®f (y,z) = (0,1 —
the optimization is a linear program, and thus can be solv&d. (<32,0) or the intersection point between the two lines
efficiently and reliably[[9]. Z+y = 1 — D and z + 2y = 1+7, which is given by
For further simplification of the problem, we can assumé&p + D, 7, — 2D). The optimal access probab|l|t|es for the

that the secondary user accepts an equal fraction from eigpt point are:n, = =2, ar =0, n; = 0, n* = 0. The

primary user. Specifically;, = s, = as;. Accordingly, the optimal access probablhtles for the second point afe=1,
problem reduces to a family of linear optimization problems, = 0, 77 = 0, n; = 0, n* = 1/2. Finally, the optimal
parameterized by, which can be obtained by a simple gridaccess probabilities for the third point awg: = 1, af, =0,

search. The optimaly, is taken as the one that yields the); =1 — 2D i =0,n"=2

P

m+ne+n3+n=1 (13)



less thanl /2 because — D < =
The optimal solution of the problem is obtained as follows.
For eachay,, we computel — D, m, and I Based on
the relationship between them, we get the candidate optimal
points. Then, we substitute the optimal points into the ciidje
function 7. The point with the highesF is taken as the opti-
mal point which corresponds to,,. Afterwards, we compute
al al =1-a%, ny, n;, n*. Finally, we make a grid search over
ag; in the original optimization probleni}7) [under symmetry
parameters] to find the optimal,. The optimalas, is taken
as the one that yields the highest objective functioriin (7).
The optimization probleni{7) is solved at the cognitive cadi
terminal. It should be pointed out that the optimal paramsete
are functions of the mean arrival rates of the primary useds a
the channel outages which, in turn, as[ih (1) are functions of
many factors such as the received SNR at the receiving nodes,
channel variance, transmission bandwidth, and packets siz

IV. NUMERICAL RESULTS

In this section, we present some numerical results for the
Fig. 1. Feasible region for different scenarios. (a) fdasibgion for the case Presented optimization problems in this paper. Setlenote
1-D> 7% and1-D <y, (b) feasible region for the case-D > 272 the proposed cooperative system. For all figures, we choose
and 1 — ’D > mp, (¢) feasible region for the case— D < 7% and 7 to be a relatively large fraction of the time slot to validate
1—-D < mp, and (d) feasible region for the case— D < H“TT’ and the assumption of the perfect sensing. We first investidede t
1=D>mp. impact of settingy,,, = o, = on the stability region. As
seen in Figl R, the degradation of the secondary throughymut d
. to using equal acceptance fractions is small. The figure also
If1-D> ”% and1 —D > 7, the optimal solution can shows the non-increasing trend of the secondary throughput
be one of the following points (and perhaps the line segmenith \,, for a fixed \,,. The parameters used to generate
connecting two points of them based on the valuedpf the f|gure are chosen to be;,, = 0.2 packets per time
(y:2) = (0,mp), (1 =D =y, mp), (<2, 0) or the intersection slot, by, = by, = by = 1000 bits, Py, pa,.w,, = 0.4,
point (7, + D, m, —2D). For the first poin{0, 7,), the optimal Fp2—>pd2 Wy, = () 5, Pde1 w,, = 0.1, PHpd2 w,, = 0.3,
access probabilities are;:(), ar.=Lni=1,n; =0,n"=0. P, W, = Py, w,, = 0. 6 05 Yesd = 3.2, Wy, =
For the second pointl — D — m,, ), the optimal access W — 92 MHz, T =1 ms andr = 0.17.

*

probabilities area; = 1— D- ag = 2- n =1 m =0, For comparison purposes, we introduce two systems that
=0 The optlmal acces$ probabilliies for the third poingave a priority structure. The optimal acceptance frastion
(U32,0) aretal =1, a%, =0, i =0, 75 = 0, n* = 1/2. that achieve the boundary points of the stability region are
FlnaIIy, the optimal access probabilities for the fOUfth’O also determined. Le$; andS, denote systems in which the
(W_pJFD ™ —2D) areial =1, a%, =0, nj=1-22, 9] =0, secondary user cooperatively relays the undelivered pyima
n”"==.1f1-D< H;P and1l — D < m, the optimal packet while a priority in transmission is given to the rétay
solution can be one of the following poinig, z) = (0,1—D) dueues, i.e.Qs is served when both relaying queues are

or (1—D,0). Under this case, for the first poift, 1— D), the emptied; andy,, = as,, = 1, which means that the secondary
optimal access probabilities are* = 0, a*, =1, 1, = 1;_17, terminf_;\I always accept the undelivergd primgry packetg Th
_ Q, 5* = 0. For the second pointl — D, 0), the essentlal_ Qn‘ferer)ce betweeh and S, is that in systemS; .
the cognitive radio user employs our proposed band emerging

technique with a strict priority given to serving relayingegies
m =0, 05 = 1-20*, n* = [(m, — D)/mp, 1/2] Note+that whenever possible, while systefy can serve the secondary
(mp — D) /my is always less thai/2 because — D < =3 queue only when all primary and relaying queues are empty.
If 1-D < 27 and1 —D > m,, the optimal solution can be In Fig.[3, we show the maximum stable throughput of the
one of the following points(y, z) = (0,7;), (1 =D —m,, ™)  secondary user fa$; andS,. From the figures, the maximum

r (1 —D,0). For the first point(0, m,), the optimal access stable throughput for the cognitive radio user decreaséls wi

probabilities area; = 0, Gi-‘r =L n =1 =0,7"=0. increasing arrival rates of the primary queues. The adganta

ny =1

optimal access probabilities are* = 1=2—"e1

al,=1—al,

For the second poin¢1 - D - va”p) the optimal access of the proposed system oveé; and S, is noted. Note that
probabilities area; =1—=, a:r:—' n=1m3 =0,7"=0. for the used parameters, when we sgt = oy, = as, we
For the third pomt(l —D 0) the optlmal access probabilitiesobtain exactly the same stability region of syst&inFrom
are: al = w, =1-ai, ni =0, ny = 1-2n% the figure, we can infer that assigning the priority of trans-

n* = [(m — D)/wp, 1/2] Note that(m, — D)/m, is always mission to the relaying queues causes secondary throughput
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Fig. 2. Maximum stable throughout and acceptance factohefsecondary
user in the proposed cooperative protocol.
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Fig. 4. Stable throughput of the secondary user versys for different
values of\p,.
TABLE |
PARAMETERS USED TO GENERATEFIG.[4.
b =1000 Vi | Wy, =2 MHz W, =2 MHZ
Ypas = 7.5 [T =10"° secon 7 =0.1T
00 pa, =004 [ 02, 1 =002]0,4 =08
02,4, = 0.8 02, =038 o2, =07
0-12)2.,5 =0.75 Tpi,pd1 = 8 Tp2,pda = 6
Ys,pdy = 6 Ys,sd = 0.4 Tors =7
W = WP1 + sz Vs,pd1 = 5
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Fig. 3. The maximum secondary stable throughputS§okS; and Ss.

degradation. The parameters used to generate the figure a

Ap, = 0.2 packets per time slot;,, = by, = bs =1000 bits,
Eplﬁpdl-,wpl = 0'2_' szﬁpdz-,wﬂ = 0.3, PS—>pd1-,Wp1 = 0.6,

Ps—mdz,sz =0.6, Pp1—>s,VVp1 :sz—s,sz =0.6, Us2,sd7s,sd =
32, Wy, = Wp, =2 MHz, T = 1 ms andr = 0.17.

and a cooperative cognitive user. We have proposed a novel
medium access control protocol in which a single cognitive
radio user can efficiently relay packets for two primary rede
with a dedicated relaying buffer at the secondary user for
each primary user. The cognitive user may combine/merge the
available primary orthogonal bands to increase the prdibabi

of successful packet reception, which in turn increases its
service rate. Furthermore, the secondary user schedusles it
(feues’ access to the bands randomly based on the states of th
primary queues. The access probability assigned to eaaleque
depends on the joint state of the primary queues. The gains of
our cooperative protocol is demonstrated relative to dbgni
prioritized relaying scenarios, where the relaying quenm&e

Without cooperation, thekmaX|mum|feaS|br:§|z arr;:/al rateffor o ority in transmission over the secondary queue. We have
IS Pp—pd, w,, =0.2 packets per slot. While, the maximumy o, ‘ahie to model the throughput (stability) maximization

feasible arrival rate with cooperation (s38 packets per time

slot. Fig.[4 demonstrates the stability region of the prima
user p; and the secondary user for different mean arriv
rates of the primary usep.. We note that as the arrival
rate of any of the primary queues increases, the maxim
achievable secondary throughput decreases. The param

used to generate the figure are given in Table I.

V. CONCLUSION

In this paper, we have investigated the stability region (I)

Iproblem as an optimization problem which has been formally

solved. Our proposed protocol and analysis can be extended
a system composed of multiple cognitive radio users and

primary users with sensing errors and concurrent trangmiss

l'HEcurrence, which will be included in an extended future
&ffsion of the this publication.
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