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Abstract— This paper deals with protocol design for cognitive ~spectrum for transmission opportunities. The cognitivester
cooperative systems with many secondary users. Appropriet is equipped with a common (for all the nodes of the cluster)
relaying improves the throughput of the primary users and  yq|aving queue in order to relay data for the primary usee Th

can increase the transmission opportunities for the cognite basi bl is to studv the interol th .
users. Based on different multi-access protocols, the sames PasIC problem is 1o study the interpiay among the primary

investigated enable relaying either between the primary usr User, the common relaying queue, and the secondary queues as
and a selected secondary user or between two selected secanyd well as the optimization target. Previously reported sngser
users. This collaboration can be a simple distributed multple-  schemes do not provide efficient solutions for this scenario
input single-output transmission of the primary data or @ 444 motivate the investigation of new cooperative protcol
simultaneous transmission of primary and secondary data usg - .
dirty-paper coding (DPC). The parametrization of DPC as wel that take |n_to account the multi-user nature of the setup.
as its combination with opportunistic relay selection yietls an Based on different MAC protocols, the proposed schemes in
interesting trade-off between the primary and the seconday the cooperative mode enable simultaneous transmissiaons fo
performance which is investigated by theoretical and simution  the primary user and a secondary user, or two secondary
results under the perspective of a desired primary throughpt.  ;sers. Both transmitters can transmit the same primarylgata
creating a virtual multiple-input single-output (MISO)stgm,
or a combination of primary and secondary data by using-dirty
Cognitive radio (CR) has been suggested as an efficiggiiper coding (DPC) [8], [9]. It is shown that the parameter of
method that may enable more efficient use and reuse thé DPC and its relation to the node selection policy prawide
the radio spectrum [1], [2]. This suggestion is based on tlaetradeoff between primary and cognitive performance. The
observation that some spectrum is used in a bursty fashieptimization target of the system is to maximize the seconda
and allows secondary (unlicensed) users to access thewmecthroughput given a specified (pre-selected) primary thheug
when it is unoccupied by the primary (licensed) users. Suglut. The proposed schemes are studied at the network layer
sharing relies on the ability of a secondary radio or radigy using queueing theory, and it is proven that their suitgbi
network to respond to various changes in the spectrum agebends on the average system parameters.
adapt its operations to the surrounding environment. The remainder of the paper is organized as follows. Section
The combination of CR with cooperative diversity protocolfl introduces the system model and presents the basic assump
[3]-[5] could significantly improve the bandwidth utilizah tions. Section Ill presents the proposed cooperative podso
and improve performance tradeoffs for both primary anahd analyzes their related throughput regions. Numerial r
secondary users. In most of the existing literature on thesalts are shown and discussed in Section IV, followed by
combined topics, cooperative diversity is used as a meatshcluding remarks in Section V.
to improve the sensing ability of the CRs [6]. Appropriate
cooperation between the cognitive users improves the tguali
of the detection and avoids the hidden node problem. Cagniti In this Section, we introduce the system configuration and
cooperation can also be used in order to improve the systera define the basic system assumptions.
performance without extra resources in bursty applicatiom ) )
[7], the authors study the stability as well as the time deldy System configuration
of a multi-access relay channel (MARC) in the context of a We assume a simple cognitive configuration consisting
cognitive pure relay. of one primary user R) and a cognitive clusteiSeay =
In this paper, we design and characterize protocols t,..., K} with K nodes. The primary user communicates
CRs with many secondary users. In contrast with previouwsth a primary destination)») and each node of the cluster
single-user configurations [8], [9] a new cognitive struetu has data to transmit to a common cognitive destinatiog)(
is introduced, in which a cluster of nodes sense the radior the sake of simplicity, a normalized linear geometry

I. INTRODUCTION

Il. SYSTEM MODEL



is assumed, with the distance between the source and the
cognitive cluster equal t6 < d < 1 and the distance between
the cognitive cluster and the destinatioR £, Ds) equal to
1—d. The total transmitted power for each slot is equalPto
(i.e. symmetrically distributed in the case of two simu#tans
transmissions) and path-loss attenuation is taken intouatc
by assuming received power decreases proportionaﬂ;ﬁ)
whered; ; is the Euclidean distance between transmittend
receiverj and (2 < 8 < 5) is the path-loss exponent.

Time is considered to be slotted and the transmission of each
packet is performed in one slot. The packet arrival processe
at each node are independent and stationary Bernoulli nga. 1 The propoggd cognitive cooperative prot(c?)cols: @) ®) CC+DPC,
mean Ap (packets per slot) for the primary user and (c) MC, (d) MC+DPC.
(packets per slot) for each cognitive user. Due to impaitsien
on the radio channel, if a packet is received erroneously at
the destination, it requires retransmission until it iscass-  |ll. PROTOCOL DESIGN FOR COGNITIVE COOPERATIVE
fully decoded. The retransmission process is based on an RADIO AND STABILITY ANALYSIS

Acknowledgement/Negative-acknowledgement (ACK/NACK) In this Section, we present the proposed cooperative strate
mechanism, in which short length error-free packets aradro gies and we derive their stable throughput regions. Fig. 1
cast by the destinations in order to inform the network f@ thschematically summarizes the proposed cooperative scheme
reception status. _ _
All the nodes (primary and cognitive) have a buffer of*- Conventional cooperation (CC)
infinite capacity to store incoming packets, whére denotes ~ Conventional cooperation is the first protocol that allows
the primary queue an@; the queue of the node € Sy  S€CONdary transmitters to deliver packets of the primasr us
The cognitive cluster is equipped with a common relayindgpat have not been successfully received via the primaky lin
queue@ps which is used for cooperation and is accessibMore specifically, if a primary packet cannot be decoded at
from all the cognitive nodes. It is a simple model for the cagbe primary destination but can be decoded by the cognitive
in which each cognitive node has a “relaying” queue that @uster, it exits the primary queue and remains in the common
identical, operated on identically and stays synchronized relaying queue for cognitive relaying transmission. It is a
Perfect spectral sensing (probability of detectibpn = 1, ©bvious extension of the protocol proposed in [10] for a
probability of false alarmP; = 0) allows the CR to access Single-cognitive configuration by considering an opportio
the channel only in the cases that the primary user is idiglection for the source-relay (primary transmission) ety -
[7]. This assumption provides some lower bounds for ttiestinations (relaying, secondary transmission) linkse fo
performance of the system and is a guideline for more raalisthe space limitations, the CC protocol is used for compariso
configurations with imperfect spectral sensing. purposes and its analytical description can be found in.[11]

B. Conventional cooperation and dirty-paper coding
(CC+DPC)

All wireless links exhibit fading and additive white Gaumsi  This cooperative protocol requires a cluster with > 1
noise (AWGN). The fading is assumed to be stationary, freelay nodes. It is similar to the conventional scheme, but
guency non-selective and Rayleigh block fadirgthe fading allows two relays to simultaneously access the channefusin
coefficients remain constant during one packet, but chang®C when the common queue is served (when the primary
independently from one packet time to another according tiser is idle). More specifically, as the common queue is
a circularly symmetric complex Gaussian distribution wittishared” by all the nodes of the cluster, DPC allows a relay
zero mean and unit variance. Furthermore, the varianceeof th serve its own queue (establish a communication with the
AWGN is taken to be unity. Each link— j is characterized secondary destination) at the same time that another relay
by an outage ever®; ;, which characterizes the case that theerves the common queue. For the link between the relay
instantaneous capacity is lower than the required dataii@te and the secondary destination, the common queue data is
with an outage probability equal to®9; ;} = 1— f; ;, where regarded as ara priori known interference and thus an
fi,; is the probability of success. Because the cognitive alustppropriate precoding technique at the relay can mitigate
has a high degree of sensing, it assumed that the charingdrference [8]. On the other hand, the link between thayrel
coefficients of the linksSelay — Dp, Dgs area priori known that serves the common queue and the primary destination
at the cognitive cluster [9]. This assumption is reasondbke is affected by interference from the secondary link (tfe
to the continuous broadcasting of ACK/NACK packets by thiaterference channel). Therefore, an appropriate dedigheo
destinations, which are received from all the nodes of th#PC parameters is required in order to efficiently optimize
network [4]. both links. The considered DPC technique can be found in

B. Physical channel



[9, Sec. 5.4] and yields an achievable rate region for tllee common queue, the arrival process is definell ag(t) =

simultaneous transmissions equal to 1[{Qp(t) # 0} NO% 5, NOL .+ ], with a mean
Ap
Rrs(a) < log LY p| Pey + by 0p|* Py 7 Aps = B[Xps(t)] = —os (1= fep,)fpw,  (4)
1+ 1—0( ’hkg DP’ sz

where we have used LittIeI'Ds theorem to obtain the RHS
R, (a) < log <1+(1—a)|hk2,DS| Pk2>7 (1) [11]. The departure process is defined a%s(t) =

1 [{Qp( ) =0}NO, p.(e)] with mean ups(a) =
OE,Y o (max)
N ps(t)] = (1 —Ap/pp ) fe,pp(a), Where the prob-
queue and its own queue, respectivély,= Py(1 — d)~" /2, ability fr, p,(a) is given in [11]. By applying Loyne's

Lijs ?ﬁ:(giscthzr;?gggr (xﬁgﬁlggaé?ést?ﬁel}r:zc;o% ' 0? do stab|l|ty theorem to the common relaying queue, the average
o P P ﬁwoughput of the primary user is constrained as follows

that is allocated to the interference component. We note tha

wherek,, ks € Srelay denote the relay that serves the comm

the_ above expressions correspond to a normalized AWGN (fp,DP + fert — frop -fpykf)fthP ()
variance. Ap(a) < . (5)
According to (1), relay selection and the parameter fripp(@) + (1= frDp) fru

have an important impact on the performance of the DPCAccording to the protocol description, a cognitive relay ca

design. They characterize the trade-off between primady agerve its own queue either simultaneously with the common
secondary throughput and they can be optimized accordinggigeue (DPC scheme) or via a dedicated channel when the
various criteria. In this study we adapt a primary protattioprimary and the common queues are both empty. Based on

scenario, where the system will set-up these parameterstfits assumption, the departure process for a cognitive rela
order to maximize the secondary throughput while suppgrtigan be expressed as

a pre-selected primary throughput. As has been shown in
[11], reasonable selection policy consists of an oppostimi Yi(t) = {{QP =0} m{QPS 7 O}HAt ﬂok s (@ ]

selection for the common relaying queue and a secondary- L~
based opportunistic scheduling among the remainikig-(1) +1 {{QP =0} m{QPS = 0} mAk ﬂ Ok’Ds}
nodes for the relay that serves its own queue. The proposed (6)
selection policy can be expressed as where A} denotes the event that reldyis selected for DPC
transmission and\ denotes the event that relayis selected
k1 = arg Jél?’.‘ {Ye,pp}, ko =arg ke{gnlax kl}{%,DS}, for individual transmission. The above expression rednlis
relay relay—

) maximum throughput for the cognitive relay equal to

where~; ; denotes the instantaneous SNR for the link j,  as(a) < ps = — (1 - %)
k1 denotes the relay that serves the common relay queue and K P

ko is the relay which serves its own queue. Ap (1§ Y- f
. . (max) P.Dp) " Jp ikt
In case the primary and the common queues are both|fu, pg(a) - -2 ka,Ds(a)Jrfk*,DS) ;
empty, a CR can access the spectrum in order to serve it (17 %) “fry,Dp (@)
individual queue. For this transmission, a secondary link- ' @

based opportunistic scheduling maximizes the total c@paci
of the system, wherg* = arg maxye .., {7%,0s } denotes the
selected relay. It is worth noting that this cognitive stgptis C. MISO cooperation (MC)

applied to all the proposed cooperative protocols. In contrast with previous cooperative schemes, in which
Stability analysis: For the primary user, the servicethe primary user removes a packet from its queue if it is
process can be modeled agp(t) = 1[0} ,.] + decoded successfully either by the primary destinatiorher t
1{0% p, ﬂOPkT] where1[-] is the indicator function and cognitive cluster, here we assume that the packet remains
Et = argmaxkesrelay{fyRk} denotes the relay with the bestin the primary queue until is received successfully at the
instantaneous source-relay link (the cluster can decode tkceiver. This new MAC protocol of the primary user allows
primary packet wher® — k' is not in outage). Accordingly, @ packet to coexist in the primary and the common queue.
Yp(t) is a stationary process with mean This coexistence corresponds to the case in which a packet is
~ ~ not correctly received at the destination, but it is sudcdlys
u ) = BlYp(t)] = P{O%p,} + PO p, }P{O%,1}  decoded by the cognitive cluster. In the proposed protocol,
= fp.ps + Fort — fr.osfPits (3) servicing of the relaying queue does not wait for idle time
' slots, and it is served whenever it is not empty, independent
where the resulfp ;. = 1— [1—exp(—(2§—1)/Pod—5)}K of the behavior of the primary user. If at the same time
is given by order statistics. However, the constraint fog ththe primary user retransmits the lost packet, the protocol
maximum stable arrival throughput for the primary user isorresponds to a conventional MISO scheme, in which the
obtained by studying the stability of the common queue. Fprimary user and the common queue (relay) transmit the

where the probabilityy, ps(«) is given also in [11, App. I].



same data via two independent channels. On the other hand,
when the primary user has no data to transmit (the common
queue becomes empty), a CR establishes a communication(t) = 1[(913_,1;4 +1 {O}DP () O% i (O k-.1p (oz)(L,
between itself and the secondary destination. Accordirtgeo )
previous discussion, an opportunistic scheduling mechani
is an appropriate transmission technique for both cases.
the main target of this paper is the analysis of the DPC—basedL}maX) = feop + (1= feDp) - fPkt - fPk+.Dp(a), (10)
protocols, the stability analysis of the MC is beyond thepgco
of this paper and is given in [11]. wherefp.;« p, () denotes the probability that the MISO link
) _ ) (P,k* — Dp) is not in outage and is given in [11, App.

D. MISO cooperation and dirty paper coding (MC+DPC) 1. For the common queue, the departure process can be

In this protocol, the primary user follows the same behavidefined asYpgs(t) = 1[@33;“,,313 ()] with a mean equal to
as the MC scheme and therefore a replica of the same primawys = E[Yps(t)] = fp.x+.pp(c). On the other hand the
packet can be contained in both the primary and the relayiagival process is similar to the MC protocol. Therefore, by
gueues. However, in contrast to the previous scheme in whigpplying Loyne’s stability theorem, the maximum throughpu
both transmitters, primary user and cognitive relay, bcaatl of the primary user is constrained as [11]
the same packet without further processing, here it is asdum .
that the cognitive relay applies DPC. More specifically, the (a)< Tp.pp + (1__ Fr.pp)fpst Frue.pp(@) 'ff’
proposed protocol allows a cognitive relay to serve its own fropt(l fP’Dfl)f?”fP)‘;*'DP ()| Fpwrpp(@) i g
queue simultaneously with the retransmission of the pymar e (11)

user. Given that a packet which is added to the comMQiherey 2 Foae pp(@) > (1 — fpp.)fes andd denotes
RS, Dp ,Dp kT

queue will be forwarded by the primary user in the next iMge jnverse condition. Finally, according to this protqcal
slot, a cognitive relay can precode its own information by,qnitive relay serves its own queue, either simultangous
considering the primary packet aspriori interference known | i1, the common queue by using DPC or via a dedicated time

at the transmitter. The"DPC scheme allows the cognitigy \hen the primary user is idle. Furthermore, the citeri
relay to establish “clean” communication with the secogdag,, secondary selection is the best— Dy link. Therefore,

destination but causes some interference to the primatylin he geparture process for an individual relay queue is dfine
this case, an appropriate design of the DPC parameter is a

required in order to achieve an efficient trade-off between
both links. Equivalent to Section I11.B, the considered DPC v (4 _1{ Qp(t) £ 0y AL O a}
scheme provides an achievable rate region for the simultame (®) {Qr(t) # }ﬂ k ﬂ k.05 (@)
transmissions which is given by

2 2
RP(CY) < lOg (1 T ‘hP,DP| PO/2+CY‘}L;€*7€P| Pk*) ’
1+ (1- a)‘hk*,DP‘ Py«

\Kiéh a mean equal to

+1 [{Qp(t) =0} AL Ok,DS} ;o (12

which yields a maximum throughput for the primary user equal

to
2
Rk* « SlOg(l-'— 11—« hk*,D Pk*) (8) 1 A A
( ) ( )| S| As(a) < Hns = F in(a.ig fk*TDS(a) + 1-— (};(i)) fk*,Ds s
In this DPC scheme, the node selection strategy is more Hp P (13)

complicated and introduces an interesting trade-off betwe
primary and secondary performance. More specifically, id¥
high a (— 1), a primary-based opportunistic selection opti-
mizes the performance of the primary user by decreasing fhe
secondary performance. On the other hand, a secondary-oppoThe definition of the parameter introduces an interesting
tunistic selection optimizes the performance of the seaond optimization problem that depends on the perspectivesef th
users by decreasing the primary performance. The appteprigRs. In this work, cognitive cooperation is used as an efficie
selection depends on the optimization target of the systeWay to protect the primary user and deliver its data at the
For the sake of presentation, here we deal with a secondagiime average rate as the primary source-destination link by
based opportunistic selection as it results in an efficitte- improving the diversity gain of the overall link. In this vie

off between both links. This selection policy maximizes thgf the CRs, the appropriate parameterof the DPC-based
performance of the CR and achieves an efficient trade-off fpfotocols is this one which maximizes the cognitive thrqugh

the primary user by limiting the generated interference. Hixg) while supporting the specified (pre-selected) primary

nally, in the case that the primary user becomes idle (comm@ioughput 4p, < Mg’lax))_ The optimization problem can
gueue is empty), the cognitive relay with the best instagtas pe written as

k — Dg link is also selected for transmission. .
Stability analysis:The service process in the primary queue a* = argmax, {As(a)}
can be expressed as s.t. Ap, < Ap(a) with a € [0 1]. (14)

here fi.« pg () is given in [11, App. Ill].

Optimizing the DPC superposition factor



IV. NUMERICAL RESULTS

Computer simulations were carried out in order to validate :

the performance of the proposed schemes. Fig. 2 plots the
primary throughput Xp) versus the maximum secondary B S S TSR PP Y )
(max

throughput (14 )) of the proposed cooperative schemes. The o7 1
simulation parameters ar& = 2 usersd = 0.6, Ry = 2 hits

2 06" g 4
per channel use (BPCUR, = 6 dB (which corresponds to a ; e -
poor direct link), AZS = 0.65 and A€ = 0.77 (packets/slot) ER S S g ﬁcc—;;io\ |
for the CC and MC, respectively. The first observation is £ oar T ccwopci™ 1
that cooperation significantly improves the throughputfoth 0a o MCHDPC (™) ]
primary and secondary users. Cooperation protects theapyim S o MEHDPC (™) \ ]
transmission via diversity gain and thus optimizes the prim T e 7\
throughput while providing more opportunities to cogretiv o e S \5 1
users for transmission. Furthermore, the MC protocol agsie L S

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

the ma)_“mum throthpUt for the_ primary user as it use; %Iib 3. Maximum throughput for primuary and cognitive usersuss o for
the available system resources in order to serve the prim&Gg+DPC and MC+DPCRy = 2 BPCU, K = 2 cognitive usersd = 0.6,

queue. As far as the DPC approach is concerned, it can be sBef 6 9B

that it optimizes the secondary throughput while suppgrtin

the required primary throughput. For the selected primar

throughput, the optimal values of are equal ton ~ 0.7 parameter (o = 0.8 for Ay = 0.77).

anda ~ 0.8 for CC+DPC and MC+DPC, respectively. It is V. CONCLUSION

worth emphasizing that although the demanding CC primaryThis paper has dealt with protocol design in cognitive

throughput is largest, the DPC approach allows a cognitigeoperative systems with a clustered cognitive strucfiine.

communication with a non-zero throughput. investigated protocols allow simultaneous transmissibree
laying and secondary data based on DPC. We demonstrated
that an appropriate definition of the DPC parameter as well

ok e 1 as a selection of the relay nodes can support a desired pri-
e N 15% A mary throughput by simultaneously improving the secondary

throughput.
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