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Abstract

This paper deals with protocol design for cognitive coopreeasystems with many secondary users.
In contrast with previous cognitive configurations, the rated model considered assumes a cluster of
secondary users which perform both a sensing process fosntigting opportunities and can relay
data for the primary user. Appropriate relaying improves throughput of the primary users and can
increase the transmission opportunities for the cognitsers. Based on different multi-access protocols,
the schemes investigated enable relaying either betweempriimary user and a selected secondary
user or between two selected secondary users. This cadiidyorcan be a simple distributed multiple-
input single-output transmission of the primary data or muianeous transmission of primary and
secondary data using dirty-paper coding (DPC). The paraagon of DPC as well as its combination
with opportunistic relay selection yields an interestirege-off between the primary and the secondary
performance which is investigated by theoretical and satiorh results under the perspective of a desired
primary throughput. The proposed protocols are studieh faonetworking point of view and the stable

throughput for primary and secondary users is derived bagetthe principles of queueing theory.

Index Terms

Cognitive radio, cooperative diversity, relay channelayeselection, queueing theory, stability

analysis.
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. INTRODUCTION

Cognitive radio (CR) has been suggested as an efficient mhétiad may enable more efficient
use and reuse of the radio spectrum [1], [2]. This suggessidrased on the observation that
some spectrum is used in a bursty fashion, and allows seppifdalicensed) users to access
the spectrum if it is unoccupied by the primary (licensed¢ras Such sharing relies on the
ability of a secondary radio or radio network to respond tootes changes in the spectrum and
adapt its operations to the surrounding environment. As seftware defined radio (SDR) [3]
and reconfigurable signal processing tools [4], [5] are bgexl and improved, CR has been
introduced as a new radio design philosophy. At the same towperative diversity has emerged
as a promising technique to combat fading in wireless comeations. It enables single-antenna
users to “enjoy” space diversity benefits by sharing theyspdal resources through a virtual
transmit and/or receive antenna array. Since the work ofl@wariset al. [6], which introduced
the notion of cooperative diversity, a number of relayingtpcols have been proposed in the
literature [7]-[11].

The combination of CR with cooperative diversity protocotsild significantly improve the
bandwidth utilization and improve performance tradeodfis foth primary and secondary users.
In most of the existing literature on these combined toptomperative diversity is used as a
means to improve the sensing ability of the CRs [12]-[17]pAjpriate cooperation between
the cognitive users improves the quality of the detectiod amwids the hidden node problem.
Cooperation can also be used in order to improve the systeforpance. In [18] the proposed
scheme allows the primary user to lease its own bandwidtla flvbaction of time, in exchange
for enhanced quality of service thanks to cooperation with gecondary nodes.

Protocol design for cooperative cognitive systems is amogsearch problem. From an
information-theoretic point of view, the cooperative CRn®deled as a basic interference
channel (one primary source, one secondary source and thesgonding destinations) with
side-information about the primary transmission. The mmaxn capacity region is achieved by
using DPC and by allowing the primary and secondary usersdesa the channel simultaneously.
In [19] the problem is discussed for Gaussian channels ucalgsal and noncausal knowledge
of the primary message. In [20] the problem is extended fdinfachannels with different levels

of side-information. However, the analysis of the coopeeaCR under an information-theoretic
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framework does not take into account the bursty nature ofctgmnitive transmission. On the
other hand, the analysis of the system at higher networkday@nsiders the arrival statistics of
the traffic data and characterizes the stable throughputrrey the system by using queueing
theory. In [21], Sadelet. al. study the stability as well as the time delay of a multi-asceday
channel (MARC) in the context of a cognitive pure relay. Hoere in the proposed system the
cognitive relay does not have its own data to transmit ancéslonly to enable cooperation in
the periods of silence of the primary users. In [22], Simeenel. analyze the stability region
of the basic cognitive four node configuration. Althoughithgroposed system follows the
principles of the cognitive design, the cooperative protasses dedicated slots for the relaying
transmissions and therefore is not optimal from an inforomatheory perspective.

In this paper, we design and characterize protocols for CRs nvany secondary users. In
contrast with previous single-user configurations, a negnittve structure is introduced, in
which a cluster of nodes sense the radio spectrum for trassoni opportunities. The cognitive
cluster is equipped with a common (for all the nodes of thetel) relaying queue in order to
relay data for the primary user. The basic problem is to stheyinterplay among the primary
user, the common relaying queue, and the secondary quewesllass the optimization target.
Previously reported single-user schemes do not provideesiti solutions for this scenario and
motivate the investigation of new cooperative protocolst ttake into account the multi-user
nature of the setup. Based on different MAC protocols, tleppsed schemes in the cooperative
mode enable simultaneous transmissions for the primary aisé a secondary user, or two
secondary users. Both transmitters can transmit the sammeamr data by creating a virtual
multiple-input single-output (MISO) system, or a combioatof primary and secondary data by
using DPC. It is shown that the DPC parameter [23] and itgicgldo the node selection policy
provides a tradeoff between primary and cognitive perforcea Specifically, the optimization
target of the system is to maximize the secondary througbmein a specified (pre-selected)
primary throughput. The proposed schemes are studied atetiweork layer by using queueing
theory and it is proven that their suitability depends on dlierage system parameters. To the
best of our knowledge, the application of DPC design in razdtjnitive radios as well as the
related stability analysis is reported for first time in thisper.

The remainder of the paper is organized as follows. Sectiontdloduces the system model

and presents the basic assumptions. Section Il presemsrtiposed cooperative protocols and
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analyzes their related stable throughput regions. Numlerasults are shown and discussed in

Section 1V, followed by concluding remarks in Section V.

1. SYSTEM MODEL

In this Section, we describe the clustered configuration wadntroduce the basic system

assumptions.

A. System configuration

We assume a simple cognitive configuration consisting ofpsimeary user ) and a cognitive
cluster Srelyy = {1,..., K} with K nodes. For convenience, we assume that/theecondary
nodes are clustered relatively close together (locataset clustering) and have been selected by
a long-term routing process [24], [25]. The primary user ommicates with a primary destination
(Dp) and each node of the cluster has data to transmit to a comogmtive destinationDs).
For the sake of simplicity, a normalized linear geometryssusmed, with the distance between
the source and the cognitive cluster equabta d < 1 and the distance between the cognitive
cluster and the destinatioD¢, Dg) equal tol — d. The total transmitted power for each slot
is equal toF, (i.e. symmetrically distributed in the case of two simuétans transmissions) and
path-loss attenuation is taken into account by assumirgjved power decreases proportional to
di‘f whered, ; is the Euclidean distance between transmittand receiverj andj (2 < 5 <5)
is the path-loss exponent. The system model consideredpistdd in Fig. 1.

Time is considered to be slotted and the transmission of packet is performed in one slot.
The packet arrival at each node are independent and stati@sanoulli processes with mean
Ap (packets per slot) for the primary user and (packets per slot) for each cognitive user.
Due to impairments on the radio channel, if a packet is reckarroneously at the destination,
it requires retransmission until it is successfully de@bdEhe retransmission process is based
on an Acknowledgement/Negative-acknowledgement (ACKZMA mechanism, in which short
length error-free packets are broadcast by the destirsioarder to inform the network for the
reception status.

All the nodes (primary and cognitive) have a buffer of infinitapacity to store incoming
packets, wher&)p denotes the primary queue ang, the queue of the node € Sieay. The

cognitive cluster is equipped with a common relaying quéug which is used for cooperation
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and is accessible from all the cognitive nodes. In order ppett this assumption, a cluster super-
vision block (CSB) which controls and synchronizes all the activities of thgnitive cluster,

is introduced. This central logic retains the common quen ia the interface between the
cognitive cluster and the primary network. Secondary nadesperfectly exchange information
with the CSB without overhead.

B. Physical channel

All wireless links exhibit fading and additive white Gaumsinoise (AWGN). The fading
is assumed to be stationary, frequency non-selective agteiga block fadingi.e. the fading
coefficients remain constant during one packet, but chamggpendently from one packet time
to another according to a circularly symmetric complex Garsdistribution with zero mean and
unit variance. Furthermore, the variance of the AWGN is mat@ be unity. Each link — j is
characterized by an outage evéht;, which characterizes the case that the instantaneousitsapac
is lower than the required data raf& with an outage probability equal ®{O, ;} =1 — f,
wheref; ; is the probability of success. Because the cognitive dlirsie a high degree of sensing,
it assumed that the channel coefficients of the liSksy — Dp, Dg area priori known at the
cognitive cluster [20]. This assumption is reasonable due¢he continuous broadcasting of

ACK/NACK packets by the destinations, which are receivaaifrall the nodes of the network
[9].

C. Cooperative spectral sensing and synchronization

Perfect spectral sensing (probability of detectign= 1, probability of false alarmP; = 0)
which allows the CR to access the channel only in the casdsttibaprimary user is idle, it
is assumed [21]. This assumption provides lower boundshersiystem performance and is a
guideline for more realistic configurations. The basic¢awf this work is to analyze cooperative
protocols for CRs with clustered structures. Problems efcspl sensing and scenarios where
cognitive users interfere with the primary user are beydred 9cope of this paper and can be
considered for future investigation [26]. However, for thestered system model considered here,

this assumption is reasonable [15]-[17]. An appropriatedn and combination of the individual
1The CSB can be a secondary node which has been selected asteahelad.
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sensing data improves the ability of the system and decsegeprobability of detection error
and false alarm.

Furthermore, perfect synchronization of the CR to the pryngystem is assumed. Based on
a primary pilot channel, the cognitive cluster remainscHiritime-syncronized with the primary
user when implementing the proposed relaying schemes. Aasiassumption can be found
in [19], [20]. The impact of an imperfect time synchronipation the cooperative schemes is

beyond the scope of this paper.

D. Queueing stability

As the arrival processes are assumed to be stationary bytibefjand the departures processes
are also stationary due to the stationary channel fadingeindelscribed above, we can apply
Loynes’s theorem to check the stability of the queues [2Tipr&fore, the basic constraint for a
gueue to be stable is that the average arrival rate be lessthieaaverage departure rate. It is
worth noting that by considering perfect spectral sensinthe cognitive cluster, the problem

of interacting queue is overcome and it still obeys the atatiity assumption.

[1l. PROTOCOL DESIGN FOR COGNITIVE COOPERATIVE RADIO

AND STABILITY ANALYSIS

In this section, we investigate some cognitive cooperginadocols which efficiently combine
the cognitive principle with the clustered structure unskeidy. The selected performance metric
is the maximum stable throughput for the system queues amahal/zed by using queueing
theory. We note that the analysis is appropriate for apipina where time delay is not a critical

parameter [22].

A. Non-cooperation (NC)

The noncooperative scheme is used as a reference scematfiis tase, there is no interplay
between the primary user and the secondary cluster anddhetbe common relaying queue is
not considered. The secondary (cognitive) transmitterseséhe channel in each slot, and if they
detect an idle slot, the relay with the best instantaneaikstd the secondary receiver, transmits

a packet (if there is any) from its queue.
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1) Stability analysis:For the primary user, the service process can be modeléd @3 =
1[0} 5], wherel[ ] is the indicator function(D! ; denotes the complement of the outage event
between terminal and the destination at timet. The service process is stationary and has a
(max)

finite mean given by, = E[Yp(t)] = P{O},,} = fp.p,. According to Loynes’ theorem,

the stability of the primary queue requires

2Ro _ 1
A <™ = iy = e (<21) packersisit W)

On the other hand, the secondary transmitters access tmmelhavhen the primary user
does not have any packet in its queue. As perfect channel istlmirmation (CSI) is assumed
at the cognitive cluster, the transmission policy which mmazes the total capacity requires
the relay with the best link (with the secondary destingtitmntransmit at full power [28]. The
service process for a secondary user can be expresdedtas- 1[{Qp(t) = 0} AL N O b,
where P{Qp(t) = 0} denotes the probability that the primary queue is empty attiime
slot ¢, Al denotes the event that reldy is selected for transmissiork (= £*) and k* =
arg maxpes,, 1 7k,0s} denotes the selected node with; equal to the instantaneous signal-
to-noise (SNR) of the link — j. By using Little’s theorem [29], we havB{Qp(t) = 0} =
(1 — Ap/ul™)) and therefore Loyne’s constraint for the stability of theaedary transmitters

gives
~ A
P

where fi- pg = 1—[L—exp (— (2R —1)/Py(1—d)~#)] " is calculated by using order statistics
[31]. We note that due to the clustered configuration of tleesdary nodes, the average channels
between them and the secondary destination are assumed statistically equivalent [25].
Therefore, each relay can access the channel with the sashalplity and this behavior yields

a long-term transmission fairness among the nodes.

B. Conventional cooperation (CC)

Conventional cooperation is the first protocol that allowsondary transmitters to deliver

packets of the primary user that have not been successéadbied via the primary link. It is an
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extension of the protocol proposed in [22] for a single-atga configuration. More specifically,
according to the cognitive principle, the primary user $rarts its packets without taking into
account the existence of the relay cluster. However, inragshwith the non-cooperative scheme
where the primary node removes a packet from its queue wheuacisessfully received at the
destination, here, it can also drop a packet when it is ssbabs received by the cognitive
cluster. In the case that a packet is not successfully delivat the primary destination but
is decoded by at least one secondary node of the cognitistec)uthe packet is added to
the common relaying queue (which is accessible from all th#es of the cluster) and an ACK
signal is broadcasted by the cluster. More specificallythalcognitive nodes which successfully
decode the source message convey their packets to thelc€BtBa After a basic processing
of the received packets (replica packets are discardegl\C8B enters the source packet to the
common queue and transmits an ACK signal. It is assumedhbatdnventional non-cooperative
ACK/NACK mechanism is modified and allows the cognitive tdngo notify the primary user
for successful decoding of a transmitted packet [21]. Furttore, according to the previous
description of the cognitive structure, the relay clusten cdecode the transmitted signal if at
least one relay can decode it. If such a relay exists, it isaasvthat the link between the primary
user and the cognitive relay with the best instantaneousngiaonditions is not in outage [30].
1) Stability analysis:For the primary user, the service process can be modeléd @$ =

1[0hp,] + 1[0 5, N O], wherek! = arg maxyes,,, {71} Accordingly, Yr(t) is a sta-

tionary process with mean

p ™ = BYp(t)] = P{O% p} + P{O% , YP{O% .} = frps + fost — frosfou,  (3)

where the resulfp: = 1—[1—exp (— (25 — 1)/P0d‘5)]K is given by order statistics [31]. In
contrast with the analysis of the non-cooperative cases tler maximum stable throughput of
the primary user also depends on the stability of the clugtlarying queue. More specifically,
when the primary source is inactive (the primary queue istg)rihe cognitive cluster either
transmits a packet from the common queue, or allows a relayatsmit a packet from its
own queue to the secondary receiver. As the priority of thepecative CR is to optimize the
performance of the primary user, it is assumed that if thayre queue is not empty, it is

always selected for transmission. On the other hand, in #se ¢hat primary and common
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gueues are both empty, a cognitive relay is selected tortnarts own data to the secondary
destination. Accordingly, as CSl is available at the CR,ttaasmission policy which maximizes
the capacity can be viewed as opportunistic schedulingreftwe, for the case of the common
gueue, the relay with the best— Dp link is selected for transmission (primary opportunistic
scheduling) and for the case of an individual queue, theyreldh the bestk — Dg link
(secondary opportunistic scheduling). For the common guthe arrival process is defined as

Xps(t) = 1[{Qp(t) # 0y N O% p, N O], with a mean

Aps = BXrs(0)] = (1= S @

P
where we have used Little’s theorem to obtain the RHS. Thedege process is defined as

Yps(t) = 1[{Qp(t) = 0} N Ok, ], Wherek; = arg maxyes,, {0, }, and the mean of the

departure process is given as

[ips = (1— u;*’) : [1— [1 — exp (-%HK] . (5)

y
Jki1,Dp

Based on Loyne’s constraint for the stability of a statigngueue, from Eq.’s (3), (4) and (5)

we have that the maximum stable average throughput of timeapyi user is equal to

(fP,Dp + fpit — fPDp - fP,kT)fkl,Dp

Jrnop + (1= frpp) for
Finally, for the individual relay queues, the departurecess is defined as;(t) = 1[{Qp(t) =
0} ({@Qps(t) = 0} N ALN Of b, ] which results a stable throughput for the secondary uselequ

)\p<

(6)

to

(max) 1 <1_ Ap . Ap (l—fP7DP)fP7kT)fk*,Ds' (7)

Ag < = ElY.(t)] = —
sl R T T

C. Conventional cooperation and dirty-paper coding (CCHDP

This cooperative protocol requires a cluster with > 1 relay nodes. It is similar to the

conventional scheme, but allows two relays to simultankyoascess the channel using DPC
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[23] when the common queue is served. More specifically, axtimmon queue is “shared” by
all the nodes of the cluster via the CSB, DPC allows a relayetvesits own queue (establish
a communication with the secondary destination) at the same that another relay serves
the common queue. For the link between the relay and the dagpestination, the common
gueue data is regarded as arpriori known interference and thus an appropriate precoding
technique at the relay can mitigate interference [19], .[Z8} the other hand, the link between
the relay that serves the common queue and the primary dasetins affected by interference
from the secondary link (the/-interference channel). Therefore, an appropriate desfgie
DPC parameters is required in order to efficiently optimizghblinks. The considered DPC
technique can be found in [20, Sec. 5.4] and yields an acbievate region for the simultaneous

transmissions equal to

‘hkl’DP‘zpo + Oé‘th’DPFPkQ
1+ (1— oz)\hkg,pp\2pkz

Rps(a) <log (1 + ) , Ry, (a) <log (1 +(1 —a)}hk%Ds}?PRQ)

(8)
where kq, k2 € Sielay denote the relay that serves the common queue and its owrequeu
respectively,P, = Py(1 — d)=%, h;; denotes the fading coefficient for the link— j, and
« is the DPC parameter which denotes the fraction of powerishallocated to the interference
component [23]. The above expressions refer to a norma@&N variance according to the
considered system model (Sec. 11.B). We note that the abd®@ f2chnique does not take into
account the knowledge of the linkSeay — Dp and therefore it is a suboptimal technique.
However, according to [20], it has a performance close toftiifeedback DPC with a lower
complexity. In addition to this property, this suboptimaPO technique satisfies the scope of
this paper and simplifies analytical results (outage priitiab).

According to Eq. (8), relay selection and the parametdrave an important impact on the
performance of the DPC design. They characterize the w#dsetween primary and secondary
throughput and can be optimized according to various @itdn this work, we focus on a
primary protection scenario, where the system will sethgsé parameters in order to maximize
the secondary throughput while supporting a pre-seleatenbpy throughput. The relay selection
scheme that is now described is an efficient solution forabgnitive scenario. More specifically,

the relay with the maximum instantaneous channel condititnthe primary destination is
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selected to serve the common relaying queue. This assumgpitmizes the primary through-
put and protects the primary link from the secondary userterierence. However, selecting
the other cognitive node (which serves its own queue) basethe second best link to the
primary destination, introduces severe interference @nrélaying link without significantly
contributing to the relaying performance. On the other hahd selection of this node based
on the quality of the secondary link can optimize the seconttaroughput by simultaneously
protecting the relaying link from interference. Therefoitee selection strategy is a secondary-
based opportunistic scheduling among the remainikig—(1) nodes. A more detailed analysis
for the impact of the relay selection on the DPC design canooed in [32]. The proposed

selection policy can be expressed as

k‘ = 5 ]{j == 9
1= arg max {3p,} 2 =arg, max {70} (©)

Regarding the implementation of this scheme, in a mannewvaeuat to the CC protocol,
CSB takes the selection decisions and synchronizes the E€nission. Based on an internal
cluster communication (the secondary nodes exchangemiatorn perfectly with the CSB),
each secondary node informs CSB about the quality of thelkslwith both destinations [20].
Therefore, when a time slot is sensed to be empty, the CSBeapthle above selection rules
and supplies the relaying node with a packet from the commumue,

In the case that the primary and the common queues are botty éngpCR can access the
radio in order to serve an individual relay queue. For thasmi$mission, a secondary link-based
opportunistic scheduling maximizes the total capacity le# system. In comparison with the
conventional protocol, the integration of DPC gives morpartunities to the secondary users to
access the channel, as a relay can also transmit its own detegdhe service of the common
queue.

1) Stability analysis:In a similar fashion to the conventional cooperative schetime max-
imum average departure for the primary user is given by EJj.K@rthermore, the constraint
for the maximum stable arrival throughput for the primanemus obtained by studying the
stability of the common queue. The arrival process in the mom queue is described by EQ.
(4) and the departure process is defined’as(t) = 1 [{Qp(t) = 0} N O}, 1, (a)] with mean
ips(a) = E[Yps(t)] = (1 — Ap/u™ ) fi. p.(a), where the probabilityfy, p,(a) is given in
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Appendix |. By applying Loyne’s stability theorem to the coon relaying queue, the average

throughput of the primary user is constrained as follows

(fP,DP + fpxt — fPDp fP,kT) Jrr,pp (@)

fi,pp(@) + (1 = fppp) [t
It is worth noting that Eq. (10) differs from (6) in that it alws an optimization of\p by

)\p(Oé) < (10)

optimizing the parameter. According to the protocol description, a cognitive relancerve
its own queue either simultaneously with the common quedgdBcheme) or via a dedicated
channel when the primary and the common queues are both eBgsgd on this assumption,

the departure process for a cognitive relagan be expressed as

Yi(t) =1 [{pr =0} {@prs # 0} ()AL Ok ps (a)] +1 [{Qp@) =0} {@rs(t) =0} AL @};,DS]
(11)

where A! denotes the event that reldyis selected for DPC transmissioh € k). The above

expression results in a maximum throughput for the cogmitelay equal to

Ap

s - (1= fppp) - frit
As(a) < ps = ~ (1 _ A—P> Frape(a) = 22 (sz,DS () + fk*,DS) . (12)

E (max)
P (1 - ()r\nP;x)) : fk?‘l,DP (04)
Hp

where the probabilityfy, p,(«) is given also in Appendix |.

D. MISO cooperation (MC)

In contrast with previous cooperative schemes, in whichpary user removes a packet
from its queue if it is decoded successfully either by thenary destination or the cognitive
cluster, here we assume that the packet remains in the propaue until is received successfully
at the receiver. This new MAC protocol of the primary usepwB a packet to coexist in the
primary and the common queue. This coexistence corresponttie case in which a packet is
not correctly received at the destination, but it is sudedlysdecoded by the cognitive cluster. In
the proposed protocol, servicing of the relaying queue datgsvait for idle time slots, and it is

served whenever it is not empty, independent of the behafitre primary user. If at the same
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time the primary user retransmits the lost packet, the potoorresponds to a conventional
MISO scheme, in which the primary user and the common quel@yjrtransmit the same data
via two independent channels. It is worth noting that theppsed MC scheme requires a time-
synchronization of the cognitive cluster to the primarytegs This requirement can be ensured
via a beacon channel, which is continuously (or periodygdiroadcasted by the primary users
[19], [20] and allows the cognitive users to adjust theiraloclocks according to the primary
system. On the other hand, when the primary user has no datangmit (the common queue
becomes empty), a CR establishes a communication betvssgiaihd the secondary destination.
According to the previous discussion, an opportunisticedciing mechanism is an appropriate
transmission technique for both cases. Therefore, foréhdgce of the common queue, the node
with the bestt — Dp link is selected, and for the case of the secondary trangmisthe node
with the bestk — Dy link.

1) Stability analysis:For the primary user, the departure process can be exprassed

Yp(t) =1 { _;,Dp} +1 { %DP m @;,kf ﬂ @;;kl,Dp] , (13)
where O,,;; denotes the event that the MISO link-& [, ;7 — [) is in outage. Therefore, the

maximum throughput for the primary user is given as

Mfgmax) = E[Yp(t)] = fp7DP + (1 - fP,Dp)fP,kaP;kLDP' (14)

where fp.;, p, IS given in Appendix Il. On the other hand, the arrival pracesthe common
queue is defined a&ps(t) = 1[{Qp(t) # 0} N Opp, N Of,;] with a mean equal tdps =
(Ap/u™) . (1 = fep,)fpst- Furthermore, the departure process in the common queue is
expressed a¥ps = 1[Opy, p,| With @ mean equal tQups = fpy,.p,. Therefore, by using
Loyne’s stability theorem for the primary and common qudhe, maximum stable throughput

for the primary user is given as

feop + (1 = fepp) fert fri,pe if frp,0p > (1= feDp) oKt

[fP,D +(1~frP.pp)fp it fPiky,D :|fp;k D .
: (l—ifp,g,i)fpﬂl P it ferpp < (L= frop) feR

Finally, according to the proposed protocol a cognitivayedccesses the channel whenever the

)\p < (15)

primary queue becomes idle. This behavior can be express#uebdeparture process,(t) =

1[{Qp(t) = 0} NALN O} p,] which results a maximum arrival throughput equal to
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1 Ap
As < K <1 - W) Jr D - (16)

P

E. MISO cooperation and dirty paper coding (MC+DPC)

In this protocol, the primary user follows the same behawa®rthe MC cooperative scheme
and therefore a replica of the same primary packet can beiocaat in both the primary and
the relaying queues. However, in contrast to the previoberse in which both transmitters,
primary user and cognitive relay, broadcast the same paakiebut further processing, here it
is assumed that the cognitive relay applies DPC. More speliifj the proposed protocol allows
a cognitive relay to serve its own queue simultaneously Withretransmission of the primary
user. Given that a packet which is added to the common qudubenfiorwarded by the primary
user in the next time slot, a cognitive relay can precodews mformation by considering the
primary packet as priori interference known at the transmitter. The DPC scheme alline
cognitive relay to establish “clean” communication witteteecondary destination but causes
some interference to the primary link. In this case, an gmaie design of the DPC parameter
is again required in order to achieve an efficient trade-effireen both links. Equivalent to
Section 11.C, the considered DPC scheme provides an adileevate region for the simultaneous

transmissions which is given by

14 }hRDP‘QPQ -+ O“hk*,DP‘QPk*

Rp(a) <log <
1+ (1— Oé)}hk*,Dp‘QPk*

> . Rpe(o) <log (1 +(1- a)‘hk*,DS‘ZPk*)
17)

In this DPC scheme, the node selection strategy is more coabgdl and introduces an
interesting trade-off between primary and secondary pedoce. More specifically, for high
a (— 1), a primary-based opportunistic selection optimizes tiiggomance of the primary user
by decreasing the secondary performance. On the other hastondary opportunistic selection
optimizes the performance of the secondary users by deécgedlse primary performance.
The appropriate selection depends on the optimizatioretasf the system. For the sake of
presentation, here we deal with a secondary-based oppsirtuselection as it results in an
efficient trade-off between both links. This selection pplmaximizes the performance of the

CR and achieves an efficient trade-off for the primary usdirbiting the generated interference.
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Finally, in the case that the primary user becomes idle (comgueue is empty), the cognitive
relay with the best instantaneokis— Dy link is also selected for transmission.

1) Stability Analysis:The departure process in the primary queue can be expressed a

Vi(t) = 1O, | + 1|00, 1 Ohss (1 Obise sl 18)

with a mean equal to

#gmx) = fepp + (1- fP,Dp) ’ fP,kT ’ fP;k*,DP(a) (19)

where fp.+ p,(a) is given in Appendix Ill. For the common queue, the deparpun@cess can
be defined ad’ps(t) = 1[@;;,@*7%(@)] with a mean equal tgups = E[Yps(t)] = fripp().
On the other hand the arrival process is similar to the MCquait Therefore, by applying the

Loyne’s stability theorem, the maximum throughput of thanary user is constrained as

fp.op+(~=fpDp)fp i fP*,Dp (@) | fRx Dp(@) .
: fl—?j,D;)l}P,Z: lspuer if feaepp(a) < (1= fppp)fpr
(20)

Finally, according to this protocol, a cognitive relay sssts own queue, either simultaneously

froe + (1 = fepp) fertfruepp(c) i fpuspp(a) > (1 = fep,) et
)\p(Oz) < [ -

with the common queue by using DPC or via a dedicated timevst@n the primary user is
idle. Furthermore, the criterion for secondary select®the best — Dy link. Therefore, the

departure process for an individual relay queue is defined as

Yilt) = 1 {{@p@) arie ok,DSm)} i1 {{@p@) arve ok,DS] (21)

which yields a maximum throughput for the primary user edqoal

As(0) < s = [2%“3 : freps(a) + (1 - 25113) fk*vDs] (22)
P P

where fi« p,(«) is given in Appendix Ill. We note that the analysis of the DP€>ign with a
primary-based opportunistic selection follows the abowthndology and is taken into account

in the numerical results. Fig. 2 schematically summaribesproposed cooperative schemes.
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F. Optimizing the DPC parameter

The definition of the parameter introduces an interesting optimization problem that deljgsen
on the perspectives of the CRs. In this work, cognitive coafpen is used as an efficient
way to protect the primary user and deliver its data at theesauerage rate as the primary
source-destination link by improving the diversity gaintioé overall link. However, the potential
capacity benefits increase secondary transmission oppkegiand can maximize the secondary
throughput. In this view of the CRs, the appropriate parametof the DPC-based protocols
is this one which maximizes the cognitive throughpug)(while supporting the specified (pre-

(max

selected) primary throughpub g, < pp )). The optimization problem can be written as

a* = argmax, {\s(@)}
st. )\p0 < )\p(Oé) with o € [0 1], (23)

As the DPC approaches are based on the CC and MC protocolszdahenot offer a primary
throughput over these schemes. Therefore, the validafitimeoabove constraint corresponds to
a direct application of Eq.’s (6) and (15), respectivelythis constraint is satisfied\f,, < pup>),
the solution of the optimization problem requires the dolubf the inequality\p, < Ap(«) for
«. Furthermore, if C [0 1] denotes the solution of this inequality, the appropriateapeeter
a which solves the above optimization problemds = min{¥}, as R, is a monotonically

decreasing function witla.

IV. NUMERICAL RESULTS

Computer simulations were carried out in order to validaee performance of the proposed
schemes. Fig. 3 plots the primary throughplp) versus the maximum secondary throughput
(u(smax)) of the proposed cooperative schemes; a specified (preedgfgrimary throughput is
used for the DPC-based approaches. The simulation pansreste X' = 2 users,d = 0.6,

Ry = 2 bits per channel use (BPCUR, = 6 dB, \3® = 0.65 and Af® = 0.77 (packets/slot)
for the CC and MC, respectively. It is worth noting that co@p®n for cognitive systems is
an interesting solution only when the direct links are ingdésding and both branches of the
relaying link are strong enough in order to establish comgation [21], which motivated our

particular choice of simulation parameters. The first oletéwn is that cooperation significantly
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improves the throughput for both primary and secondarysugavoperation protects the primary
transmission via diversity gain and thus optimizes the printhroughput while providing more
opportunities to cognitive users for transmission. Furti@e, the MC protocol achieves the
maximum throughput for the primary user as it uses all thelaa system resources in order
to serve the primary queue. As far as the DPC approach is owegteit can be seen that it
improves the secondary throughput while supporting theiired primary throughput. For the
selected primary throughput, the optimal valuesaofire equal ton ~ 0.7 and o = 0.8 for
CC+DPC and MC+DPC, respectively. It is worth emphasizingt thlthough the demanding
CC primary throughput is largest, the DPC approach allowgnitve communication with a
non-zero throughput.

Fig. 4 shows the impact of the parameteon the performance of the DPC-based schemes. The
simulation environment is based on the above parametersa\be seen, for the CC+DPC pro-
tocol, there is amv which jointly optimizes primary and secondary users. Sitheeperformance
of the primary user does not change tor> 0.7 and the performance of the secondary user
decreases with,, a =~ 0.7 is a reasonable choice for both users. On the other hand etievior
of the MC+DPC curve shows that the primary throughput iseased withn by resulting in a
zero throughput for the secondary throughput at its maximafae. This figure also validates
the previously used MC+DPC value for the parametén = 0.8 for /\}“QOC = 0.77). With respect
to the flat behavior of the curves for some regionsvpft is justified by the outage expressions
in Appendices | and Ill. More specifically, in the MC+DPC caf® a Z > o/[1 —a] (Z =3
for the considered scenario (see definition in Appendicés)),we have fp.i p,(a) — 0 and
therefore DPC does not help either the primary or the seggnprformance. Accordingly,
in the CC+DPC protocol, for & < «/(1 — «) we havefy, p.(a) ~ fi, p,(Z/[1 + Z]) and
therefore the corresponding throughput does not change.

In Fig. 5, we present the impact of the geometry on the pemoca (throughput) of the
proposed schemes for the above system configuration. Asecardn, the cooperative protocols
are improved as the cognitive cluster is closer to the datstin. For cognitive cooperation, the
critical link is the one between the cluster and the primassgtihation. As the quality of this link
improves (the cluster is closer to the destinations), theise ability of the system improves
and optimizes the global throughput. From this figure, it b@nseen that for the considered

simulation parameters, the location of the clusteriat 0.9 gives the best trade-off between

April 10, 2009 DRAFT



18

primary and secondary users.

Fig. 6 presents the throughput performance of the proposeehses versus the quality of the
direct link. The other simulation parameters are similathte previous ones and parameter
is pre-defined equal to 0.8 (optimal from the primary useosmpof view). For low SNRs, the
conventional cooperation outperforms the proposed scheiméehis SNR region, DPC schemes
introduce a severe interference to the primary transmisgibhout a major gain throughput
for the secondary users. Furthermore, MC schemes are noeeffifor low SNRs. The poor
quality of the primary user results in a low performance toe tooperation between primary
and secondary users. In Fig. 7, we present the maximum thpautigof the primary user for
the proposed schemes and for different number of users. Uiinder of users is related to the
decoding ability of the cognitive cluster and the relay sttm for the service of the relaying
gueue. As the number of users increases, the outage pribpdietween primary user and
cluster is decreased and thus the decoding ability of th&telis improved. Furthermore, for the
cooperative protocols where the service of the relayinguguellows an primary opportunistic
selection, the increase of the number of relays yields a&bptimary throughput. However, for
the adopted MC+DPC protocol where the service of the pringague is not based on a relay
selection, its performance is independent of the numbenefeélays. An interesting observation
here, is that setting the number of relais= 5 is enough in order to achieve the maximum
performance.

In Fig. 8, we compare the performance of the proposed DP€ebpsotocols for different
relay selection policies. More specifically, we compare tioa-selection scheme, the primary
opportunistic selection and the adopted selection polien a specified primary throughput (see
Section lll. E). The simulation parameters afé:= 4 usersd = 0.6, Ry = 2 BPCU andF, = 6
dB, A\FC = 0.65, A}}¢ = 0.8 packets/slot and the optimal value of the parametés equal to
0.6 and0.8 for CC and MC, respectively. As can be seen, relay selectgmfgantly improves
the throughput for both the primary and the secondary alustw the CC+DPC protocol, the
proposed selection outperforms the full primary oppostiaiselection as it gives a higher
secondary throughput while satisfying the seleckéoﬁ. On the other hand, the relay selection
introduces a trade-off for the MC+DPC protocol. In this Gas@rimary opportunistic selection
improves the primary throughput and a secondary oppottargsiglection improves the secondary

throughput by reducing the primary throughput. Howevarilie selected primary throughput, the
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proposed scheme is the appropriate selection policy. &fidnire, we present also the theoretical
approximation for the case of the CC+DPC protocol (AppeniliXThe corresponding curve
is very close to the true performance, and this observatadidates our simplified expression.
These simulation results are supported also by Fig. 9, whermaximum primary and secondary
throughput versus the parameteis depicted. For the CC+DPC scheme, the proposed selection
outperforms the competitive selection for all the casesamndan be seem ~ 0.6 is the optimal
value of the parameter for the above specified primary throughput. On the other hémd
the MC+DPC scheme, we can observe that the proposed selecitperforms the competitive
scheme for lowy and achieves an efficient trade-off between primary andretny performance
for high «. More specifically, for the selected primary throughpklﬁoc( = 0.8) the adopted relay
selection supports this throughput while optimizing theoselary performance. However, if
the target of the cognitive system is the maximization of phienary performance (specified
primary throughput higher than the maximum supported froengroposed selection), a primary

opportunistic selection and~ 0.9 seems to be a suitable parametrization of the system.

V. CONCLUSION

This paper has dealt with protocol design in cognitive coafde systems with a clustered
cognitive structure. The considered configuration enabdegperation between a primary and a
cognitive cluster in order to support a desired primary tigigout and give more transmission
opportunities to the secondary users. The investigatedquts allow simultaneous transmission
of relaying and secondary data based on DPC. The DPC panaaetevell as its relation
with opportunistic relay node selection introduces a trafiebetween primary and cognitive
performance. This trade-off is studied under a primarygutdn scenario where the optimization
target is to maximize the secondary throughput while supppa specified primary throughput.
The investigated protocols are analyzed based on the istathifoughput region and their
enhancement are provided by simulation and analyticallteestin interesting topic for future

investigation is the analysis of the proposed schemes analistic imperfect cognitive sensing.
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APPENDIX |

CONVENTIONAL COOPERATION WITHDPC

The computation of the outage probability for the relayiregadrequires the computation of
the cumulative distribution function (CDF) of the randonrighle (R.V.) Z, defined as”Z =
X +aY/(1+ (1 - )Y, where X is the maximum amondf i.i.d. exponential R.V.s with
parameter\, andY is also an exponential R.V. with parameterwith Y < X. In order to
simplify the analytical expression, we relax the constrdin< X and we assume thaf, Y are
independent. However, it can be easily shown that this cainstis “automatically” supported

as K is increased. More specifically,

PY<v}- | TB{X < yhuy(y)dy = / ) [1 - exp<—Ay>} “Nexp(=Xy)dy

K
K oo 1
= —1)™A Y Mdy = —— — K i
O(m>( ) /O exp(—Ay[m + 1])dy o1 0 (asK increasep

(24)
where uy (-) denotes the PDF of and for the above expression we have used the binomial
theorem(z+y)™ = > _ (™)z"~™y™. It is worth noting that numerical results in Fig. 8 validate

the efficiency of our simplified expression.
The CDF ofZ can be written as

P X +aY
1+(1—a)Y_

p

z} =P{X <z+Y[2(1-a)—qa]}

fo m—0 ( ) —1)™exp <— Amlz +y[z(1 — a) — a]])uy(y)dy if 2> =
fz(a T Zm 0 ( )( 1)™exp (— Aamlz +y[z(1 — a) — a]])uy(y)dy if z < 72
Zﬁ:o (ﬁ)(—l)mme ( Amz) if 22

Zm:O (m)<_1> W exXp ( z(a—1) +a )

\

\
(

The outage probability for the primary link can be expresaed

L5 |2pc+a|hk D |2pc R }
P{O _pd MhDp 2D\ Pe gy _ 1\ 26
(O (e)) = P { Mol e e lhianel @)
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which can be calculated by using the previous probabilitgression, withX = |h, p,[*pe
Y = |hiy.ppl?0er pe = (1 —d)™P, X = p7! and z = 2f0 — 1. The outage probability for the
secondary link can be expressed as

P{O,.ps()} = P {log (1 +(1— oz)|hk27ps|2pc/2) < RO} = {l—eXp (-%) r_l.
(27)

APPENDIX Il

MISO COOPERATION

The computation of the outage probability requires the asapon of the CDF of the R.V.s
Z defined asZ = X + Y where X is an exponential R.V. with parameter, and Y is the
maximum betweerk' exponential R.V. with parametey,. We have,

P{X+Y§z}:IP’{Y§z—X}:/OZ [1—exp(—)\y(z—x)) A1 exp(—Ax)dx

=\ Z:O <i) (—l)mw [1 — exp ( —z(A\p — )\ym))} ) (28)

The probability under questionf£., p,) corresponds to: = 2(2f° — 1)/PRy, A\, = 1 and
Ay, = (1—d)7P.

APPENDIX |11

MISO cOOPERATION ANDDPC

The computation of the outage probability for the relayiregadrequires the computation of
the CDF of the R.V.Z, defined asZ = X + aY/(1+ (1 — «))Y, whereX, Y are exponential

R.V. with parameters\, and \,, respectively. We have
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{%gz}:P{XSZjLY[Z(l—CM)—Q}}

;

I Uy (z+y[z(1 —a) —a})uy(y)dy if 2> -~

=y, < (1 —a)— a])uy@)dy e <o

\
(

1— N\, exp(—A\;2 L if 2 > -2
— 4 p( ))\z [z(l—a)—a} +Ay - e
2 Ay exp(—Az2) z(Az[z(1—a)—a]+Ay) : o
\ 1-— exp(—)\y z(a—1)+a) - Az[zy(l—i)—a}.t,-)\y [1 — exp (_ Z(a—1)+a Y )] if 2 < 1o
(29)
The outage probability for the primary link can be expresaed
\heopl?pa + b ppPpe g

P{Op.;+ =P hats s <2 —1,, 30
{Opsk-pp() } { 1+ (1= )|y 206 (30)

where it can be computed by using the above probability fanatith p, = Py, p. = Py(1—d) 7,
X =\hpppl?par Y = [l pp*per Ao = p3 ', Ay = p.t @ndz = 2Fo — 1. The outage probability

for the secondary link can be expressed as

POy (@} = P flog (14 (0= @l o) < Rl = [1 - o (222 0) r
31)

where the last expression results from using order stegi$dl].
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Fig. 8. Maximum throughpuj:s versusip for DPC schemes for different selection criteria: non-ciide, primary based
selection (two best), proposed selectidti;= 4; Ry = 2 BPCU,d = 0.6, Po = 6 dB, a°© = 0.6 andoaM® = 0.8.
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Fig. 9. Relay selection for DPC-based schemes versus tlenpéera; K = 4; Ry = 2 BPCU,d = 0.6, P, = 6 dB.
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