Transmit and Receive Cooperative Cognition:
Protocol Design and Stability Analysis

Ahmed EI| Shafig, Amr El-Keyif, Tamer Khattah, Mohamed Nafié

TWireless Intelligent Networks Center (WINC), Nile Univitys Giza, Egypt.
*Electrical Engineering, Qatar University, Doha, Qatar.
ahmed.salahelshafie@gmail.com, aelkeyi@nileuniveesityeg, tkhattab@qu.edu.qa, mnafie@nileuniversityegdu

of transmission is given to the relaying queue. Also, it was a
Abstract—In this paper, we investigate the stability of a sumed that the secondary will decide to relay a certainifract
cooperative cognitive system. We propose a cooperative sedary ¢ (adaptive admission control parameter) of the undelivered

transmitter-receiver system CSTR), where, the secondary trans- S .
mitter (ST) and the secondary receiver (SR) increase the spe packets of the PT to minimize the ST delay subject to a power

trum availability for the ST packets by relaying the unsuccessfully Pudget for the relayed primary packets. In [5], the authors
transmitted packets of the primary transmitter (PT). We assume characterized fundamental issues in a shared channel where
receiving nodes with multipacket reception capability (MFR). We  the users have different priority levels. They characeetiz
provide two inner bounds and two outer bounds on the stabiliy  the stable-throughput region in a two user cognitive shared
region of the considered system. "
channel where the PT has unconditional access to the channel
Index Terms—Cognitive radio, closure, stability analysis. while the ST transmits its packets with some access prdbabil
designed based on the primary queue state. More specifically
the ST accesses the channel with probabilitif the PT is
. INTRODUCTION empty, and with probability if the PT is nonempty. In [6], the

The electromagnetic radio spectrum is a precious resourggthors proposed a cluster of secondary users helping the PT
whose use is licensed by governments [1]. Regulatory bodi¥§h a single relaying queue accessible by all the secondary
have come to realize that most of the time, large portions ¥fers. The authors in [7] proposed a novel channel access
certain licensed frequency bands remain unused. TheiirguitProtocol for multiple secondary users with relaying capgpbi
intention behind secondary spectrum licensing is to efiitye in a cognitive network. The stability region of the secondar
increase the spectral usage of the network while, depem,-ngnetwork was charagterized. In [8], the authors considered.a
the type of licensing, not perturbing the primary users lfbig netwqu with two primary users r?md one ST that relays their
priority users). Cognitive radio (CR) systems are seen ama cundelivered packets in the free time slots. In [9], the argho
didate prime solution that can significantly mitigate therent considered multiple PTs with a common destination and one
low spectral efficiency in the electromagnetic spectrum.R cST with relaying capability. More specifically, the CR user
is defined as an intelligent wireless communication systetgnses the primary bands and sends a packet from the relaying
that is fully aware of its environment and uses methodogigueues until they all being emptied. Afterwards, the CR user
of learning and reasoning in order to dynamically adapt i&vitches to the “best” idle band, which has the maximum
transmission parameters (e.g., operating spectrum, ratoll chann_el gain based on the channel conditions of the time, to
schemes, coding, and transmission power) to access portid@nd its own packets. N _
of spectrum by exploiting the existence of spectrum holéts le !N this work, we propose a new cognitive system with
unused by a primary system. the concept of cooperation. In the cooperative secondary

The idea of cooperative cognitive transmitter has bedfnsmitter-receiver system (CSTR), the cognitive sysigti

investigated in many papers [2]-[9]. In [2], the secondarj§/s transmi.tter—receivgrpairtries to uti_IizpT _the perimxﬂsilence.
transmitter (ST) is used as a relay for the undelivered pack@f the PT in order to increase the reliability of communioati

of the higher priority user (primary user). The seconda@rusag"’}'”St the effect of random chgr_mel variation, i.e., .c.bhnn
controls its power for expanding the stability region of thf#ding, and to allow the ST to utilize the channel efficiently
network. In [3], an extension of the problem with multiple?nd €ffectively. More specifically, when the secondary gran
secondary transmitters acting as relays for the undetiver@itter and receiver sense the channel for empty time slots, t
packets of the primary transmitter (PT) was investigated- F slots are then used to help the primary system, and/or tavallo
thermore, the authors of [3] considered priority in trarssiun  (he ST's packets to be served.

is given to the relaying queues. In [4], the authors assumed’Ve Make the following contributions in this paper.

that the cognitive user transmitter will be allowed to use th * We propose a new cooperative system (CSTR), where

channel if the PT not using the spectrum, and that the pyiorit ~ POth the secondary transmitter and receiver are used as
relays for the primary terminal.

Mohammed Nafie is also affiliated with the Electronics and @mmica- « We design a new protocol to manage the undelivered
T T primary packets decoding at the terminals and the channel
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is idle or not. The cognitive system will be able to send a
packet each time slot during the idle sessions of the PT. The

% y main assumptions of the system model at both the MAC and
sd, pd i i I i 1
ij]] Q\ P physical (PHY) layers are discussed in this section.

ps,sd
h t
— N ps,pd

to sense the channel every time slot to check whether the PT
Qsd @

‘\“\»§ A. PHY Layer Assumptions

Denote the primary source ags', the primary destination
as ‘pd’, the secondary source ass", and the secondary
destination assd’. Let k%, denote the channel gain between
node; and nodek at instantt, wherej, k € {ss,sd, ps, pd},
and it is distributed according to a zero mean circularly
symmetric complex Gaussian random variable with variance
0% 1€, CN(0,0%,). Channel gains are independent and
each link is perturbed by complex additive white Gaussian
Fig. 1. Primary and secondary links and queues. noise (AWGN) with zero mean and with variangé, and
independent for all links. In this paper, we consider MPR
channel model which can capture the effect of interferemce a
accessing of the terminals. fading at the PHY layer. Packets could survive the interfeee
« We propose an access probability assigned to each queH@sed by concurrent transmissions if the received signal-
and a controllable factor added to each relaying queug-interference and noise ratio (SINR) exceeds the thtdsho
The relaying queues’ admitting factors control the arrivabquired for successful decoding at the receiver, i.e. ther
processes of the relaying queues and the service procggs between node and nodek the probability of successful
of the primary queue, while the access probabilitiegception of the packet from nodg at its receiving node

controls the service processes of the queues. _k when there is a concurrent transmission from nddis
« We consider mu[tlpacket reception (MPR) capabilitgiven by P, = Pr{SINR > ~:5, x}, where the superscript
added to the receiving nodes. ‘¢’ denotes the node which causes the interference (see the

« We provide two inner bounds and two outer boundsppendix). Given the channel model described above, when
on the stability of the primary-secondary network, i.ethere is no concurrent transmission, the outage probgabilit
the maximum stable-throughput of the ST given certaifetween nodeg and nodek can be calculated as follows:
average arrival rate to the PT queue.

For comparison purposes, we consider, in the Numerical Pr{O;:} =P;, = Pr{lh;kIQ]P’j <No’yth,k}
Results section, two extra systems. The first system is the no
cooperative secondary receiver (SR) with priority quegein = 1—exp < — %gkaO) (1)
(NCPQ) system, where the traffic of the ST is not served until o5 k1P

the relaying queue is empty. The second system is the nQfherelP; denotes the transmission power of ngdand O, ;.
cooperative SR with no priority queueing (NCNPQ) to any g§ the event that the link between nogleand nodek is in
the queues. Note that in NCPQ and NCNPQ systems, only fi¢age. The SNR thresholg,, ;. is a function of different
ST helps the PT and all other medium access control (MA@qctors in the communication system; it is a function of the
Operations are the same as described in the next section. app”cation, the modu|ati0n, the Signa| processing appae
The rest of the paper is organized as follows. In the neghcoder/decoder sides, error-correction codes, and ntaey o
section, we describe the system model considered in therpaparameters [10].
The stability analysis of the proposed system is considered  From the Appendix, the probability of packet correct recep-
Section Ill. In Section 1V, we provide some numerical resultijon of a transmitted packet from nogéo nodek when there
of the considered optimization problems in this paper, ang 3 concurrent transmission from noéés given by
finally, we conclude the paper in Section V. . 1 .
Pliy=———— P
ll. SYSTEM MODEL 14 B e

ik
The network consists of one primary transmitter-receiver
pair and one secondary transmitter-receiver pair as shownB. MAC Layer Assumptions

Fig. 1! The ST is utilizing the spectrum resource whenever \we assume that the PT has a buffgsto store the incoming
the PT is idle. We assume that the ST and SR will be a%ﬁ:lc packets’ while the ST has two buffe@s to store its
1The proposed cognitive cooperation protocol and the thieatedevelop- OWN arriving traffic packets and),s to store a fraction of
ment in this paper can be generalized to cognitive radio orisvwith more undelivered packets of the PT. We assume all buffers are of
primary transmitter-receiver pairs and more secondargstrétter-receiver jnfinite Iength. We consider time-slotted transmission mhe
pairs, in which several primary transmitter-receiver pairay choose one or . . . .
all packets have the same size and one time slot is sufficient

more secondary transmitter-receiver pairs or the bestnslecy transmitter- Ve ) :
receiver pair for cooperation. for the transmission of a single packet. The arrival proegss



to the primary and the secondary queues are assumed to be successful decoding at the receiver.

independent Bernoulli processes with mean arrival rafes ~ \We assume that the overhead for transmitting the ACK
[0,1] and As € [0, 1] packets per time slot, respectively. and NACK messages is very small compared to packet sizes.
In this system, denoted by, the ST accepts a fractionThe second assumption we make is that the errors and delay
of the undelivered packets of the PT, i.e., it will decide tih packet acknowledgement feedback is negligible, which is
accept a controllable fraction to be admitted to its relgyinreasonable for short length ACK/NACK packets as low rate
gueue in case of outage on the primary channel using esdes can be employed in the feedback channel [10]. In
adaptive admission control parametgr and the SR has a addition, nodes cannot transmit and receive at the same time
buffer Qsq to store undelivered packets of the PT in ordemhich is a common assumption where terminals are equipped
to accept a fractionf,q of the undelivered packets of thewith single transceivers [5].
PT. We assume that for successfully decoded packets by the

ST and the SR, the priority of keeping the packet is one|[|. STABILITY ANALYSIS OF THE PROPOSEDSYSTEM

of the optimization parameters of the system defined as g o1 ;5 genote the queue sizes of the transmitting terminals
binary value?, i.e., P =1 'f the P”O”tY is assigned to at any time instant by Q¢, wherei readsp for the PT’s queue,
the SR, and73h = (k)] if thke prllorlty is assigned to the ST-sfor ST’s queueps for the ST’s relaying queue, ard for the
We assume that the acknowledgment (ACK) and negativer:g rejaying queue. A fundamental performance measure of
acknowledgement (NACK) messages initiated by the node.,mnynication network is the stability of its queues. More

with the higher priority of keeping are_sgnt earligr than thﬁgourously, stability can be defined as follows [5], [10].
messages that are sent by the lower priority one, i.e., tde no Definition: QueueQ; € {Qy, Qs, Qps, Qsa} is stable, if
with priority of keeping transmits ACKs and NACKs from ' ’ Pres bs Hse '

to 7, within the time slot and the other node transmits from Jim Pr{Q; <y} = F(y) andlim F(y)=1.  (2)
to 3. Note that the primary receiver (PR) sends the feedback Y

messages over the periegto 71.2 The MAC layer is assumed !f the arrival and service processes are strictly statipriaen
to obey the following transmission scheme. we can apply Loynes’ theorem to check for stability condisio

10], [11]. This theorem states that if the arrival procesd a

» Assign the priority of keeping the undelivered PT pa?k‘%ﬁe service process of a queue are strictly stationary psese

queue. If the queue is empty the time slot is free. is unstable.

« If a packet s received su_ccessfully by either the PR, theThe service and arrival rates of the nodes are as follows.
ST, or the SR the packet is removed from the PT's qQUEeRR . terminali — p, given that the priority factoP — 1, i.e.,

(the ST or the SR needs to send_ an ACK If a packet {Re priority of keeping the packet is assigned to the SR, a
not decoded correctly by the PR in this case). acket can be served if either one of the four events is true:
+ If both the ST and SR decoded a packet correctly, t § The primary channel is in outage, the SR decides to accept
terminal which has the p.r|or|ty of keeping, will keep thethe packet (with probability.,), and the channl’__, is not
packet and the packet will be removed from other nodel’ﬁ outage; 2) the primary channel is in outage, Fﬁé ST decides
buffer. to accept the packet (which happens with probabififyand

» If a packet is not received successfully by the PR, th{ﬁe SR decides not to accept the packet (which happens with

ST, a_nd the SR, the PT retransmits this packet in ﬂb‘?obabilityl ~ f.0), and the associated link’___ is not in
next time slot. DS

outage; 3) the primary channel is in outage, the ST and receiv
« The ST and SR randomly access the channel at e%i}h of them decide to accept the primary packet and both of

sensed free time slot (ALOHA random acce%s_). them decode it correctly or 4) if the channel between the
« At each sensed empty time slot, the ST transmits a packet t is true
s,pd .

. . . . primary source and PR is not in outage, @p
ggﬂefsfrgvr;n tr?gerl;:?a;\i/:g glrjzzaebl\:\l/tiﬁs's:)er::n;rr?)gz;illit[)ue to the stationarity assumption of the channels gain, and

Doy, OF remains idle with probability; — 1—p,—p.,. The Msmg the outage probability formula (1), the probability o

e eveniD.,, , is given byPr{O" =P From the
SR attempts to retransmit the undelivered packets of ta orementig?i%(a argumenty is {is pélgzia% %atptshp; . ueue service
PT with probabilitypsq, or to remain idle with probability : d arg ' tihe q )
1= pa. process is stationary process and has a finite mean:
« Packets could survive the interference caused by con- — = = =
current transmissions between the ST and the SR, i~ pspdtFospd JsaPpssat (1= fuaPpssa) [sPps.ss |-
the received SINR exceeds the threshold required for 3)

According to Loynes theorem, the stability condition of the

2Another approach in feedback separation can be adoptede Muecif- queueQ; is given by

ically, we can assume that the ACKs/NACKs are sent from eaumite nat

different frequency band. In this case, the node with theetopriority of Hi > g (4)
keeping the primary packet will drop what it has decoded wiegets an
ACK from the higher priority node. 4The primary packet will be buffered to the SR queue and drogpem

3The sensing durationr, is assumed to be long enough to make théhe ST queue due to the priority of keeping assigned to the SR.
assumption of perfect sensing valid (see [2], [4], [6] foirai&r assumption). 5(.) denotes the complement of the event, izes 1 — .



If we take the priority of keeping factor into account, th@idypd; 2) if the SR decides to access the channel, the event
general formula of the average service rate of the PT is givérat the ST's queues ar@gS # 0 and Q! = 0 and it does
by not access the channel (which happens with probaljility,

. o . . and the complement of the event outage between the SR and
Hp :Pps,pd + Pps,pd |:P (fsdes,sd"l‘(l_fsdes,sd)fsts,ss) the PRat 3) if the SR decides to access the channel, the

sd,pd;

event that the ST's queues af, = 0 and Q. # 0 and it
+f(fsﬁps,ss + (1_fsﬁps,ss)fsdﬁps,sd):| is not accessing the channel (which happens with probgbilit

py), and the complement of the event outage between the
SR and the PRO., . 4) if the SR decides to access the

_p D D _ D D sd,pd?
prpps,pd”"Pps,pd |:fsdPDS,sd+fSPDS,ss fspps,ssfsdpps,sd:|- channel, the event that the ST’s queues @3% ?é 0 and
(5) Q. # 0 and it does not access the channel (which happens
with probability p; = 1 — ps, — ps), and the complement of

It should be mentioned thai, is independent ofP. Given — _
ftig outage event between the SR and thedﬁgpd; 5) if

that, the primary queue is empty, the ST assigns the chan .

to its own queue (which happens with probability, and the the SR decides to access the channel, the event that the queue
L t . oy

channel between the ST and its respective receiver is notdps 7 0 @nd the ST accesses the channel (with probability

outage, a packet i), is served if the SR is nonempty and?sp): @nd the complement of the outage event between the SR

does not access (which happens with probabjlify, or if the irzd the PR given a transmission between the ST and the PR

SR queue is empty. The probability that the primary termin&dsa.pal7ss; or 6) if the SR decides to access the channel, the

queue is empty is given by [10] event that the queu@’ # 0 and the ST accesses the channel
(with probability p;), and the complement of the outage event

Pr{QIt) =0}=1- ﬁ (6) between the SRtand the PR given a transmission between the
Hp ST and the SRD,, ,4|7s. The expected value of the service

From the above argument and the expression givéi)inthe process ofl)sq is given by
mean service rate of the ST own data quelg,is given by

A
Ap aa=(1-22)p, (P t—0,Q!=0
o= (1= 22) P, Pr{Q§d0}+ﬁsdPr{Q§d#0}l Hod = up”’dl HOn=0.0:=0}

’ 7) + Do Pr{QL £0, Q4 =0} +5,Pr{Q4, =0, QL £0}
Consider now the relaying queue of the SJ,s. Given _

that the queue of the PT is empty in a time sl@nd the ST +piPr{Qp #0, Qﬁ#o}) J
chooses to access the channel with the relaying queue (which
happens with probability,), a packet from queups can be t t Pss
served in either one of thé)three following events: 1) If tie S T (P PriQp £0}+pPr{Qu 201 P pa |
is idle, atnd the channel between the ST and the PR is not in 9)
outagely ,,q; 2) if the SR does not access the channel (which ) .
happens with probability,,), and its queue is not empty, i.e., 1he arrival process to the relaying queugs, can be
Qt, # 0, and the channel between the ST and the PR is rfiffScribed as fOIIO‘t’VS' Given th@ = 1, the PT's queue is
in outage; or 3) if the queugl in time slot¢ is not empty, MOt empty, i.e.{Q; > 0}, the associated channel between
the SR accesses the channel (which happens with probabfity @1d PR is in outage, the ST decides to accept the packet,
pea), and the complement of the event outage between the gﬁd the channel between the PT and the ST is not in outage,

=t =t hence, the arrival t@),s is either one of the following events:
and the PRO Tsa WhereO'; |7, denotes the complement ' ps :
ss.pa| Tsd 5kl Te b 1) The event that the SR decides to accept the packet from

of the outage event of the channel between npa@ad node h dth inted ch b h dth
k when there is a concurrent transmission by néd&he t ‘?PT’ an .t € gssfocrllate cdan_lzje etween the PThan ¢ ESR
expected value of the service process of the relaying qué gn outage; or ) . the SR decides not to accept the pac .et.
O, is given by The process is stationary and the expected value of theahrriv

P process is expressed as
s =| (PEQ = 0} + aPr{QL # 0} ) Pacp ) S

P d d d P >\ps = ‘LL_pPps,pd (1 - fsdpps,sd)fspps,ss~ (10)

- A p
saPr{QLy # 0} Psd 1— 2)pep. _ . . .
+ PeaPr{Qsa 7 0} ’pd]( p JPep Adding the keeping priority factor, the mean arrival rate of
(8) the queuay,s is then given by

Consider now the SR queu@.4. Given that the queue A . .
of the PT is empty in time slot, a packet from queued Aps = 2 Pps pd (1 - Pfsdes,sd) fsPps,ss- (11)
can be served if in a time slat in either one of the six biv
following events: 1) If the SR decides to access the channelThe arrival process t@)sq can be described as follows.
(which occur with probabilityp.q), the ST has no packetsThe event that the primary has packets, i{&)y, > 0}, the
in any of its queues, i.eQ! = 0 and Q;S = 0, and the SR decides to accept a packet from the ®T,, the channel
complement of the event outage between the SR and the BRween the PT and the SR is connected, and the associated



channel to the primary terminal-PR is in outage. The procesackets even if it does not have any packets in its queue, and
can be modeled as therefore interferes with ST in all cases that it would in the
. . . . — original system. Therefore, if the queues at all nodes atdest
A = 1[Wsd ({QL > 0}( Ok pa nops,sd:|' (12) in the dominant system, then the corresponding queues in the
) . original system must be stable. The first inner botR ;)
The process is statlonary and the expected value of theabrriynich is based o, is given by the closure of the rate pairs
process to the queu@q is expressed as (Ap, As) constrained by equations shown abovefasfsa, s,
psp, @ndpgq vary over|[0, 1], and P varies over{0,1} [5],
[13]. For a fixed\,, the maximum stable arrival rate to the

If we involve P, the mean arrival rate of the SR queue is:STS queue is given by the following optimization problers (a

— A
)\sd = fsdes,deps,sd_p~ (13)
Hp

given by in [5], [10]):
\ may;c. P As = Us
Aed = 2P, i(1 — PfPps. )fs 1Pps sd- (14) PoPePedlelad
‘ MD PP P ‘ P S~t- ngsapspapsd;fsafsdg]-; P € {Ovl}a ps+psp§1
Since the mean service rates at nosless andsd depend Ap <tlip, Aps <lips, Asd < flsd-
on each others queue size, these queues are called inigracti (29)

gueues, and consequently the rates of the individual deeart
processes cannot be computed directly. In order to overco
this problem, we utilize the idea of stochastic dominanc
which has been applied before to analyze interacting queue ; ; —_

o nd the SR behaves exactly as it would in the original system
ALOHA sys_t_ems [5_], [10], [12], [13], to obtain inner boundss_ The mean service rate 6l is given by
on the stability region. For the outer bounds, we upper bound

2) Second Dominant Systerhe second dominant system
@%esignated aS,, where the ST is the one that sends dummy
ackets fromQ)s andQps, i.e., Pr{Qs=0}=Pr{Qps=0} =0,

the queues service rates such that the service rates of the Ap 5 S5
q=(1—--2 iPsdnd + (Psp + Ps)P%3sanal. (20
queues become decoupled. %d ( L P [p a.pd + (Psp + ) d’pd] (20)
The probability that)yq is empty is given by
A. CSTR:Inner Bound A
The inner bound is the union over two inner bounds based Pr{Qs =0} =1- lisd (21)

on two dominant systems.
1) First Dominant SystemIn this system designated &s,
Qsq andQ send dummy packets when their queues are empty, Ap\ [1 )\sd] 22)

Thus, the mean service rate of the ST’'s queues are given by

and theQ,, behaves exactly as it would in the original system e = (1= _p)PMd Ps |7 bsdy
S. Now, we can write down the service and arrival rates of A\ Nt P

the interacting queues, i.€)s, Qps andQ.q as follows. The pips = (1 — “2)p, [(1 — pea ) P pa + paa =2 Psds&pd].
mean service rates @@, andQ,, are given by Fp Hsd Hsd

The second inner bound for the stable-throughput region of

A S .
ps = (1 — “2)(1 — P sa)PsPsas (15) the CSTR systemR(Sz), which is based on the dominant
Hp system S,, can be obtained by formulating a constrained
\ optimization problem similar to that discussed above fe@ th
tps = (1—2)pg, |:psdﬁss,pd+psdﬁss,pd:|- (16) first dominant system, where we fix, and maxi.mize>\S
Hp as fs, fps; Ds; Psp @Nd pgq vary over|[0,1] and P varies over
The probabilityPr{Q,. = 0} is given by {0,1}.°
Aps
Pr{Qps =0} =1~ i (17) B. CSTR:Outer Bound

Here we provide two outer bounds for CSTR.

Therefore, . '
1) First Outer Bound:The first outer bound for the CSTR,
Msd:(l_ﬁ)psd[(p (1_)\ps)+piﬁ)ﬁsd J denoted bysf"), can be obtained by upper bounding the
p ® ps Hps P joint probability identities and using Bayes’ theorem [Vlore
Aps — specifically,
+(psp—— +ps)P‘sssdvpd] " t ’ — t t t
Hps (18) Pr{Qsd:0}+dePr{Qsd#O}SPY{Qsd:O}+Pr{QSd7€O}
= 17
According to the construction of the dominant syst&m (23)

it is easy to see that the queues of the dominant system are
never less than those of the original system, provided they a ®The optimization problems of the first and second dominastesys are

both initialized identically (With the same initial conidihs for solved numerically using MatLab optimization Foolbox. éﬁnth_e problems
. in both th iinal dd . ¢ t Ehi are nonconvex, the solver produces a locally optimum swiufio increase the
queue sizes In bo e original and dominant system). BhiSkejinood of obtaining the global optimum, the program isimmany times,

because, in the dominant systefn, the SR transmits dummy say 10000 times, with different initializations of the optimizatiovariables.



and that since the service rates of the queuessjﬁ) are upper
, B . _ bounded to obtain the mean service rates of the queues in
(PY{QSd = 0HP o Pr{Qsq # 0})Pss,pd 547 (see (28) to (30)), therefor®(S\”)) is contained inside

- _ ©) | (0) ©) _ (50
+ psaPr{Qgq # 0} P*9ss pa < Pos pa. R(S;7), 18, R(ST)MR(S27) = R(S):

Based on Bayes’ theorem, we have

Pr{a,b} = Pr{a|b}Pr{b} < Pr{b}
or (24) In this section we provide the solution of the optimization
Pr{a,b} = Pr{bla}Pr{a} < Pr{a} problemg considered in thi_s. paper. The inner (the uniqn of
) the dominant systems stability regions) and the outer rfinte
wherea and b are any two arbitrary events. We can uppegection of the proposed outer bounds) bounds of the CSTR
bound the following quantities in formula (9): are depicted in Fig. 2. The parameters used to generate the
Pr{Q', =0,Q! =0} < Pr{Q’, = 0}, figure are: Pyspa = 0.2 Pyea = 0.2, Pp?SS = 0.08,
P, = 0.08, P, = 0.02, Py sq = 0.02, P*¢ = 0.54
t t__ < t ss,pd y 47sd,pd y 4'ps,sd ’ .ss,pd ’
Pr{Qfs #0, Qj 0} < PY{QE’S # 04 (25) and P*yq ,q = 0.51. It can be seen that the inner and outer
Pr{Qp, = 0,Q; # 0} < Pr{Q}, = 0}, bounds almost overlap for the parameters used. This might
Pr{Q!, #0,Q% # 0} < Pr{Q}, # 0}. indicate that the bounds are tight.
comparison between the proposed system, NCNPQ and
PQ is depicted in Fig. 3. The parameters used to generate
this figure are:Pyspqg = 0.4, Pissa = 0.2, Ppses = 0.08,
(26) Pss,pd = 0.08, Psd,pd = 0.02, Pps,sd = 0.02, PSdss,pd = (.54,

IV. NUMERICAL RESULTS

Based on the above facts, the mean service rates of the S'I
gueues can be upper bounded as follows:

Ap — A —
Hs < (1 - _p)Pss,scip37 Mps < (1 - _p)pspPss,pd

Hp Hp and P%¥,4 ,qa = 0.51. Note that NCPQ and NCNPQ are
follows: if the link of the primary is always in outage with probalyjlit
\ A\ A\ A\ 1, i.e., there is no direct link between the PT and PR (the PT’s
P pPs — ps — ps . . . . .
psd < (1——")psd [((1— ) +Dsp—— +Ds(1——) packets will never be served if there is no cooperation, i.e.
Hp Hps Hps Hps tip = Ppspa = 0), the CSTR performance will significantly

+piﬁ>ﬁsd.pd+ <pspﬁ+ps)msd.pd:|- overcome the maximum stable throughput of (NCPQ) and
ps ' ps ' (NCNPQ) as seen in Fig. 4. The parameters used to generate
(27)  the figure arePys pa = 1, Pussa = 0.2, Pps s = 0.8, Pas pa =
When the inequalities hold, the queues are not interactifigh Pd.pd = 0.02, Possa = 0.02, P*ypq = 0.9, and
anymore and therefore we can obtain the outer bound By sd.pa = 0.51.
solving a constrained optimization problem to get the alesu From the figures, the envelope of the stability is a mono-
(Ap, As). The optimization problem is similar to (19). tonically decreasing with the mean arrival rate of the R,
2) Second Outer BoundAnother outer bound which can This is because as the the primary arrival rate increases the
be stated analytically is obtained as follows. Using (5):  Probability of the primary queue to be empty vanishes and the
secondary queue will not be able to access the channel. It is
tp = Pps pa+ Pps.pd [ fsaPpssa+ fsPpsss— fsPpsssfsaPpssa| @lso noted that the feasible range of the primary arriva rat
expands due to cooperation.

SFps,pd+Pps,pd <1Pps,sdes,ss> = 1*-Pps,pd]Dps,sd-Pps,ss7

(28) V. CONCLUSION
fs < (1— ﬁ)ﬁss saps < (1— ﬁ)ﬁss . (29) In this paper, we have addressed the impact of cooperative
- Hp ’ - Hp ’ cognition on the stability region of a network composing

When the inequality (28) holds and applying Loynes’ law Of one primary transmitter-receiver pair and one secondary
) transmitter-receiver pair. We have investigated the marim
P

_ )Pessa. (30) stable-throughput of the CSTR. In CSTR, the cognitive trans
1= PospabpssaPpsss” mitter and receiver sense the channel for idle channel ressu
and exploit them to either relay the undelivered packetfef t
PT or serve the ST own data traffic. We have provided two
inner and outer bounds on the stability region of the network

As < s < (1

Denote the second outer bound &5’). The outer bound
can be characterized by the rate pairs

A A
R(SL {)\,)\S:_S + P <1}.
( 2 ) (p ) ss,sd 1_Pps7deps7sdes,ss
(31) APPENDIX

The outer bound$(®), of the CSTR is the intersection of the Under Rayleigh fading channels, the outage probability
two outer bounds, i.eR(S(?)) = R(Sf‘)))ﬂR(Séo)). Note between terminal and terminak when there is a transmission
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Fig. 2. Inner and outer bounds for CSTR,s ,q4 = 0.2 Py Sd = 0.2,
Ppsssfoos Py pqa = 0.08, Psq,pg = 0.02, Pyg sq = 0.02, psd ss,pd =
0.54, and pP*s® sd,pd = = 0.51.
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— CSTR
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Fig. 3. Comparison between the maximum stable-throughptheoCSTR,

NCPQ, NCNPQ, and the no cooperation caBg; ,q = 0.4, Pss, sd =0.2,
Pp5557008 Psspd7008 Psq,pa = 0.02, Ppg sq = 0.02, psd

NCNPQ
- = =NCPQ
——CSTR

0.5 0.6

Fig. 4. Worst case comparison between the maximum stahjeghput of
the CSTR, NCPQ and NCNPQ systent¥;s ,q = 1, Psg sqa = 0.2 Pps ss =
0.8, Psspd = 0.8,Pypd = 0.02,Ppssqa = 0.02, P34 ,q = 0.9,
and P%,q ,4 = 0.51. Note that NCPQ and NCNPQ are commde for the
used parameters The mean service rate of the primary giresase of no
cooperation, is zero, i.eRps 4 = 0.
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