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Abstract—In this paper, we investigate a time-slotted cognitive  In a fixed frame size, the longer sensing time will shorten
setting with buffered primary and secondary users. In order the allowable data transmission time of the SU while improv-
to alleviate the negative effects of misdetection and falsalarm ing the sensing performande [2]. Hence, a sensing-thrautghp
probabilities, a novel design of spectrum access mechanism deoff bl f lated i 3,t find th timal
is proposed. We propose two schemes. First, the SU sense§ra (—:‘_0 pro ém was _or_muae inl[3] to fin € optma
primary channel to exploit the periods of silence, if the PU ¢ S€Nsing time that maximizes the secondary users throughput
declared to be idle, the SU randomly accesses the channel Wit while providing adequate protection to the PU. Both the
some access probabilityzs. Second, in addition to accessing the sensing time and the cooperative sensing scheme affect the
channel if the PU is idle, the SU possibly accesses the chahneSpectrum sensing performance, such as the probabilitids-of

if it is declared to be busy with some access probabilityb,. .
The access probabilities as function of the misdetection,afse tection and false alarm. These probabilities affect theugh-

alarm and average primary arrival rate are obtained via solving  PUt of the secondary users since they determine the reitgabil
an optimization problem designed to maximize the secondary of frequency bands [2]. In_[4], the authors investigated the

service rate given a constraint on primary queue stability.In  sensing-throughput tradeoff problem for a multiple-chelnn
addition, we propose a variable sensing duration schemes ke CR network. In particular, using the sensing-throughpadés

the SU optimizes over the optimal sensing time to achieve . . . . .
the maximum stable throughput of the network. The results off metric, they designed the optimal spectrum sensing time

reveal the performance gains of the proposed schemes overeth and power allocation schemes so as to maximize the aggregate
conventional sensing scheme. We propose a method to estimat ergodic throughput of the CR network to guarantee the QoS of
the mean arrival rate and the outage probability of the PU bagd  the PUs without exceeding the power limit of the secondary
on the primary feedback channel, i.e., acknowledgments (AKS)  yransmitter. Recently, the authors 6f [5] proposed a random
and negative-acknowledgments (NACKs) messages. .
access scheme where the SU randomly accesses the primary
Index Terms—Cogpnitive radio, closure, stability. channel with some access probability without employing any
sensing scheme. The SU exploits the feedback messages of
the PU.
In the case where the communicating terminals have queues,
The electromagnetic radio spectrum is a precious resourqeeue interaction renders difficult the analysis of stgbidind
the use of which by transmitters and receivers is licensed bther relevant system characteristics such as the queueing
governments [1]. Regulatory bodies have come to realize agelay [6], [7]. The study of interacting queues has received
announce that most of the time, large portions of certain liauch attention because of its natural existence in apjpitsit
censed frequency bands remain unused. The intuitive intentas well as its theoretical interest. The author<in [8] iedi
behind secondary spectrum licensing is to efficiently iasee a rigorous treatment of the problem and implicitly used the
the spectral usage of the network, while, depending on the tyconcept of a dominant system, which was explicitly introgtlic
of licensing, not perturbing the primary users (PUs) (highén [g].
priority users). Cognitive radio (CR) systems are seen aha c Queue stability within the context of cognitive radios has
didate prime solution that can significantly mitigate therent been investigated in many papers such as[[9]-[11]. The etho
low spectral efficiency in the electromagnetic spectrum.RA Cof [9] studied a cognitive network with one primary and one
is defined as an intelligent wireless communication systesecondary users. The secondary terminal adjusts its pawBr s
that is fully aware of its environment and uses methodokgithat the secondary queue mean service rate is maximized whil
of learning and reasoning in order to dynamically adapt ifgreserving the stability of both the primary and secondary
transmission parameters (e.g., operating spectrum, mtoin) queues. In[[10], a cognitive scenario is considered with one
and transmission power) to access portions of spectrum fwmary node and multiple secondary nodes transmitting ove
exploiting the existence of spectrum holes left unused byaacollision channel to a common receiver. All the secondary
primary system. users attempt to sense and access the channel at the same time
The CRs (secondary users (SUs)) exploit periods of silenthe QoS specification employed in obtaining the secondary
of PUs under certain quality of service (QoS) for the PUsccess probabilities is the average delay of primary packet
In a typical cognitive radio setting the cognitive trandett together with the stability of all queues.
senses primary activity and decides on accessing the channdn this work, we try to address the impact of sensing the
on the basis of the sensing outcome, which we refer to aectromagnetic spectrum fer seconds of the time slot pro-
conventional sensing schent, This approach is problematicceeded by randomly accessing it with some access prolyabilit
because sensing may affect primary QoS. Spectrum sendi@ged on the sensing outcome. We investigate the maximum
to detect the presence of the PUs is, therefore, a fundamestable throughput of the network. We optimize over the sensi
requirement in cognitive radio networks. duration that the SU can use to maximize its maximum stable
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throughput. In addition, we try to address when the SU c& s s &

switch between sensing the channel foseconds of the time

slot and randomly accesses it without employing any sensing

schemes. The optimal access probabilities are functiohef t

many parameters, including the sensing durations and #i@ 2. Primary and secondary links and queues.

mean arrival rate of the PU. In order to obtain the mean drriva

rate of the PU, we propose a method to estimate the mean

arrival rate of the PU by exploiting the PU feedback message# infinite length. We consider time-slotted transmissidreve

i.e., ACKs and NACKs. The theoretical and numerical resulgl packets have the same size and one time slot is sufficient

show that pairs of misdetection and false alarm probadslitifor the transmission of a single packet. The arrival proegess

may exist such that sensing the primary channel for verylsmaf the primary and the secondary transmitters are assumed to

duration overcomes sensing it for large portion of the timee independent Bernoulli processes with mean arrival rgies

slot. In addition, for certain average arrival rate to thienary and\; packet per time slot, respectively.

gueue pairs of misdetection and false alarm probabilitiag m

exist such that the random access without sensing OVErcorpes,,  cical Laver

the random access with long sensing duration. -y y
The rest of the paper is organized as follows. Next we In this work, we characterize the success and failure of

describe the system model adopted in this paper. The prdpogécket reception by outage events and outage probability.

scheme are discussed in Secfioh . In Sedfioh IV, we prvidhe probability of outage event of the link between SU and

some numerical results, and finally, we conclude the papersgcondary destination (SDJs 4, can be calculated as in

Section V. [12]. The transmitter adjusts its transmission rate dejpgnoh
when it starts transmission during the time slot. Assuminag t
Il. SYSTEM MODEL the number of bits in a packet tsand the time slot duration
A. MAC Layer is T, the transmission rate is
Our network consists of one PU and one SU as depicted - b _ (1)
in Fig.[2. The SU senses the primary channel to detect the T—r

pOSSib!e activities of the PU. The main contribution in thlﬁ transmission is preceded by a Spectrum Sensing period of
paper is that the SU randomly accesses the channel precedgshits of time the time remaining for SU transmission is
by spectrum sensing for seconds of the time slot insteady — . Consider the SU and its destination PD, an outage for

of accessing with probability one. First, we consider thgecathe transmission occurs when the transmission rate exceeds
where the SU randomly accesses the primary channel onlyHannel capacity

the PU is declared to be idle. Secondly, we investigate the
case where the S_U ran_domly accesses thg chann_el_if _the PU Ps(Tsd _ Pr{r > Wlog, (1 + ’Vs,sdﬂs,sd)} )
is sensed to be idle with access probability and if it is ’
declared to be busy with probability,. This is because the
SU tries to mitigate the impact of misdetection and falsenala
probabilities in order to maximize its throughput. Eig 1 wiso
the frame structure designed for a cognitive radio netwdtk w
periodic spectrum sensing where each frame consists of
sensing slot and one data transmission slot.

The probability that the SU misdetects the primary activity Ps(;d = Pr{ﬂs,sd <
is Pyp and the probability that the SU’s sensor generates
false alarm is denoted aBrs. We assume that the primaryAssuming that the mean value 6f .4 is o2,
transmitter has a buffer), to store the incoming traffic B '
packets, while the secondary transmitter has a bufferto p _q_ exp ( 2w -1 ) )
store its own arrived traffic packets. We assume all buffes a s,ad V5,540 2 oq

wherer € [0,T], W is the bandwidth of the channel; 4 is

the received SNR when the channel gain is equal to unity, and

Bs.sa is the channel gain, which is exponentially distributed in

the case of Rayleigh fading. The outage probability can be
itten as

2 —1 3)

75,5(1



Lethysd = 1—P5,Sﬂ be the probability of correct reception.optimal sensing duratiom for the SU that the achievable

It is therefore given by throughput of the secondary network is maximized while the
b PU is sufficiently protected. This protection is interpretes
—(r) o™ (i-F) _1 stability of the primary queue. Mathematically, the optian
P sa = €xp (_ Vo102 g ) ®)  tion problem can be stated as
Note that the outage probability increasesraacreases. The max As = Hs (11)
probability of channel outage of the link between the PU and st fip > A
the primary destination (PDJ;, 4, has a similar formula with ] o )
7 =0 and the associated parameters. wherel is the set of optimization variables of the system.
. For simplicity of presentation, we omit the superscripts of
P, pa = exp (_ 2TW7;1> (6) the notations, ie.p), P andﬁggd = Ps s
Tp.pd%p, pd Note that the calculation of the access probability recuire

a previous knowledge of the mean arrival rate of the PU,
C. Misdetection and False Alarm Probabilities i.e., Ay, and the outage probability of the primary link, i.e.,

In this paper, we adopt the formulas of misdetection arfd.»¢, Which can besstimatedeasily, i.e., by overhearing the
false alarm depicted iri [3]. If we choose the detection thresfeedback channel and counting the total number of acknowl-

old ase, the probability of false alarm is then given by edgments (ACKs) and negative-acknowledgments (NACKSs).
Next we discuss the estimation process and errors in e&imat
and errors in feedback message detection.

Festerr) = Q( (5 ~1 VT @

u

D. Learning Phase (LP) and Regular Phase (RP)

: Assume that the operation of the SU consists of two
€ Tfs phases; learning phase (LP) f&fT" seconds to estimate the
Pup(e,7) =1~ Q<(§ -0 > 2y + 1> 8) required parameters from the environment and regular phase
“ (RP) for QT seconds to access the channel according to
where 02 is the additive Gaussian noise varianeejs the one of the proposed schemes, wh&es N (see Fig. [B)
received SNR,f; the sampling frequency, an@(.) is the and A" should be long enough for accurate estimations. The
complementary distribution function of the standard G&uwss estimation of the arrival rate can be done by counting the
For a target false alarnfa , the probability of misdetection total number of ACKs and NACKs during some predefined
is given by: period of time, i.e., duringV'T" seconds wherg/ is the total
) - 1 . number of time slots used for learning. The mean service
Pp=1-FPy =1~ Q<\/21(Q (Pra) — Tfs’Y)) rate can be estimated by observing the ratio of ACKs to
v+ 1 2 : .
(9) total number of transmissions during LP. The ratio of total

N ) transmissions to the total number of slots gives the prdibabi
Therefore, for a target probability of detectid, the proba- (est)

bility of false alarm is related to the target detection ity ofthe queue being nonemp Foest) * Whereas, the total number
as follows: of ACKs over the total number of ACKs and NACKs provides

the probability of correct reception of a primary packet,,i.

P&) =Q (\/27 +1Q7'(1 — Pyp) + Tfs"y) (10) M(f“)@ Mathematically, the estimated mean arrival ra&?‘%
is given by:

where Pyp is the target probability of misdetection with

which the PU is defined as being sufficiently protected. In A

practice, the target probability of misdetectiéfyp is chosen /\ée“) =N

to be close to but greater than zero, especially for low SNR Total number of ACKs during LP (12)

regime. If the misdetection probability equals to zerontttee

SU cannot use the primary channel.

Obviously, for a given time slot duratiofl, the longer the
sensing timer, the shorter the available data transmissiohhe ACK/NACK messages are very short compared to the
time (T'— 7). This reduction in the data time is interpreted aguration of the time slot and are always received correaily d
increasing in the probability of channel outage. On the othto the use of strong channel codes. A correctly receivedgiack
hand, from [(ID), since Q(z) is a monotonically decreasirig removed from the respective transmitter’'s queue. Naig th
function of z, for a given target probability of detection,even if the feedback messages are received erroneously with
Pp, the longer the sensing time, the lower the probability sfome probability of erro?d, we still can estimate the mean
false alarm, which corresponds to the case that the segpnda
network can use the channel with a higher chance. Thg
objective of sensing-throughput tradeoff is to identifyeth 3note that we assume that if the feedback packet is receivegepy, i.e.,

without errors, then it is counted, otherwise the SU considiee PU is idle
1Throughout the papet =1 — z. in the previous time slot and the counter adds zero.

The probability of misdetection is given by

~ Total number of time slots during LP
packets per time slot

It is an estimation of the mean service rate of the PU in cassilefit



« P s o e ¥ s 5;’ —»>< learning phase over the total number of the overheard ACKs
- and NACKs during the learning phase. Mathematically, the
probability of correct reception of a primary packet is given

by
—(est) A
Pp,pd = M (15)
In case of errors in the primary feedback message detection,
Fig. 3. System operation. the denominator and numerator bf{(15) are multiplied by
P.), thus?z(f;fi is independent of’..
arrival rate of the PU. In this case, the estimated meanadrriv - ]
rate of the PU is given by E. Stability Analysis
A1 - P)) Let us denote the queue sizes of the transmitting terminals
Alest) — Te (13) at any time instant by Q‘. Then,Q! evolves according to
whereA is the total number of decoded ACKs, i.e., when= QI =(Q! - Z/If)+ + A (16)

0 and M(1 — P,) is the total number of correctly overheard ;o I "
ACKs during LP where U} is the number of departures in time slot A’

In order to protect the PU from errors in the mean arrivglenmes the number of arrivals in time st@nd is a stationary

) R 2y
rate estimation, we can add some protection on the stabil [pcess by assumption with finite medf.A;} = A;. The

: : _ on D hction (.)* is defined as(z)t = max(z,0) and £{.}
constraint of the PU, i.e., adding more restriction on Laysie denotes the expected value. We assume that departures occur

law, the extra term equals to the negative of the maximugw . O .
L . efore arrivals, and the queue size is measured at the lieginn
average estimation error of the mean of the estimator. b thi

case the optimization problem is given b of the time slot [1x]
P P 9 y A fundamental performance measure of a communication

max As = [is network is the stability of its queues. We are interested in

: (14)  the gueues size. More rigourously, stability can be defireed a
follows [14], [15].

wherey,, is a nonnegative constant represents more protectiorDefinition: Queuei € {p, s} is stable, if

for the PU. This protection is more than the required for ) . )

stability. Note that this increasing in the mean service rat b PriQi <y} = F(y) a”dylg{:oF(y) =1 (17)

of the PU is interpreted as decreasing i the tolerable P M3t the arrival and service processes are strictly statipnar

delay, i.e., if the estimation process is error-free. Assuhat ) o
the expected value of the mean arrival rate estimation errtgren we can apply Loynes's theorem to check for stability
P conditions [14], [[16]. This theorem states that if the ativ

& {)\p — /\ée“)} is a random variable varies over the setprocess and the service process of a queue are strictly sta-
[—ex,,ex,] Wheree, > 0. The primary delay is given by tionary processes, and the average service rate is greater t

st pp 2> Ap A+ Lhpe

D, = 11A;, < oo [13], [14]. In case we designed thethe average arrival ra_te of the queue, then the queue isstabl
[up » . . %hermse the queue is unstable.
allowable mean service rate of the primary queue to be greal

To study the stability region of the network, we note first
that, since the secondary and primary queues are integactin
In other words, the service rate of a given queue is dependent
on the state of other queue, i.e., whether it is empty or not.

than A, + ppe, i.€., “’j > Ap + ppe then the designed delay
is given by D, < 1;pcp. If the primary mean arrival rate is
estimated perfectly, error-free, then the primary delaly g

1-), . .
IoweAr than fipe On th? other harld_’k'f th.er? IS some errOrSStudying the stability conditions for interacting queussai
say Ap, then the delay is given b Lpe_/?\p, if A, =ex, >0, difficult problem that has been addressed for ALOHA systems

then the primary delay, under the usage(Qf, is greater [6], [7]. The concept of dominant systems was introduced and
the perfect estimated case, but still less thap = co at employed in[[6] to help find bounds on the stability region of
stability boundaries. On the other hand,)iyt = —ey, < 0 ALOHA with collision channel. The dominant system [n [6]
the primary node is totally protected (more than expected was defined by allowing a set of terminals with no packets
designed) and the delay is less than the perfect estimationtransmit to continue transmitting dummy packets. In this
case. Thus, it is better to design the system based on thanner, the queues in the dominant system stochastically
maximum positive error of the mean arrival rate estimator talominate the queues in the original system. Or in other words
guarantee full protection for the PU, i.g.,. > e),. However, with the same initial conditions for queue sizes in both the
the estimation of the primary mean arrival rate is out of thariginal and dominant systems, the queue sizes in the darhina
scope of this paper. system are not smaller than those in the original system.

The estimation of the outage probability of the primary Jink To study the stability of the interacting system of queues
i.e., the link between the primary transmitter and receiwan consisting of secondary and primary queues, we make use
be done as follows. The probability @bmplement outage of the dominant system approach to decouple the interaction
is obtained by dividing the total number of ACKs during thdetween queues. We define the dominant system as follows



« Arrivals at each queue in the dominant system are tAéwus,

same as in the original system. - Ap
« Time slots assigned to primary node are identical in both max As = Py saPra (1 - T)
T Py paPyp
systems. - ’ (25)
« The outcomes of the “coin tossing” (that determines st. 0< T <1,

transmission attempts of secondary node) in every slot
are the same.
« Channel realizations for both systems are identical. Note that for a targetPrs, both F&Sd and probability of
« The noise generated at the receiving ends of both systemisdetectionPy;p are functions ofr.
is identical.
o In the dominant system, secondary node attempts B0 First Proposed Random Access Scheine
transmit dummy packets when its queue is empty. In this subsection, we assume that the SU randomly accesses

For a proof that the dominant systems stability conditionfe channel if and only if the PU is declared to be idle. For
are necessary and sufficient for the stability of the origing, system with a backlogged SU, denotedSas a packet

Ap < PppaPrp

system see Appendix B. from the PU is served if the complement of the event that the
SU detects primary transmission correctly and accesses the
[Il. PROPOSEDSCHEMES channel is true and the channel between PU and PD is not in
A. Conventional Spectrum Sensifig outage. The average service rate of the PU is given by:
In a conventional spectrum sensing scheme, the SU senses =
S ! ) =P 1 —ash 26
the channel forr seconds from the beginning of the time slot ad p.pd @sMD (26)

to detect the possible activities of the PU. If the PU is sénsgq\ consider the secondary queue. Given that the primary
to be idle thg_ SU transmit the pack(_et at the head of iFs dUe€4Geue is empty, a packet fro@, is served if the SU detects
with probability one. If the channel is declared to be idle thy,o primary activity correctly, it decides to access thencie,

SU does not transmit. The primary queue is served if the il the channel between SU and SD is not in outage. Thus,
correctly detects its activity and the link between PU and PRR. gy average service rate is given by:

is not in outage. While the secondary queue is served if the
primary queue is empty, the channel between the SU and its fts = asPs sqPra (1 _ Ap )
respective receiver is not in outage. Note that the prothabil P d(l —u PMD) (27)
that the PU being empty is given by mp °
A One method to characterize the closure of the rates pair
Pf{Qp = 0} =1--" (18) (X, \.), to obtain the stability region, is to solve a constrained
He optimization problem to find the maximum feasiblg corre-
T_hus, the average service rates of the nodes in this sysemg{onding to each feasible, as a, varies over[0,1] and 7
given by: over [0,1]. For a fixed),, the maximum stable arrival rate
for the secondary queue is given by solving the following

tp = PppaParp (19) optimization problem[[14]:
fis = PssaPra (1— #) (20) = asPg oqP Ap
s s,8 Pp,de]WD I,?ff—( )\s = asps,sdPFA 1- _
. i . Pp.pd (1 - asPMD>
The maximum stable throughput, for specificis given by: ’ (28)
— A ‘ T P _
R(Sc|7) _{()\p7 As):As <PssaPra (1—_717_ )} st 0<as, T <L A< Ppypd<1 asPMD)
p.pdPMD

(21) For a fixedr, the optimization problem igoncaveand it
can be readily solved using Lagrangian multipliers. For the

The stability region of a backlogged SU is given by: problem to be feasible the average primary arrival Patenust

R(S.) = UR(SCIT) (22) pe I_ess than or equal 8, ,4. The optimal access probability
e is given by:
According to Loynes’s theorem the condition on stability of 1 [ 2
the PU and the SU are given by: ay = max<min(#, 1>,O> (29)
MD
Ai < pi, andi € {p,s} (23) ' The stability region of a backlogged SU for a fixeds given

The union over all possible values of | J_ R(S.|r), can be by:
obtained by solving the following optimization problem: R(S1|7) _{(/\ A): A <a’P dﬁFA(l— Ap )}
- Py 7\s) - s s 8,8

qué_lX As = s (24) ﬁpypd 1—a*Pyp

st Ap < pp (30)



with A\, < P, pa. Wheret denotes vector transpositiof, =\, — P, ,4, and
The stability region of a backlogged SU is given by:

D—- PMDPp pd
| PyupPppa
= UR(Sl |T) (31) - u
- =i (36)
Note that the optimal access probability guarantees the :ﬁs_sdﬁFA
stability of the PU queue which requires the access proibabil C= ﬁs' waPra ]

to satisfy the stability condition of the primary queue,.,i.e

_ Fixing b5 and T, the optimization problem can be stated as
)\p <pp = Pp,pd (1 - a:PMD)

- )\p asﬁFA'i_bsPFA
max asPpa—+—= -
as Py, pd asPup — (Pypbs+ Pup)
C. Second Proposed Random Access Sclme st O<as <1 o \ (37)
" , ) i Pyip + Pypbs — 575
In addition to the operation of the SU in the first proposed as < p.pd
scheme, the SU randomly accesses the channel even if the PU Py

is declared to be busy with some access probabilitythis The optimization problem, giveb, andr, is concaveand can
scheme is denoted a&. This is useful to mitigate the impactbe readily solved. The solution is provided in Appendix A.
of false alarm probab|I|ty Given that the channel betwebn PFrom Appendlx A, for fixedb, andT the problem is feaS|bIe

can be served in elther one of the following events: 1) if thea (38) at the top of’ the following page.

SU detects the primary activity correctly and decides not to The maximum stable throughput for a fixeds given by:

access the channel (which happens with probahili}y or 2) ot

if the SU misdetects the primary activity and decides not to R(S,|r) {()\pv)\s) s < CYT* + /\pi} (39)

access the channel (which happens with probabilijy The DT*+F

average service rate of the primary queue can be given byThe maximum stable throughput &% is given by the union

over all possible values af

tp=Pupts Pp pa+Pypbs Pp pa (32) R(Ss) = U’R(82|T) (40)

Given that the primary queue is empty, a packet fromis

served in either one of the following events: 1) if the SU

detects the primary activity correctly, it decides to asct®

channel, and the channel between SU and SD is not in outage;

or 2) if SU’s sensor generates false alarm, the SU decidesio Random Access without Sensing Schéme

access the channel with probabilityand the channel between | this system, denoted aS,, the SU accesses primary

SU and SD is not in outage. The average service rate of ifgannel without employing any sensing schemes. The average

Note thatS; |JS2 = S becauseS; is achieved fromS, by
settingb, = 0.

secondary queue can be given by: primary and secondary service rates are given by:
_ _ _ Hp = asﬁ ,pd
MHs = |:asPs,sdPFA + bsPs,sdPFA:| (1 - ﬁ) (33) g _pp A (41)
P Hs = asPs,sd<1 - _p>
Hp

The maximum stable throughput is given by solving th

following optimization problem: Rs in [5] the maximum stable throughput of a backlogged SU,

after including the channels outage probability, is givegn b

2
max As = |:asPS,SdPFA + bsPs,sdPFA] (1 - ﬁ) R(S ) —{(/\ A ) tAs < P (1 — _)\p ) } (42)
as,bs,T Hp o Py \s s s,sd P P
T (34) mr
5.8 Ogas’bs’fgl Note that in this scheme the probability of the secondary
A < Pup@s Py pa+Pupbs Py pd channel outage is less than the outage probabilities in case
of S; and S, because the SU does not wasteseconds in
The problem can be reduced to sensing, i.e.Ps sals, < Pssals; andj € {1,2}.
It should be noticed that given specifie, and 7, we
t ciT possibly can find certain values of false alarm and misdietect
X C'T + )‘PW probabilities such that when the SU randomly accesses the

(35) channel without sensing is better than randomly accessing
preceded by sensing it far seconds and vice versa. The pair
DIT+F<0 (Pra, Pmp) can be fully specified by the boundary points of

T
s.t. O§a57bSaT Sl



% Pyp+Pupbs |+Pup %
P F B p,pd p,pd _ _ A
MD + Pympbs | — Bra Pup + Pupbs — 57°
* . p,pd
as—max{ mln{ Iz , Iz ,1},0}
MD MD

the stability region of the schemes, i.e., using Edns. (&3),

and [42). In other words, the pair exists if and only if it sfitis
the condition

As|7',)\p (82) < /\s|)\p (SO) (43)

In addition, for a fixedr;, one possibly find» > ; for each
Ap, such that

As|‘r1.,)\p (82) > As|‘r2.,)\p (82) (44)

The union between the proposed schemek?) =

So US1 US2=38,J Sz, can be achieved by using a switching
optimization parameter to switch from one scheme to another
in order to maximize the stability region of the SU given
certain\,, Pra, Pup, and channels outage.

IV. NUMERICAL RESULTS

) ] Fig. 4.  Stability region of the proposed system. The parametised to
The maximum stable throughput of the considered schenyeserate the figure ar@p = 0.3, Pra = 0.2, P}, pq = 0.9, and P, g =

is shown in Figs[}4 anf]6. Fi§] 5 shows the optimal acce%$§
probability of Sy as the mean arrival rate of the primary queue
varies. It is noted that the optimal access probabilities ar
monotonic decreasing function of,. This is because of the
fact that as the arrival rate of the primary queue increases 091

the probability of emptiness of the primary channel de@sas 08y
therefore the probability of silence periods vanishes dred t o.7p
SU will be unable to use the channel accordingly. o6p
Figl@ shows the performance gain®f oversS, for different 05t
value of sensing duration. Also, the figure shows the stgbili 0.4l 1
region of Sy by taking the union over all possible sensing 03l \
durations. Note that for small primary average arrival &te o2l \
with very small sensing duration overcom8s and S, with N
long sensing duration. AlsaS, is better thanS: with long o Y
sensing duration because the SU does not wasteconds of % 02 0.4 06 08 1
transmission in sensing. A

p
Fig.[@ provides the solutions of the optimization problemlg & The ootimal ity | 1 S
; ig. 5. e optimal access probability for syst or specificT. The
@) and @) The flg,ure compares betwekrands,. It can parameters used to generate the figure Bkgp = 0.3, Pra = 0.2, Pp, pq =
be noted that the maximum stable throughput for the secgndgly, andp, ., = 0.5. ’
node is monotonically decreasing functiomip i.e., the mean

service rate of the secondary node decreases to avoidinglat

stability conditions of the primary node (due to collisipns g gyer the random access without sensing. The SU average
Note that this monotonic decreasing behavior of the me@pyjce rate for the second proposed scheme with very small

service rate of the SU caused by the monotonic decreasiig,sing duration can overcome sensing channel for long du-
of the access probabilities of the SU with the primary queygion ‘we proposed variable sensing duration schemesewher

arrival rate. the SU optimizes over the optimal sensing time to achieve the
maximum stable throughput for both primary and secondary
queues.

In this work, we investigated the gains on the stability The theoretical and numerical results show that pairs of
region of a SU randomly accesses the primary channel aftaisdetection and false alarm probabilities may exist shelh t
making some sensing process. The results reveal the gainsaising the primary channel for very small duration overgem
the proposed schemes over the conventional sensing scheegsing it for large portion of the time slot. In additionr fo

V. CONCLUSION



—6— Sy 7 =0.0005T, Pyp = 0.3680 and P; 54 = 0.5246

APPENDIX A

In this Appendix, we provide the solution of the following
optimization problem:

max ax+£—|—Ka:,
@ cxr—
d—w (45)
st. 0<z<—, <1
c

—— S,: 7= 0.0010T, Pyp = 0.2383 and P, ,q = 0.5244
N | ==y 7 =027, Pyp =0 and P, o4 = 0.4265

- ® =S, 7=0and P, = 05248

0.4F

<”03f
where q, f,c,d, K, and w are positive constants. For the

problem to be feasibl@ should be greater than or equal
i.e.,d > w. The first derivative of the objective function gives:

0.2F

0.1t

alcex—d)—c (ax+

( ) (2 /) + K =0 (46)
0 (c x—d)
The second derivative is given by:

. o . ad +cf
Fig. 6. Stability region of the second proposed schefig,as the sensing 2073 (47)

duration varies. The parameters used to generate the figerd’gy, = 0.2 (C L= d)
and Pp,pq = 0.6609. Sincec < d, thusc z —d < 0 andz € [0,1], therefore,

the second derivative is always less than or equal zero. This
implies that the function i€oncave

After some mathematical manipulation for the first deriva-
tive
ad+ cf

K
The roots of the quadratic equation are given by:

d+ 4 [adtef d—  [adtef
Tr1 = - K , L= c K (49)

One of the solutions is greater than the constraints which is
r1 > d‘cw (actually, it is greater than one because< d),

thusz* = x5. Including the constraints that< 1 andz > 0,
thus the optimal value af is given by:

(E L) oo

c

(cx— d)2 = (48)

¥ = max{ min

with d > w.

Fig. 7. Stability region of the second proposed schefise,The parameters
used to generate the figure ai@:x = 0.1 and P, ,,q = 0.6609. APPENDIX B
NECESSARY AND SUFFICIENT CONDITIONS FOR

STABILITY

Given identical initial queue sizes for both the originatlan
dominant systems, secondary node queue in the dominant

certain average arrival rate to the primary queue pairs %‘fstem are neyer Shorter-than those in the Original One.ighis
misdetection and false alarm probabilities may exist shelt t true because in the dominant system, secondary and primary

the random access without sensing overcomes the randdpgles suffer from an increased collision probability, thus
access with long sensing duration. longer queues, compared to the original one since secondary

node always has a packet to transmit, i.e., possibly a dummy
For very low misdetection and false alarm probabilities theacket. This implies that secondary and primary queuesyempt
proposed schemes are reduced to the conventional scheme faster in the original system and therefore nodes see a lower
if sensing outcome is robust all schemes coincide. A switghi probability of collision as compared to the dominant system
optimization parameter can be used to switch from one schefi as a result will have shorter queues. Consequentlylitstab
to another based on the maximum stable throughput. conditions for the dominant system are sufficient for the
stability of the original system.
We proposed a method to estimate the mean arrival rate offo prove the necessary conditions, we follow an argument
the PU based on the primary feedback channel, i.e., ACKs asithilar to that used by _[6] for ALOHA systems to prove the
NACKs. indistinguishability of the dominant and original systems at



saturation. Consider the dominant system in which secgndar
node transmits dummy packets. If the SU saturates in the
original system, thus, no dummy packets are transmittedh th
the original system and the dominant system are indistsigui
able. Thus, with a particular initial condition, if the sectary
gueue in the dominant system never empties with nonzero
probability (i.e., it is unstable), then secondary queuehm
original system must be unstable as well. This means that the
boundary of the stability region of the dominant system soal

a boundary for the stability region of the original systerhu§,
conditions for stability of the dominant system are suffitie
and necessary for the stability of the original system.
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