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Abstract—In this contribution, we establish a model for multi- Our modeling approach is different from previous work,
channel cognitive radio networks (CRNs) using the theory of poth in the methodology we took and the extent we proceeded.
priority queues. This model enables us to conduct a performace \y/hile our modeling delivers the queue length distributidn o

analysis in the most general form by the derivation of the b .
probability mass function (PMF) of queue length at the secodary secondary users (SUs) on the basis of a dynamic madel, [3] (or

users (SUs). In the second part, a reverse problem is consigel  [4]) works on moments of delay (or tail distribution) acciorgl
to answer the important top-down question of whether a sende to approximate methods. To the best of our knowledge, the

requirement can be satisfied in a multi-channel CRN knowing closest work to the first part of our study here is due to
the network parameters and traffic situation with respect tothe [2], where the distribution of queue length for multi-chahn

SUs and the primary users (PUs). Terming this problem as the . . .
network synthesis, a precise conservation law is obtainedayhich multi-interface CRNs was derived. However, [2] and this

relates the packet waiting times of both types of users, andased Paper are different in methodology. For instance, in thiskyo
on which the achievable region of the network is also determied. we represent PUs by queues (instead of simple ON/OFF

Lastly, by the introduction of a mixed strategy, the conditons processes), which ultimately captures more realistic Gspe

for the existence of an optimal trade-off between the intedrence ; 3 .
onto the PUs and the quality-of-service of the SUs is shownnd of the primary f‘et.""or' For this purpose, we make use of
the theory of priority queues.

the optimal mixed strategy is obtained when those conditios are i ; . L
satisfied. Though this modeling tool has found wide application in

Index Terms—Multi-Channel Cognitive Radio Networks other domains in years, its benefit for the analys_is of single
Markov Chain, Priority Queues, M/IM/k, Delay, PMF. ' _channel CRNs was d_|scovered only recently. For mstan(}e,_ [5
introduces an analytical framework based upon preemptive-
resume priority queues to characterize the effect of spectr
|. INTRODUCTION handoff on performance. Inl[6]-[8], authors use the thedry o
priority queues to find several network statistics. The eaiti
Cognitive radio (CR) has now established itself as th@ese studies lies in their simplicity in finding the moments
ultimate solution to remedy the current under-utilized ar@# Wa|t|ng de|ay for Sing|e-channe| [7] and multi-channel
inefficient allocation of the spectrum. By being swift an&RNs [6], [8]. In [S] the average waiting time of packets is
cognizant, a CR is able to effectively adapt its paramet&rh s derived for single-channel CRN by leveraging the preeneptiv
as power, frequency, data rate, etc., to the changing &itsat priority queues, and several observations on the depefetenc
in order to maximally exploit the available spectrum oppert petween the secondary and primary queues are made. Finally,
nities in the time, space and frequency domains. Neveshelg10] establishes a Markov transition model to charactettiee
the imperative constraint should always be to avoid infigti cumulative handoff delay of SUs with different prioritiels.
unacceptable interference onto spectrum owners, the primatark contrast to all these studies, the modeling develaped
users (PUs)[1]. this work, which is one of the paper’s contributions, deals
Even though a lot has been discovered on the analygish the probability mass function (PMF) of the secondary’s
of single-channel CR networks (CRNSs), the modeling anglieue length as well as the other delay-related moments. Thi
analysis of multi-channel CRNs has been barely discovergdodeling is based upon a stable and dynamic Markov chain
whereof [2]-[4] can be cited. Motivated by this fact, and teéhat is easily understandable and logically sound due to the
help in filling this gap, our contributions in this paper cistis meticulous and factual choice of transitions, states atebsra
in establishing a modeling framework for multi-channel GRN  The privileged access of PUs has, in fact, been a dilemma,
using a stable and well-defined queuing model, and then,dimce it always conflicts with the quality-of-service (QoS)
developing a comprehensive analysis and synthesis of tpi®visioning for the SUs. Therefore, an important question
model in order to obtain key performance measures, achevaihat arises is whether or not the requirements of a ser-

region, and optimal solutions of this model. vice/application can be satisfied knowing that the amount of
interference to PUs shall be limited. This question, whigh i
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Manuscript revised dates: August 19, 2013 and October 303.20 . f ]

This work was supported by a Discovery Grant and a Discovexgekerator mpde|'”9 framework and is our focus in the Secon_d part .Of
Supplement Grant from the Natural Sciences and EngineeRegearch this paper. To the best of our knowledge, this paper is the firs
Council (NSERC) of Canada.

N. Tadayon and S. Aissa are with the Institut National de ¢ézHerche 1The ON/OFF model for PUs is an underestimation to their retility
Scientifique (INRS-EMT), University of Quebec, MontrealCQCanada; pattern as it presumes that the activity length of PUs is e&ptally
Email: {tadayon, aissg@emt.inrs.ca. distributed.


http://arxiv.org/abs/1401.6736v1

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, ACCEPTEBOR PUBLICATION, 2013 2

to consider the synthesis problem in the context of CRNslass I (II) have preemptive priority over the users of cldss
This exploration is not only valuable from the theoreticgll) for the firstc;(co = ¢ — ¢1) servers. The joint distribution
perspective, but it also empowers one to assess if applicatdf the packet counts in all the classes is found numerically
performance criteria are satisfied in the CRN, and if not,twhasing a matrix-geometric approach. [n[19], the authordyapp
tradeoffs can be made for such criteria to be met. different numerical approaches known for solving the non-
Finally, a mixed strategy is introduced, where some level pfeemptive multi-server priority queuing system. [n[28],
interference onto the PUs is allowed to the benefit of bettpriority system with M server facility servingR classes is
QoS for the SUs. This resembles the case of spectrum undedaypsidered, where classes with lower indices have preeenpti
CRNs where the maximization of the joint secondary-primagpyriority over classes with higher indices. In the analyig
profit matters. Our observations show that an optimum mixedverage response time (queuing + service delay) of each clas
strategy always exists, and outputs the least cost for thieede is found. In [21], the study in[[20] is extended to cover the
cost function. multi-class case of service with arbitrary distribution. the
Following this introduction, the framework of the paper ifatter work, the mean response time of each class in a multi-
as follows. In Section Il, a comprehensive literature ravie class M/G/m queue with preemptive priority scheduling is
provided. The establishment of the model for multi-channapproximated using an elegant simple methad! [22], on the
CRN and the performance analysis are developed in Sectwther hand, turns the focus to non-preemptive priority gyoli
[Il. The problem of network synthesis is introduced and edlv for the first time. The approximations in [23] were used for
in Section 1V, with the derivation of the conservation lowM/G/c (which has no exact expression for the moments, let
and the determination of the achievable region. In Section Mone the probability density function) and applied to the
the proposed mixed strategy is detailed. Finally, Sectidon ¥cenario with two traffic classes. Closed-form expressfons
provides insights and suggestions for extending the pexposhe Laplace transform of the waiting time distribution ahd t

model to entail more elaborate features. mean waiting were derived for both classes.
Among few scheduling policies known in the theory of
Il. LITERATURE REVIEW priority queues (i.e., non-preemptive, preemptive repeat

The theory of priority queues was initiated with the intropreemptive resume), the preemptive resume seems to better
duction of the preemptive resume policy by Cobham[in [1Hmulate the essence of CRNSs. Indeed, the non-interferisig ba
and Holley in [12]. The idea was later expanded[in][13] téor operation of SUs, as demanded in drafts and standariis [24
incorporate a higher number of priority levels, more reflis renders the non-preemptive policy an unfitting and overgati
gueuing modelsMl/G/1) and higher moments. model for CRNs. On the other hand, the preemptive repeat

In a general classification, there are two types of priorifjoes not fit practical implementations since data packets ar
policies:preemptive andnon-preemptive. In preemptive policy, lengthy information units composed of statistically indep
all the lower priority queues (LPQs) should instantly vacatdent subunits, i.e., symbols, and each symbol is designkd to
the server(s) upon the presence of a packet in higher prioritecoded independently. Therefore, upon the loss of a packet
queue (HPQ), and embark on server(s) once the HPQtlie system can resume transmitting the rest of the symbols
empty.Preemptive resume andpreemptive repeat are two slight from the point of interruption. All this said, we recognizeet
derivations of this class [14]=[17]. In preemptive resuhe, preemptive-resume multi-class multi-server priorityesthling
interrupted head-of-line packets (due to the presence ofas a well-fitting model to the problem at hand.

HPQ) resume their services from the interruption pointgeon At this point, we restate our well-defined goal in this paper,
no HPQ packet is left unserved [16], [17]. In preemptiveamely, to analyze and synthesize the performance of multi-
repeat, the interrupted packet should restart the servise f channel CRNs using a simple and tractable model rather than
the beginning, no matter how much time was spent in thierough complicated numerical and algorithmic approacimes
previous serving period [14], [15]. On the other hand, the-nofact, by considering few widely recognized assumpt%me
preemptive policy gives some marginal assurance for LPQs affain a very simple and insightful model that does not only
allowing the under-served LPQ head-of-line packet (ang ordllow a tractable performance evaluation of the system unde
this packet) to continue its service even if HPQ receivesstudy, but can also be used as a ground for future explosation
fresh packet. Nevertheless, after this packet is servittesl, in the area, as well as a tool for synthesis studies such as wha
server is again unconditionally possessed by the HPQs.  will be done lastly in this paper.

In spite of this vast research on the analysis of priority
gueues with single-server facility, efforts on the chageeh- I1l. M ODEL DEVELOPMENT

tion of multi-server queues were not as extensive and iuitf 1o analogy between CRNs and priority queues revolves
due to their complications. This is essent_ially unfortersihice ,.0und the fact that, in both cases, resources are shared
the modeling of many telecommunication problems can BRyyeen traffic classes with different preferential rights

suitably placed in the framework of a multi-server systene |atter case, shared resources are tangible serviditidaci
such as multi-channel CRN as will be detailed shortly. Pesha

[18]-[22] are the only studies in this area. In[18], the @uth  2For example, the packet inter-arrival and service-timeritlistions on the

analyze a queuing model in which two classes of customd¥gnary and secondary sides are assumed to be exponentiatiybuted.
These assumptions have been widely used in previous stindies area, e.g.

can Sha'_'e arM_/M./C Se':Vice f‘?‘C"itY_ aC_Cording 10 @ NnoNn- (g1 [B1-[7], [25], [26], added to the fact that they yield@zate modeling in
monopolized priority policy. This policy is such that usefs many situations, in actuality.
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(a) Original model. (b) Decoupled model.

Fig. 1: Modeling the interactive behavior of SUs and PUs im ftamework of preemptive-resume multi-class multi-segugority queues.

while in the former case they are the intangible resoureerival rate \,=> " | \iH. We assume the service rates on

channels. Except for this conceptual difference, bothesyst all servers in the primary side are the same, p&.= ;.

are naturally similar. For example, in the case of CRNs, PUsAs for the secondary network, since the performance eval-

have unconditioned privilege to access the channel due uation of this network with coupled queues, as shown in Fig.

their exclusive right; inside each traffic class, packets did, is a challenging task, we assume weak coupling among

served according to first-in first-out (FIFO) policy. Alsthet the M SUs, which is accurate for light traffic reginfe§iven

discretized nature of input traffics in both models enabléusthis, one of the SUs (termed tagged SU hereafter) can be

correspond the customers with data packets. detached from the rest of the system as shown in[Elg. 1b if its
Consequently, by representing each channel with a sergervice rate is appropriately changed to meaningfully cefle

as firstly proposed in[]2], the problem of modeling multithe multi-user characteristic of the network (i.é.= s, with

channel CRNs can fit within the framework of multi-clas$ denoting the tagged SU in Figl 1). Defined as the amount

multi-server priority queues, as illustrated in Higl 1aréjev  of time it takes for the head-of-line packet to get transgitt

channels (say servers) represent portions of the spectratm successfully, the service timb,...ss, which is a function of

are authorized for opportunistic access by cognitive dmvicalmost all network quantities, is related to the service rat

[27] (cf. circles in Fig. 1). Focusing on this figure, on thend the transmission timg; in the following way,

primary side,i’” indexed queue stores data packets arriving 1

with aggregate arrival rat¥, , which is the accumulative traffic He = p——7 (1)

of PUs that are authorized to transmit on e channel, and
. ; whereT; depends on the packet length whilg,...ss depends
serves packets with rajé, . th hani th ber of admitted SUE. et
On the secondary side, each queue represents a SU \&ff'n. € access mecnanism, the number ot admitted SUS, €IC.
- simulator written for the purpose of validation confirmgth

i J i I o5 =1 ...
packet arrival ratey; and service ratge, j =1, ’M.'. S’precision of the PU aggregation and SU decoupling methods
SUs must sense th& channels to discover opportunitie S .

used in this section.

for dispatching packets over them once sensed idle. Upon

dispatching packets over the empty channels, it is irreleva

to the SU which packet is gone over which server. This B CTMC Representation

because optimal channel allocation is neither a concern nowith the decoupling of queues in F[g. 1, we can mathemati-
a focus in this work. Nevertheless, we believe that the toatally characterize the CRN in Fig.]la using the Markov chain
we introduce in this paper can be used directly in developimgodeling tool. Here, the quantity of interest is the average
channel allocation techniques for multi-channel CRNs. number of packets in PU and SU queues of the decoupled

3The validity of this equivalency for heavy-traffic scenaribas been
verified both mathematically and with simulations.
4This assumption has been approved and exploited in manyesiuelg.

At the primary side, the network a¥ independent single- [5}; 28], [29]

ith ival aé b . d with 5To calculateys, if SUs access the channel using 802.11x card, one can use
server queues, with arrival rata$, can be approximated wit [30] which presents a useful non-recursive closed-fornresgion for delay,

a singleN-server queue, as shown in Hig] 1b, with equivalent plug the formula for the time sharing access delay in CASEDMA.

A. Queue Decoupling
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Fig. 2: Representation of the multi-channel CRN with 2-D QTM

model in Fig.[Ib { and j, respectively) represented by thewo (p2, X2, 12), represents the secondary queue. Given this
pair (7,j) as the states of the 2-D continuous time Markogxplanation, we solve this CTMC using Z-transform approach
chain (CTMC) shown in Fid.]2. To save space while preservirtg find the steady-state probabilities on each state andj-pos
clarity, we represented the generic state of this CTMC ioly, some moments pertaining to both traffic classes.
the lower-right corner of Fig[]2. Now starting from state Without diverging the focus to the trivial problem of how to
(4,7), a horizontal (vertical) displacement to the right (downgolve this DTMC, we only present the corresponding solufion
represents the addition of a packet to the SU (PU) clabgy.[3 illustrates the joint PMF of the number of data packets
with rate A2(\1), and the horizontal (vertical) displacemenin the secondary and primary classes of FEig. 1. In both 3-D
to the left (up) represents the departure of a packet frompilots, N = 10, Ay = 4 - 10 pk/s, po = 10* pk/s, 1 =
with rate u2(i,7) = pomin(j, max(N — i,0)) (u1(i,5) = 0.5-10*pk/s, and they only differ in PUs’ input rate chosen
p1min(é, N)). The logic beneath this rate determination ias\; = 0.3 - 10* pk/s in Fig.[3B and as\; = 2.7 10*pk/s
pretty much obvious and, thus, not detailed here. Therefone Fig. [3a, corresponding to a primary utilization factor of
when all channels are busy > N) serving PUs, no SU 5.46 (p = 9.46 < 10) and 0.6(p = 4.6 < 10), respectively.
packet is accepted for transmission. Fig. [4 shows the 2-D views of the joint PMF in Fig.13b
Clearly, this infinite state CTMC must have a stabilitwith a logarithmic scale. Besides, the above indicatedeslu
condition to provide stable operation. This stability citioth, are chosen such that they reflect the extreme cases, i.e. low
as reported in [18]:[22], relates the major network quéaatit traffic regime (LTR) and heavy traffic regime (HTR), while not
and is unchanged for all kinds of priority scheduling, asiolating the stability condition of {1). From the plotsvseal
follows: . intuitive observations can be made. First and foremostn eve
0<p= Z Ai <N, @) though the t,iny chapgﬁl — p1 Ti—Ap does not sensibly change
; the primary’s marginal PMF, it causes a considerable change
. _ for the secondary’s, widening it and shifting up its center
where IV is th_e f‘”mber of servers (or PU queues)s the rapidly. Secondly, both plots (Fig.¥4a and 4b) and the siedis
number of priority classes and; = A;/u; represents the examinations carried out demonstrate that the secondary’s

=1

oAt th
utilization factor of thei*™ class. PMF has a heavy tail characteristic, getting heavier as the P
In the framework of CRNSs, two classes of traffic = 2)
is presumed, where the first class, indexed 6pg A1, 111), 6There are many well-established methods for solving Martmins, see

represents the primary queue and the second class, indexgd31).
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activity factor increases (or equivalently as gets larger).  queue is fixed. That is, according {o [33],

l
! >

Fig. [ illustrates the average total del@y; (queueing +
service) in both classes for the HTR setting described kefor

Please note that the curves are plotted in double ordinate ZP'W' _ =t =1 ” 3)
. 7 - ) - AR 3
setting so that the trends can be traced at once. Moreoeer, th — !
ordinate pertaining to the SU is plotted logarithmicallyileh 1- Zpi
=1

the PU’s is ordinary. As observed, the increaseofrom 0.6
to 5.46 results in the primary’s total delay)() to increase whereW; = D; — u; .

K2

only 13% (right ordinate) while shooting up the secondary’s Once more, we assume that the class indexed®)rteas the
total delay ;) about 600% (left ordinate). It is fortunate tohighest (lowest) priority. Since the preemptive prioritgts
note that such increase in the PU’ activity factor is notistigl the exclusive right of access to higher priority class (as fo
according to the measurements, otherwise communication@ps in CRN), lower priority classes are transparent to agrigh
the secondary’s side would be impossible. In fact/ [24] argtiority class and, thereford}; of the highest priority class
many other studies show a low and almost constant utilizatigs nothing more than the classic formula for waiting time
in currently occupied primary spectrum. in M/IM/1 queue. Then without needing to solve the linear
Since the PUs have exclusive right to access the spectr@ftiations ofi(B), the performance vectdr,, - - - , W,] can be
and no control or restriction can be levied by SUs to contr@btained by reverse plugging. As expressed.in [33], however
the traffic and activity on the primary side, all the focu#his solution is only valid for single-server multi-classquity
should be concentrated on the secondary side to obtain €Mgues, but not for the multi-server multi-class priorityege
best out of what is available. As a result, individual demisi case as in the multi-channel CRN of Fig. 1 whereis: 2.
making approach by SUs will certainly fail in providing the Among the very few studies that investigated the existence
wide-scale QoS that benefits all SUs. Therefore, mechanis@isconservation low in multi-server priority queue is_[34],
such as admission control and congestion control as well siich is salient due to the derivation of a semi-conservatio
an efficient, swift and agile resource allocation, play ayvetaw that is only valid under identical service time disttioun
important role in multi-channel CRNs. To that end, mathén both classeg;; = p2). Along the process of examining
matical expressions that characterize both classes angedg our results, we came up with a closed-form expression for
which can be used as the cost (utility) function in the reseurthe conservation law in multi-server work-conserving ptjo
allocation problem, or threshold function in the admissiogueues which generalizes the work n[34] for non-identical
control problem. This motivated us to aim for closed-forrgervice time distributions, as follows:
expr_essions for the average total d_ela%, 1 =1,2,1in the p1Dy + paDy =
multi-channel CRN. In the next section, we move one big step
forward and offer important and insightful closed-formuks 1
relative to the secondary and primary classes.

Py P2

M1 2 &+P_2
+N—1N!(N—p1—p2) N—pi—p2 m  p2
k=0 k!N (Pl + pg)N_k

(4)

Even though no proof was attempted for (4) in this p&aer,
the comparison of the numerically plotted total delay versu
the total delay derivable from[](4) proves the validity of
this result, with an accuracy of more than 99.5% (cf. Fig.

As expected, the answer to the question on whether e Moreover, a discrete-event simulator was written far th
demanded performance is achievable or not, given the traffietwork model in Fig[1l, to check the preciseness of the
characteristics and queue attributes, and if so under whighalytical treatments and simplifications and the validify
policy, is important to deal with though difficult to answerthe assumptions made.

In fact, [32] was the first to answer this question in the The simulator was operated for ten different valuespof
context of single-server multi-class priority queues, vetihie (equally-spaced) and the results were illustrated withsses
synthesis problem was investigated after decades of éxeludn Fig.[5. These results prove that the network model in[Big. 1
works on queue analysis. The point of departure in [32] is tlig associated CTMC in Fifl] 2 and the closed-form expression
Kleinrock’s conservation law [33], which states that inbdéa in (@), all are in tight conformity both in the absolute vakd
single-server multi-classM classes) queuing systems £

Zij\il pi < 1), any performance Vectqﬂ/Vl, Wy, ..., WM], “Unfortunately, the shortage of abundant investigations efforts in this
whereW,; denotes the Waitin? time pertaining to tHé class, area, seems to be the main reason for the nonexistence ohtiters and

. . VR proofs on conservation laws. For this general case of realtier priority
must SatISfy the Condltlorzizl piWi < V/(l B p), where queues, unresolved complications were reported by thosepmple who

pi = N\i/p; andV = sz\il pi/ i - According to this rule, one centered their investigations around this issue. In egsehesupermodularity
does infer an important fact: no class can do better off withoProrerty of the long-run expected amount of work that has bessentially

. . . used in the proof of conservation law for single-server ffsicsystems cannot
another class domg worse off. Therefore, the We@hte(hhneoe proved to hold in multi-server priority systems with difnt service rates

sum of thelW;’s in a work-conserving single-server multi-class generality. And this is exactly the case in our modeling.

IV. NETWORK SYNTHESIS
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the rate of change. Once again, we draw the reader’s attentioln Fig.[8, the unnoticeable difference betweln obtained
to the choice of logarithmic (linear) scaling on the lefiada from (4) and the one calculated numerically from the CTMC is
due to the little imprecision caused by the numerical déiova

of the probabilities during CTMC solving and we conjecture

Please note that primary’s total delay (plot in black withhat the performance vectdD;, D.] obtained from [(4) is
dotted marks) is simply the classic formula fSWM/N (the oyact.

(right-hand) ordinate in Fid.]5.

reason for this was explained before). That is,

N+1

1 1 P1 Po
Dy — — —. 5
1 )\1 1+ N NI (1_ﬂ)2 ( )
N
where .
N—-1 g N
_ PL  P1 1
Fe=\ 2wt v m ©
k=0 N

A. Achievable Region

The conservation law in{4) is not only important in the

sense that it provides a simple closed-form expressionhfor t
total delay of SUs, but is central given that it is directljated
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average total delay®:, D2 (queueing + service) in 2 classes under
HTR regime. with elements

W = oWV + (1-a) WPV, i€ {PU,SU}, (7)

to the achievable region in the performance sface. \(’Yhee':{epvl[;iP;U(}I;Vi Egnr;%e(sgggshg‘: pvrvisgltier:;gecflir;];ggsi??ﬁe
. . - . A { ,
Thls.achltre;/a_blgty rﬁgltt)nt(%o_nv?(-r&lgll) fr(])r the Cr?gmtlvespectrum, and obtained using the following relation betwee
scenario withr = 2 1S lustrated in Figlb, where each Vertex, gueue service time and the total delay:
corresponds to one of the classes having unconditionail priv

lege over the other. Furthermore, any other vector insige th WPV = pPU i’ i € {PU,SU}

region can be achieved by a strategy, called mixing strategy Hi @)
[32]8 which entitles each class with a privileged access to a WSU — pSU _ 1 i e {PU,SU}

fraction of resourcesa(py, asy) Whereagy + apy = 1. ’ ! i’ ’

For example, for the absolute priority, the upper-left eert |, ..o DPU is obtained directly from[{4){6) andsU is
corresponds to(apy = 1, asy = 0) and the downer- qiained from[[)i6) by swapping the priorities such the t
right vertex corresponds toapy = 0, asy = 1). Taking  gecondary has access priority over the primary.
apy = & then any decrease in can be interpreted as Accordingly, a performance vector is achievable if,
qualifying the SU to have more exclusive access (propaation .
to 1 — o) and enjoy better QoS though it would inflict more W™ < Thy, i e {PU,SU} 9
interference onto the primary. i . whereTh; is the waiting delay that clagscan tolerate. Such
~ Next, our goal is to narrow down the achievable regiogfresholds are imposed by the standards, the QoS require-
in Fig.[8 according to imposed constraints (interference aMents, or both. Thus,
delay) on both the primary and the secondary classes. Also, ,

Wap™ =aWhl + (1 —a)WaY < Thpy —

we will investigate whether a performance vector is achitva PU o
according to such constraints, thus turning the problenaatih ,_3%
into a synthesis problem. Wiy — Thpy
. . . . Al(ThPU)=%<Oé<1
At this point, for ease of notation and understanding, we Weo — Wpy
change our notation for the classes as follows. From now on _;/0—’

classedl and2 as denoted this far will be represented BY
and SU, respectively. Then, using the mixed strategy![33], | pa-miz _ aWEY 4+ (1 - ) WEY < Thsy —
>0

. . N SU
[32], an arbitrary performance vectdy*—"** is obtained,
—_—
Thsy — WY
8This concept, elaborated in [32]. [34]. [35], simply statiest in a network 0<a<A(Thsy) = wWEU _ wsv
with r classes and implementing a work-conserving schedulingyp¢.g. M
preemptive), any achievable performance vector (noteithtitis section the >0
(10)

waiting time W is chosen as performance indicator instead)f must lie

within anr-dimensionalpolyhedron with r! vertices, or equivalently, that any
vector lying inside this region is achievable. More impothg each vertex of where A; and A, are functions of the threshold&hp;

this polyhedron corresponds to a different class pri@itim achieved by the ; ; i
permutation and its coordinate is the performance veétor, Wa, - - - , Wy]. an_d Thsu, respectlvely. In view O.f E@O)’ the constraining
pair (Thpy, Thsy) renders the desirable performance vector

9Note that the mixed strategy here is irrelevant to that in &afheory. ’ J ) . f ]
though conceptually there exists some similarities betwaem. Wpag™*, W, ™*] achievable if and only if the two intervals
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derived fora in (I0) overlap, i.e., where
0< A1 (Thpy) < a < Ay(Thsy) < 1. (12) C, = (B-A?+(C-D)*>0,
The expression in{11) has an important implication: any C; = 2(B(B-A4)-D(C-D)),
target vectofW """, Wg;™**] corresponds to a unique C; = B>+D%

and thisa: should lay within the above interval for this targe - . - . .
vector to be achievable. Therefore, either the proper ehoi;he coefficientC’ n (@3) is aways posﬂwg._Thls means

. . . that the cost function does have a local minimum. In fact,
of the constraint vector or the target vector itself resintan o ) ) .

. S . by derivative, this function has a local minimum located at

answer. However, this problem has no solution if these @woic
are suchthatl; (Thpy) > As(Thsy). Forinstance, given the 5= G, _B(B-4)-D(C-D) (16)
thresholdT'hpy on the primary class, which corresponds to 20, (B — A)2 +(C - D)2 '
the allowed level of inflicted interference, the lower horital
line in Fig.[B represents an unrealistic choice T 5, such By facts, we haved < €, A < B, D < BandD < C.

.~. _Also, 8 can be negative, positive, or zero, depending on
that A;(Thpy) > Ax(Thsy). However, a less constraining : . : . . .
while practical choice fofl'hsy; can be the upper horizontalthe sign of the coefficienCs in (13). Since in[(Il) it was

line in Fig.[8, which forms the small trapezoidal achievabl%hown that imposing constramtg WOUld '"T"t the range of
alues for the factory, a local minimum exists only when

region depicted in dark gray. The yellow star corresponds [0
. . < A1 (Thpy) < B < A3(Thsy) < 1. Now for the value
the performance vector with coordina®hpuy, n), where of o that minimizes the cost function (say®"), three cases

n=m' (Wg§ — Thpy) + W57, (12) may arise depending on the locatioft™:
with i min
, WSI'D[S] _ ng]] o if B < Al(ThpU), thena o= Al(ThpU).
WS _wrT (13) . if B> Ay(Thsy), thena™® = Ay(Thgy).

) ) ] ) e if Aq (ThpU) < ﬁ < AQ(ThSU), thena™ir = ﬁ
which is feasible, provides the best QoS for the SU while

being at the achievability border. Thsy < n, then the only
way out of this dilemma is to agree upon largéhpy that 3
would turn around this inequality. Iy < Thsy < WEY,

then the primary class suffers from observing some amount ¢
interference equivalent to the excess defayy = (WY — 25
Thsy)/m’ on the primary side compared to the ideal case
Finally, if Thsy > WY, then no interference is inflicted by
the secondary in exchange of larger excess delay it cunsulate
It should be noted that the excess delay that the primary
class experiences is unequivocally the same as the amount
inflicted interference energy by the relationship betweer t
power and energy.

- — - - 4 P _
w=Lu=1p,=2 p =1,N=4 N =0.75

——————

Cost-Function F(0/)

n
I

V. MIXED STRATEGY IN CRNs W=l =2 p,=1, pl=1A4,N=10,%=0424

Now, we define a cost function that entails the primary’s et
interference cost and the secondary’s QoS concern in a prop B =Ly =29 =3, p =2 N8 T =062 l T, 1

way. With the insights shed in the last section, the length o 1 NI S

the performance vector in Figl 6, which starts from the origi | o —
and ends at a point lying in the achievable region, seems T

natural choice for the cost function given that it relates th o 02 03 04 0s 06 07 0s
inflicted interference and experienced delay in an inteitnd

model-based manner. Thus, the said function is given by Fig. 7: Cost-functionF’ («) for different values of parameters and
A1(ThPU) <a< Az(ThSU).
Fa) =

This is better illustrated in Fid.]7, which shows how the
choice of parameters can lead to a cost-function that does no
interference factor SU’s QoS have local minimum obtaining its minimum value on borders.

(14) Since the primary and secondary constraints only aliovo

where a can only take values imposed by the constraint i ke valueshlr{_Al(Thpr),ﬁg(?‘“hsz)]léas Ishown 'E[@O) and
(11). For simplicity, let us introduce the notatidhi,y = A, )), our choice was for the threshold valdésp,; = 0.95+
WSU — B WPU — ¢ and WSU — D. Then after 0.1A and Thsy = 0.8C + 0.2D. However, in a practical
pu — P2 Wgoy = sv — - ; : ;
scenario,T'hpy andThsy might be independent parameters
and should be chosen with regard to service requirements. In
F(a)= VCia? — Coa + Cs, (15) comparing these curves, it is remarkable that the loweresurv

2 2
(aWET + (1= )W) + (aWeF + (1 —a)WET)",

simplification, the quadratic cost-function in_{14) became
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are not necessarily better as they are related to settinidps wWithis implies that a busier system with larger utilizatiootta
lower overall utilization (smallep/N). o' > pis seen on the secondary side. Also, all the equations
Finally, the importance of this achievement in practicalerived before are usable by leaving the primary’s quastiti
realization of CRNs is related to the proper choice of thgetr intact while changing. to p2/(1—pp) andus to p2(1—pp).
vector in the performance space of Hig. 6. More precisely, if
the choices of the target vector and the thresh@lligy and B, Sensing and Channel Imperfections
Thsy are done in such a way that the value fobtained
after plugging this vector in the left-hand-side bf (7) isuab
to a™in, then the cost of interference onto the primary woul
be minimum while the maximum quality is provided to th
secondary.

As known, sensing inaccuracies are false aldémp) and
Hﬂsdetection(l — P,) events. The latter is a serious problem
88 it causes undesirable interference onto the PUs. The othe
destructive effect is due to the channel impairments, sgch a
fading and noise. Assuming that the occurrence of these even
leads to packet loss (no possible recovery), then sucdessfu
VI. M ODEL REFINEMENT detection of a packet is possible if no misdetection occors n
W_ould the channel be in deep fading. Thus, the probability of

In the modeling and analysis developed this far, we inte o
is given by

tionally dropped few details to avoid making the model looR2CKet 10ssPpr,
unnecessarily complex at that point. Now by adding details Ppr, =1-P;(1 - PER), (18)

to our model, we aim at extending its breadth and adaptin%1

it to more realistic scenarios. In this section, we coversthoWnere PER represents the packet error rate. o
details, namely with regard to the sensing task and projmagat Since these two effects translate into a reduction in the

conditions, and fit them into the previously developed modéiffective transmission rates for both the SUs and the PUs,
then by assuming that the successive transmissions ofledlli

_ packets are probabilistically independent, one can irtfat t
A. Sensing Length the number of times a data packet gets retransmitted is geo-

Considering that the periodic sensing tasks require tﬁ@trically distribute_d.Therefore, the model would be mdp
interruption of transmission due to the half-duplex (HD)dro 'efined by performing the changes — 1Py (1 — PER;)
of operation, the previous model would actually be a bNdu1 — pFa (1 — PER,).
overestimating as it does not take into account the resource
wasted on not transmitting data payloads when the channels VII. CONCLUSION
are empty. As a matter of fact, our model does not evenin this paper, we built an analytical and synthesis frame-
need any refinement for the case where the cognitive nod@srk for multi-channel cognitive radio networks (CRNS).
are equipped with full-duplex (FD) capability, as FD allowgEmploying the theory of priority queues, we modeled the
SUs to perform non-stop sensing while transmitting. Thag, ainteraction between primary users (PUs) and secondarg user
discussion in the rest of this paper is only limited to the HPSUs) according to preemptive resume priority rule. This
mode in order to increase the precision of this model for thighabled us to represent the dynamics of SUs with a two-
operation mode. dimensional continuous time Markov chain (2D CTMC) and
With this new adjustment, it is equivalent to say thagolving it to obtain the joint and marginal PMFs of the
two equal-ranked privileged processes, instead of one, aeondary’s and primary’'s queue lengths. We assert that our
imposed upon the secondary, i.e., the primary process athlytical approach is more realistic compared to previous
the sensing process. Nevertheless, these latter procassesapproaches for single-channel and multi-channel CRNswhic
not privileged upon each other and considered independan¢ mainly grounded upon the very simplified assumption of
and, thus, the existence of one does not hinder the occerergpresenting PUs with two-state Markov ON/OFF sources.
of the other. The idea is to reflect the impact of the sensiffthen in the second part of this work, we turned our focus to
process on the secondary. Analogous [td [2] (Theorem the application side of the network under study, in an attemp
where the independence assumption for channels led to tbeanswer a question of major practical importance, nanifely,
representation of the number of busy channels with a Binbman application requirement can be satisfied in a given nétwor
random variable (R.V.), here the number of sensed channei¢h a-priori known network/traffic conditions, and if it ocaot,
during a time period” would be a Binomial R.V. as well. what adjustments can be made so that these requirements
In other words, when each channel (server) in . 1 et satisfied. In this vein, we obtained a conservation law
sensed folAT seconds ever{’ seconds, the probability thatwhereby these questions can be readily answered. Finglly, b
a station senses a channgp] (rather than transmit) would the introduction of a mixed strategy, the conditions for the
bepp = AT/T, and thus, on the long term, the fraction o&xistence of an optimal trade-off between the interferamte
operative channels for payload transmission would be a RRUs and the QoS of SUs was illustrated, and the optimal mixed
with distribution B (N, 1 —pp = (I'-AT)/T). Therefore, strategy satisfying these conditions was obtained.
on averageN (1 — pp) channels would be available to the
SUs and[(P) is refined after replacing with N(1—pp), i.e., REFERENCES

P — o <N (17) [1] FCC, “Et docket no 03-222 notice of proposed rulemaking arder,”
1—pp P ’ Federal Communications Commission, Tech. Rep., 2003.



IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, ACCEPTEBOR PUBLICATION, 2013

(2]

(3]

(4]

(5]

(6]

(7]

(8]

El

[10]

[11]
[12]
[13]

[14]

[15]

[16]
[17]

(18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

N. Tadayon and S. Aissa, “Modeling and performance aialgf multi-
interface multi-channel cognitive radio networks,” IngtiNational de la
Recherche Scientifique (INRS), Tech. Rep. INRS-EMT-05Z2)6]an.
2013.

S. Wang, J. Zhang, and L. Tong, “Delay analysis for cdgeitradio
networks with random access: A fluid queue view,Hroc. 2010 |EEE
Infocom, San Diego, CA, Apr. 2010, pp. 1-9.

S. C. A. Laourine and L. Tong, “Queueing analysis in nulitinnel
cognitive spectrum access: a large deviation approachPrac. |IEEE
INFOCOM, San Diego, CA, Mar. 2010, pp. 1-9.

L.C. Wang, C.W. Wang, and K.T. Feng, “A queuing-thearetiframe-
work for QoS-enhanced spectrum management in cognitiv® naet-
works,” |IEEE Wireless Comm. Magazine, vol. 18, no. 6, pp. 18-26, Dec.
2011.

I. Suliman and J. Lehtomaki, “Queueing analysis of oppoistic access
in cognitive radios,” inProc. 2nd International Workshop on Cognitive
Radio and Advanced Spectrum Management, Aalborg, Denmark, May
2009, pp. 153-157.

C. Zhang, X. Wang, and J. Li, “Cooperative cognitive divith
priority queuing analysis,” irProc. |EEE International Conference on
Communications, Dresden, Germany, 2009, pp. 1-5.

C. T. Do, N. H. Tran, and C. S. Hong, “Throughput maximiaatfor the
secondary user over multi-channel cognitive radio netadrin 2012
International conference on information networking (ICOIN), Bali, Feb.
2012, pp. 65-69.

H. Tran, T. Duong, and H. Zepernick, “Average waiting &rof packets
with different priorities in cognitive radio networks,” iaroc. |IEEE Int’|
Symp. on Wireless Pervasive Computing (ISVMPC), Modena, Italy, May
2010, pp. 122-127.

L. Zhang, T. Song, M. Wu, J. Guo, D. Sun, and B. Gu, “Modgli
for spectrum handoff based on secondary users with diffgrearities
in cognitive radio networks,” innternational Conference on Wreless
Communications and Sgnal Processing (WCSP), Huangshan,China,
Oct. 2012, pp. 1-6.

A. Cobham, “Priority assignment in waiting line probis,” Opns. Res.,
vol. 2, no. 1, pp. 70-76, 1954.

J. L. Holley, “Waiting line subject to prioritiesOpns. Res., vol. 2, no. 3,
pp. 341-343, 1954.

H. White and L. S. Christie, “Queuing with preemptivéqgpities or with
breakdown,”Opns. Res., vol. 6, no. 1, pp. 79-95, 1958.

B Avi-ltzhak, “Preemptive repeat priority queues apadal case of the
multipurpose server problem-iQpns. Res., vol. 11, no. 4, pp. 597-609,
1963.

D. P. Gaver, “A waiting line with interrupted serviceycluding priori-
ties,” Journal of the Royal Satistical Society, vol. 24, no. 1, pp. 73-90,
1962.

N. K. Jaiswal, “Preemptive resume priority queu®pns. Res., vol. 9,
no. 5, pp. 732-742, 1961.

F.F. Stephan, “Two queues under preemptive priorit§hwbisson arrival
and service ratesOpns. Res., vol. 6, no. 3, pp. 399-418, 1958.

B. Ngo and H. Lee, “Analysis of a pre-emptive priority Mic model
with two types of customers and restrictiofglectronics Letters, vol. 26,
no. 15, pp. 1190-1192, 1990.

E. Kao and S. Wilson, “Analysis of non-preemptive pitprqueues
with multiple servers and two priority classe€uropean Journal of
Operational Research, vol. 1, no. 18, pp. 181-193, 1999.

I. Mitrani and P. King, “Multiprocessor systems withg@mptive prior-
ities,” Performance Evaluation, vol. 1, no. 2, p. 118125, 1981.

A. Bondi and J. Buzen, “The response times of prioritgssies under
preemptive resume in M/G/m queues,” Purdue University @Diipent
of Computer Science), Tech. Rep. 81-404, Nov. 1981.

T.M. Williams, “Nonpreemptive multiserver priority ugues,” Opns.
Res., vol. 31, no. 12, pp. 1105-1107, 1980.

P. Hokstad, “Approximations for the M/G/m queu@&pns. Res., vol. 26,
no. 3, pp. 510-523, 1978.

F. C. Commission, “Spectrum policy task force: Findingnd recom-
mendations,” innternational symposium on Advanced Radio Technolo-
gies (ISART), ser. 02-135, Nov. 2002.

M. Rashid, J. Hossain, E. Hossain, and V. Bhargava, @pmistic
spectrum access in cognitive radio networks: a queueintytananodel
and admission controller design,” Proc. |[EEE GLOBECOM, Vancou-
ver, BC, Nov. 2007, pp. 4647-4652.

M. Rashid, J. Hossain, E. Hossain, and V.K. Bhargavgyp@tunistic
spectrum scheduling for multiuser cognitive radio: a quyanalysis,”
|EEE Trans. Wireless Commun., vol. 8, no. 10, pp. 5259-5269, 2009.

[27]

(28]

[29]

[30]

(31]

(32]

(33]

[34]

[35]

10

IEEE 802.22, “Part 22: Cognitive wireless RAN mediunt@ss control
(MAC) and physical layer (PHY) specifications: Policies gmdcedures
for operation in the TV bands,” Jun. 2011.

T.K. Apostolopoulos and E.N. Protonotarios, “Queggianalysis of
buffered slotted multiple access protocol€8mputer Communications,
vol. 8, no. 1, pp. 9-21, 1985.

T.Wan and A. Sheikh, “Performance and stability anialysf buffered
slotted ALOHA protocols using tagged user approadfEE Trans.
\eh. Tech., vol. 49, no. 2, pp. 582-593, 2000.

M. Carvalho and J. Garcia-Luna-Aceves, “Delay analysf IEEE
802.11 in single-hop networks,” ifroc. of 11th IEEE International
Conference on Network Protocols (ICNP), Atlanta, USA, Nov. 2003,
pp. 146-155.

G. Bolch, S. Greiner, H. de Meer, and K. S. Trive@ueueing Net-
works and Markov Chains: Modeling and Performance Evaluation with
Computer Science Applications.  John Wiley and Sons, 2006.

E.G. Coffman and I. Mitrani, “A characterization of uiagg time
performance realizable by single-server queu@phs. Res., vol. 28,
no. 3, pp. 810-821, 1980.

L. kleinrock, “A conservation law for a wide class of queng disci-
plines,” Naval Research Logistics Quarterly, vol. 12, no. 2, pp. 181-192,
1965.

A. Federgruen and H. Groenevelt, “Characterizatiod aptimization of
achievable performance in general queuing syste@js. Res., vol. 36,
no. 5, pp. 733—741, 1988.

J. G. Shantikumar and D.D. Yao, “Multiclass queueingtems: Poly-
matroid structure and optimal scheduling contr@pns. Res., vol. 40,
no. 2, pp. 293-299, 1992.



IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, ACCEPTEBOR PUBLICATION, 2013

Navid Tadayon (S'10) received his B.Sc. de-
gree in electrical engineering, Telecommunications,
from Ferdowsi University, Mashhad, Iran, in 2006,
and his M.Sc. degree from University of Mas-
sachusetts Dartmouth, USA, in 2011. He is now
working toward his Ph.D. at the Institut National
de la Recherche Scientifique-Energy, Materials, and
Telecommunications (INRS-EMT), University of
Quebec, Montreal, QC, Canada. From 2008 to 2010,
he was a Researcher with the Iran Telecommunica-
tion Research Center (ITRC). His research interests
include resource management and QoS provisioning in catiperwireless
networks and WLANSs, and cross-layer designing for statit mobile Ad-hoc
networks.

Sonia Aissa(S'93-M'00-SM’'03) received her Ph.D.
degree in Electrical and Computer Engineering from
McGill University, Montreal, QC, Canada, in 1998.
Since then, she has been with the Institut National
de la Recherche Scientifiqugnergy, Materials and
Telecommunications Center (INRS-EMT), Univer-
sity of Quebec, Montreal, QC, Canada, where she
is a Professor of Telecommunications.

From 1996 to 1997, she was a Researcher with
the Department of Electronics and Communications
of Kyoto University, and with the Wireless Systems
Laboratories of NTT, Japan. From 1998 to 2000, she was a Ris@asociate
at INRS-EMT, Montreal. In 2000-2002, while she was an AssisProfessor,
she was a Principal Investigator in the major program of geabkand mobile
communications of the Canadian Institute for Telecommatioos Research,
leading research in radio resource management for wirglesgorks. From
2004 to 2007, she was an Adjunct Professor with Concordiavedsity,
Montreal. In 2006, she was Visiting Invited Professor witie tGraduate
School of Informatics, Kyoto University, Japan. Her reshainterests lie in
the area of wireless and mobile communications, and inctad® resource
management, cross-layer design and optimization, desmgh amalysis of
multiple antenna (MIMO) systems, cognitive and coopeeatikansmission
techniques, and performance evaluation, with a focus olul@el Ad Hoc,
and Cognitive Radio networks.

Dr. Aissa is the Founding Chair of the IEEE Women in EngiimegAffinity
Group in Montreal, 2004-2007; acted or is currently actisgT&C Leading
Chair or Cochair of the Wireless Communications Sympositf&E&E ICC in
2006, 2009, 2011 and 2012; PHY/MAC Program Cochair of the72BEE
WCNC; TPC Cochair of the 2013 IEEE VTC-spring; and TPC Syngos
Cochair of the 2014 |IEEE Globecom. Her main editorial atiésiinclude: Ed-
itor, IEEE TRANSACTIONS ONWIRELESSCOMMUNICATIONS, 2004-2012;
Technical Editor, IEEE WRELESS COMMUNICATIONS MAGAZINE, 2006-
2010; and Associate EditokMley Security and Communication Networks
Journal, 2007-2012. She currently serves as Technical Editor ferlEhEE
COMMUNICATIONS MAGAZINE. Awards to her credit include the NSERC
University Faculty Award in 1999; the Quebec Government NQFRStrategic
Faculty Fellowship in 2001-2006; the INRS-EMT Performareeard multi-
ple times since 2004, for outstanding achievements in relsegeaching and
service; and the Technical Community Service Award fromRQERNT Centre
for Advanced Systems and Technologies in Communicatior20@v. She is
co-recipient of five IEEE Best Paper Awards and of the 201ZEBest
Paper Award; and recipient of NSERC Discovery Acceleratapfement
Award. She is a Distinguished Lecturer of the IEEE Commuitoa Society
(ComSoc) and an Elected Member of the ComSoc Board of Gokgerno

11



	I Introduction
	II Literature Review
	III Model Development
	III-A Queue Decoupling
	III-B CTMC Representation

	IV Network Synthesis
	IV-A Achievable Region

	V Mixed Strategy in CRNs
	VI Model Refinement
	VI-A Sensing Length
	VI-B Sensing and Channel Imperfections

	VII Conclusion
	References
	Biographies
	Navid Tadayon
	Sonia Aïssa


