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Performance Analysis of Coordinated Cognitive Radio
Networks under Fixed-Rate Traffic with Hard Delay
Constraints

S. Lirio Castellanos-Lopez, Felipe A. Cruz-Pérez, MaridREero-Angeles, and Genaro Hernandez-Valdez

Abstract: Due to the unpredictable nature of channel availability,
carrying delay-sensitive traffic in cognitive radio networks (CRNSs)
is very challenging. Spectrum leasing of radio resources Isabeen
proposed in the so called coordinated CRNSs to improve the quity

of service (QoS) experienced by secondary users (SUs). Iridtpa-
per, the performance of coordinated CRNs under fixed-rate wth

hard-delay-constraints traffic is analyzed. For the adequte and
fair performance comparison, call admission control stratgies
with fractional channel reservation to prioritize ongoing secondary
calls over new ones are considered. Maximum Erlang capacitis
obtained by optimizing the number of reserved channels. Nurri-

cal results reveal that system performance strongly deperglon the
value of the mean secondary service time relative to the meapri-

mary service time. Additionally, numerical results show that, in

CRNs without spectrum leasing, there exists a critical utization

factor of the primary resources from which it is not longer possible
to guarantee the required QoS of SUs and, therefore, servisawith

hard delay constraints cannot be even supported in CRNs. Thaj
spectrum leasing can be essential for CRN operators to progie
the QoS demanded by fixed-rate applications with hard delayan-
straints. Finally, the cost per capacity Erlang as functionof both

the utilization factor of the primary resources and the maximum

allowed number of simultaneously rented channels is evaluded.

Index Terms: Call admission control, coordinated cognitive radio
networks, Erlang capacity, new call blocking and call force termi-
nation probabilities, QoS, spectrum leasing, stringent day sensi-
tive traffic.

I. INTRODUCTION

terrupted. These prematurely terminated secondary ssssd@
grade quality of service (QoS) and network throughput. Thus
supporting QoS in CRNs is a challenge due to the unpredetabl
nature of channel availability [3]. In this respect, callngd-
sion control (CAC) is critical for supporting QoS in CRNs {3]
[5]. In relation to the CAC issue, authors in [4] demonstrdate
that the optimal admission control policy in CRNs with spec-
trum overlay sharing depends only on the total number ofsuser
(i.e., it does not depend on the number of PUs and SUs in the
system individually) in the network and it is of thresholghéy
Admission control is often jointly considered with othercha-
nisms employed to reduce service interruption and/or teigeo
QoS provisioning in CRNs [3]-[5]. Among the most relevant
of these mechanisms are spectrum handoff, call bufferireg, p
emptive priority, channel reservation, spectrum adagatind
spectrum leasing [6]—[8]. In this research direction, &isra re-
cently growing interest in (dynamic) spectrum leasing [86}.
Spectrum leasing is a mechanism proposed in the so-aadled
ordinated cognitive radio networks (CCRNSs) to guarantee QoS
of secondary traffic [8]. In CCRNSs, the total spectrum-bamnd i
divided intonormal spectrum-band, in which PUs can preempt
SUs, andleased spectrum-band reserved for exclusive use of
the secondary network. In other words, with dynamic spettru
leasing, a spectrum owner rents to the secondary netwotk par
of its spectrum in exchange of some incentive (e.g., mopetar
rewards as leasing payments) [10]. The cost of temporaals-|
ing a spectrum band is generally higher than the cost of sgnsi
for white spaces in the normal spectrum-band. Nonethedsss,
it is shown in this work, spectrum leasing is essential torgna

In cognitive radio networks (CRNs),_ the licensed or primartyée suitable QoS in CRNSs, especially in those networksiatier
users (PUs) take precedence over unlicensed or seconaasy Uﬁringent delay-sensitive services. This paper focusesven

(SUs) to utilize the licensed spectrum band [1], [2]. Thatfis la

a PU wants to access a frequency band and finds one or

SUs using the same band, transmissions of those SUs willbe
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spectrum sharing among infrastructure-based CRNs with
8 without spectrum leasing [2]. Specifically, in this pape
tihe performance of CCRNs under fixed-rate with hard-delay-
constraints (FR-HDC) type of traffic is investigated. Tcstaind,

a session-level teletraffic model for the performance atan

of CCRNs considering that both blocked sessions and inter-
rupted sessions are clear from the system is developedisihat
a secondary type of traffic that has the most stringent QoS re-
guirements (such as the unsolicited grant service classbilen
WIMAX [32]) is considered. For the adequate and fair perfor-
mance comparison, call admission control strategies wét-f
tional channel reservation to prioritize ongoing secopdalls
over new ones are considered as in [17] and [20]. In order to
obtain an upper bound on the performance of CCRNs with FR-
HDC traffic, our proposed analytical model assumes that the

1229-2370/14/$10.0q0) 2014 KICS



CASTELLANOSet al.: PERFORMANCE ANALYSIS OF COORDINATED COGNITIVE RADIO NEWORKS... 131

rented spectrum is available as required by the secondary rséve use of one type of SUs and cannot be used by the other type
work, that is, the specific procedure used by the CRN to aequaf SUs. Contrary to the work developed in [3]-[4], [13], and
(rent) spectrum is not considered. Considering spectrastle[17], in this paper spectrum leasing and reservation of ochin

ing strategies that takes into account the dynamic traffid lofor exclusive use of SUs are considered. Also, the factat th
of rented resources and secondary users is out of the scopangfact on the Erlang capacity of the system are investigated
this paper and it represents a topic of our current reseamh;  Authors in [8], proposed a spectrum sharing scheme in which
ertheless, a discussion on these issues is provided atghe tlhae dynamic spectrum access among PUs and SUs is coordi-
paragraph of Section Il. (For readers interested in panaslignated by dividing the spectrum into the normal access channe
for dynamic spectrum leasing, please refer to [8]-[16],)]25 (that may be taken back anytime by PUs) and the reserved sec-
Building on our developed teletraffic model, mathematical eondary channel (that are locked by occupied SUs until cal se
pressions for the new call blocking, interruption, and éafter- sions are complete). However, in [8] neither CAC strategyrto
mination probabilities are obtained. In addition, for aggivQoS oritize ongoing secondary calls over the new ones nor Edang
requirement at session level (i.e., session blocking ancetb pacity maximization is considered. Contrary to [8], in thigper
termination probabilities) and maximum allowable numbgr doth the critical utilization factor of the primary resoascand
simultaneously rented channels, the maximum Erlang cgpadhe impact of the number of rented resources on the spectrum
is computed. Furthermore, the impact of the relative valie l@asing cost are investigated. Finally, in an early work] [$&

the mean service time of SUs to the mean service time valsledy the Erlang capacity in CCRNs with delay-sensitiviiitra

of PUs on system performance is investigated. To the besthdwever, in [18], the impact of the mean service time of SUs on
the authors’ knowledge, this dependence of the performafcesystem performance is not addressed. Specifically, in thikw
CRNs on the mean service times has not been previously we additionally investigate the effect of both the absokel
ported in the literature. Also, the impact of resource legsind relative value of the secondary mean service time on new call
channel reservation on the Erlang capacity of a CCRN with FRlocking probability, forced termination probability amaaxi-

HDC traffic is studied. In this respect, the fraction of timgidg mum Erlang capacity.

which the secondary network uses leased radio resourcak is ¢ The rest of this paper is structured as follows. System model
culated. This quantity is used to estimate the economicstl cand general assumptions are given in Section Il. Our prapose
of spectrum leasing per capacity Erlang. Numerical regutis mathematical model for delay-sensitive traffic over CCRNthw
vide new and important insights into the performance beadravispectrum leasing and fractional channel reservation isldped

of CCRNs under FR-HDC traffic as it is shown in Section IV oin Section Ill. Numerical results are analyzed in Sectionb¥-

this paper. fore concluding remarks are exposed in Section V.

A. Related Work

The merit of this section is to summarize the previously pub- _ ) ) )
lished studies that have addressed the performance oftagni 1€ connection level analysis developed in Section Iil cap-
radio networks with FR-HDC traffic. tures relevant aspects of delay-sensitive traffic over itivgma-

Authors in [17] analyzed the fractional guard channel resser 410 Networks with spectrum leasing. These aspects and @ssum
tion scheme to limit the forced termination probability aSin  fiONS are presented in this section. Itis important to retizat
a CRN in which the spectrum handover technique is employ&¢ @dopt the system model proposed in [8].
In a related work [3], the optimal admission control and cha ) . .
nel allocation decisions in cognitive overlay networksupport A Coordinated Cognitive Radio Network Model
delay sensitive communications of unlicensed users aigeder  The CCRN consists of two coordinated wireless networks op-
Authors in [4] demonstrated that the optimal admission nt erating in a given service area. The one that owns the liceihse
policy in CRNs with spectrum overlay sharing depends only dhe spectrum is referred to as the primary system (PS). Tez ot
the total number of users (i.e., it does not depend on the rumbetwork in the same service area is referred to as the segonda
of PUs and SUs in the system individually) in the system andsystem (SS), which opportunistically shares the spectresm r
is of threshold type. On the other hand, in[13], considenmgr source with the PS, while causing negligible interferemcene
tiple classes of SUs, a heterogeneous-prioritized spacthar- PUs [1]. Naturally, the CCRN requires each system to know a
ing policy for coordinated dynamic spectrum access netwizrk certain amount of information about the other system. How-
proposed. Additionally, authors in [13] develop two CACastr ever, it is desirable to minimize the awareness that the R8:e
gies based on the channel reservation concept to enhanceteHeave on the SS [9].
maximum admitted traffic of SUs for the system. One of the Itis assumed that resources are rented to another openakor a
proposed CAC strategies in [13] reserves channels (i.eardsuthe rented spectrum is available as required by the secpndar
Channels -GCs-) only for use of PUs and the rest of channekltwork. Similar assumption that rented spectrum is abvkgla
(i.e., Shared Channels -GC-) are shared by all users (bogh RS required by the secondary network has been previously con
and SUs). In this strategy, a restrict function is used tamee sidered in the literature (see references [7], [8], [29H[30n
the resource allocation between the different types of Sds. the other hand, PUs are not aware of the existence of aesviti
the other CAC strategy proposed in [13], considering twasypof SUs, and SUs can detect activities of PUs through spectrum
of SUs, the channels are divided into three groups: GCs, S&8nsing.
and restricted channels (RCs). RCs are reserved for the-excl Referring to spectrum sensing, it is has been shown in the

Il. SYSTEM MODEL
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literature [5], [21]-[24] that the effect of false alarm amisde- and (ongoing and new) secondary calls. It is assumed that SUs
tection can be plugged with no major problem into most of tirequesting service are able to connect and stay connectied up
developed mathematical analysis of CRNs. However, in this ghe end of their sessions (if there are enough availableiress

per, to keep our mathematical analysis simple, we assunaé ide this end) to this base station; that is, no handoff mecmais
spectrum sensing (spectrum sensing is error free). Thigrepconsidered (typical in low mobility scenarios).

sents a reasonable assumption in CRNs where a sensor network
having enough sensors performing collaborative sensingeof

radio environment in space and time is employed as it is con @), *” e —
sidered in [3] and [10]. Modeling of spectrum sensing error i " w'hfl”:;d_s r
cognitive radio networks has been addressed in [21]-[2d] an X
[30]. Additionally, for the interested reader, the effettareli- users. LR T S
able spectrum sensing in CRNs under voice over InternebProt L —
col traffic is investigated in our early work [5]. Also as in [& % RO MN+R-r . @ s sesounny
is assumed that service events are unlikely to happen diiing e M e
sensing period since the sensing periods are relativeljf.sma sy ha - am i

e

System performance at the downlink of a wireless CCRN s
addressed, i.e., only the local domain at the receiving®ndri-
sidered [191 . The arrival of both primary and secondary users Fig. 1. System model for the coordinated cognitive radio network.
is assumed to be independent Poisson processes with aatial
AP) andA9)| respectively. Service time of both primary and
secondary users is assumed to be independent exponediiallyB. Call Admission Control Strategy
tributed with means /) and1/("), respectively. In the sequel, let us represent by andk; the total number

We assume a single base station (i.e., evolved node B or ej& ;s and SUs in the system, respectively.
in LTE vocabulary) that performs transmission of secondasy Taking into account that is considered a fractional num-

sions overM normal primary channels and a maximum aIIowber' the proposed threshold-type call admission contratesgy
able numbeR of simultaneously rented sub-channels. Each ngfi ks as follows.

mal primary channel consists Nfsub-channels. We assume that Upon the arrival of a new secondary call, i§N + ki <

0 < R < NM. We refer to a channel as a resource block ig _ [r] (where T]'is the ceiling operation) the new secondary
a LTE system. For simplicity sake, we consider a fair channgly; 4 is accepted. Conversely, ;5N + k, < S — [r] the

model in which all channels have the same data rate (it is It secondary arrival is rejected. On the other hand, whese th
as a future work to develop a teletraffic model that captures t . koN + ki < S — [r] total users in the system and a new

varying capacity/throughput per user, which is & cOmmOR fescqndary session arrives, it is blocked with probabjity=
ture of modern packet based systems). Each normal or rented |r| and it is accepted with probability — p), where the
sub-channel can handle only one secondary session. Thws,sg;}nbm ' |’ denotes the floor operation.

system can handle up fd IV + R simultaneous secondary ses-" p\g have priority to acquire the normal sub-channels treat ar

sions. In the sequel we definfé = MN + R. Referring 10 o4 by SUs at any time. Upon a PU service request arrival, it
the MN shared sub-channels, PUs always have a higher chaaenteqif, < M, otherwise it is rejected. If the normal chan-
nel access priority over SUs. On the other hand, the rented syg| 55signed to a new primary arrival is occupied by one oemor
channels are used exclusively by SUs. As in [17], due t0 t8congary calls, all of these secondary calls must religieir
fact that blocking ongoing secondary calls is more annoying,,smission immediately. These preempted secondarpsess
that blockipg new call _arrivals, from the total number of sul, 4 q\witched to idle normal sub-channels, if they are abigijao
channels (i.e.J) a fractional number of sub-channels (COm- ¢,ntinye their calls (this process is called spectrum héindé
posed of rented and/or normal sub-channels) is reservexior oy gilable normal sub-channels exist in the system, ppéezn
clusive use 20f interrupted secondary calls. Thus real and gecondary calls are switched to available rented sub-efsrifi

0 < 7 < 5% Fig. 1 illustrates the schematic diagram of 0Ug, enough rented sub-channels are available to carry afieof t
proposed system/spectrum sharing model. In particulgr, Fi reempted secondary calls, then, some of these calls aedfor
shows how the total spectrum band is allocated to primaig cal, orminate.

LEnd-to-end QoS provisioning can be divided into two partsS@ the local Itis considered that if an available normal sub-channeeis d
(wireless) domain and QoS in the backbone domain. Sincersyistpairments tected and there exist secondary calls using rented suimelg
across the connection of the ‘dellay—sensit_ive applicaﬁemamule_ative, the re- gne of those calls is swithced to the idle normal sub-channel
one domain. Afte extraction of possile QoS valies aetiat the backbone TNIS Procedure is useful when the dynamic spectrum leasing
domain, the remaining QoS budget for the local domain is,einegal, quite policy allows reducing the cost of leasing a spectrum band as
"n;i':%de[:rz]ctional channel reservation mechanism finely céstitte commu- the QCCUpanCy O-f rented SUb-Ch-annels decreas_es. .
nication service quality (in terms of new call blocking amided termination Itis Worth_notmg that, 3_0me ISsues con_cernlng th_e pralctica
probabilities) by varying the average number of reservethohbls by a fraction implementation of dynamic spectrum leasing strategiee hav
of one. This allows the system (under a specific call admissimtrol strategy) pe considered as identified in [12] and [25]. For instanceswh
to reach its maximum capacity while meeting the quality e¥®e constraints. ever the SS identifies the need to lease some portion of spec-

In this manner, the performances of different call admissiontrol strategies ) > - .
can be compared under a fair basis [17], [20], [26], [27] trum, it sends a leasing petition with the number of channels
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required. The spectrum owner grants or rejects such regaestnumber of reserved sub-channels for interrupted secoradisy
cording to the current occupation in its network and sendsia c is assumed to be redlr| + 1 sub-channels are reserved with
trol packet indicating the grant or reject of the requireddya probabilityp = » — |r] and only|r| sub-channels are reserved
width. In case that the spectrum owner accepts the spectrwith probability (1 — p). For the analyses developed in this pa-
leasing it has to inform the specific channels assigned amd per, state variables are represented by the vécter [k, &1].
time moment at which they are assigned. The SS has to infolket us represent bg; a unit vector of size 2 whose entry at the
the moment at which each of the leased channels are retwnedh(; = 0, 1) position is 1 and its entry at the other position is 0.
the spectrum owner. Note that in this scenario, there aeaat | The set of feasible stateQq, can be built as follows

two time slots required if the processing time is neglectedl a Q) = {k|0 < ko < M N0 <k <SNO0< Nko+k; < S}

if we consider that a time slot is sufficient to send the pertin  The system dynamics are triggered by the following events:
information regarding these procedures. Hence, a cerdayd PU request arrival, SU request arrival, SU departures, PU
has to be considered from the moment that the leasing proeediervice completion. Thus, theontinuous-time Markov chain
begins until the instant that the resources are assigneatigr o (CTMC) showed in Fig. 2, is proposed to perform the analy-
to have realistic operation conditions. Also, due to the faat sis of the CCRN. In this analysis, it is considered that theCCA
rented spectrum could be not available as required by the segategy accepts new secondary request arrivals if therless
ondary network ; the SS may use different strategies to requegians — r occupied resources in the system, wheigused to
the spectrum owner resources. For instance, the SS carsteqpgoritize ongoing secondary calls over new secondargchtt
the leasing of spectrum from the spectrum owner when: a) Therepresent by; (k) the transition rates in stake= [ko, k1] due
buffer occupancy is higher that a certain threshold; b) #ekpt to either a PU arrivali = 0) or a SU arrivali = 1). According
loss probability is higher than a certain threshold. Thioratle to Fig. 2, these transition rates correspond to the follgvsiate
behind these strategies is that if the traffic load at the Qig4is transitionsk — ; — k — k + €;. On the other hand, let us rep-
tected to be increasing, it is highly possible that it coméisito resent byb; (k) the transition rates in statedue to either a PU
increase. As such, the networks should guarantee to haite agervice terminatiorti = 0) or a SU departuré = 1). Accord-
able resources (i.e., anticipated resource leasing) reacgse ing to Fig. 2, these transition rates correspond to theviolg
thatthey are required; in this manner the delay introdugetti® state transitionk +e; — k — k —e; (fori = 0, 1). Finally, the
real time leasing procedure is reduced. Another possiblhmecase where a primary user arrival entails service inteisaptof
anism (that we call postponed resource releasing mechatosm; ongoing secondary calior j = 1,2,---, N) is represented
reduce the delay introduced by the real time leasing praeedby transitionc(k) and, as Fig. 2 shows, this transition rate cor-
is as follows. When a leased channel is released by a segonaesponds to the following state transitidns- ey + je; — k —
session, it is not immediately returned to the spectrum ownk + g, — je,.

Instead this (just released) leased channel is retainedeb$  According to the system model and the call admission control
by a certain amount of time in order to consider the possibitrategy described in Section I1.B, it is straightforwasdshow

ity that a secondary session will require an available resouthat the transition rates;(k), b;(k) andc(k) can be computed
in the short term. The main drawback of anticipated resourge follows

leasing (postponed resource releasing) is that the ledsiag AP 0 ko < M0
5 = Ro U=

leasing) is performed before the resources are requirger (af B EEN fi > 0 Nko 41 < S — |r] —1,i=1
resources have been unused for a while) and there may be somé& )= 1 —pA®; gy > 0;Nko+ k1 =S—|r] —1,i=1
resource wastage Due to the complexity of such schemes, dy- 0; otherwise
namic spectrum leasing strategies that consider bothipaittsc ko). ko < M, Nko + k1 < S,i=0
resource leasing and delayed spectrum releasing to natijat bi(k):{ Ty S Nk§+_ ki< Si=1
effects of resource unavailability are left as a future aecle 0; otherwise
work. oed AP 0<ko < MO0<k <S
e(k)= 0; otherwise
lIl. CONNECTION-LEVEL ANALYSIS The transition rates are derived by going through all the pos

sible sequences of valid states taking into account theachll

In this section, a connection-level analytical model foe thmission control strategy and assumptions described inddect
performance evaluation of CCRN with FR-HDC traffic is builtl. The following illustrative example is provided:
and studied. The mathematical formulation presented ast-
tion is based in well-known multidimensional birth and deat
processes that can be found in [28]. A two-dimensional lairth
death process is used to obtain the probability distritouticpri-
mary and secondary users in the system; the correspondieg st
transition diagram is shown in Fig. 2. To capture the facttie

31n [25], a given probability that the request for a new fremmeband is suc-
cessful is considered to model resource availability ofe@mesources.

41n [25], an operation rule based on a hysteresis control tiththresholds
for the network operator to rent or give back frequency bdadsed on the of- Fig. 2. State transitions diagram.
fered traffic is proposed.
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P(K)Y (ai(k) +bi(k)) = Y aik—e)Pk—e)+> bik—e)Pk—e)
1=0 =0 1=0
+ > clk—e+je)P(k — e+ jer)

J=1,Nko+k1=S

1)

Consider the transition from state- ey + je, to statek. This b) forced termination probability decreases as the numimdr
transition corresponds to the scenario whereby a new pyimaeserved channels increases. Building on this, a two-lqatp o
request arrives to the system and simultaneously fodralsil- mization procedure is employed. First, an initial value o t
able normal channels (i.e., there @& — A ongoing primary secondary traffic load (denoted hyto be tested as the Erlang
calls) andk; = R+ N(A — 1) + j ongoing secondary sessionsystem capacity is set. In the inner optimization loop, gsire
in the system, fol/ > A > 1 andj = 1,2,---, N. Notice bisection algorithm, a value of the numbeof reserved chan-
that, under these conditions and after some possible sfatesel such that the value of forced termination probability&lg
spectrum handoffs (if required), a total numberjafecondary its target value is found. In the outer optimization loopthié
sessions are forced to terminate. value of new call blocking probability equals its targetuel

Given feasible states and their transitions in the preWaless  with the found number of reserved channels in the inner opti-
scribed CTMC, the global set of balance equations can be camzation loop, the maximum Erlang capacity has been found.
structed as (1). In the contrary case; has to be either increased (if the new

Based on these equations and the normalization equation,ca# blocking probability is smaller than its target valwe)de-
can solve the set of the linear equations and consequemly ¢heased (if the new call blocking probability is greatentliiz
state probabilities?(k) of the Markov chain. Once the statetarget value). The optimization procedure ends when the-max
probabilitiesP (k) are obtained, the new call blocking, forcednum value for such that both blocking and forced termination
termination, and interruption probabilities of the secanychet- probabilities equal their respective target values is tbun
work can be obtained.

Blocking probability, Pp, is the sum of the probabilities of
states that cannot accommodate more services of SUs. IPRus, IV. NUMERICAL RESULTS
can be expressed as follows. The goal of the numerical evaluations presented in thismect

is to study the impact of the mean service time of SUs, spectru

Py = Z pP(K) leasing, and channel reservation on the performance of GCRN
under fixed-rate with hard-delay-constraints (FR-HDCffita
KeSolNko-+h1=5-r) -1 In turn, this study allows us to verify the applicability agiv
+ Z P(k). as the preciseness and robustness of our mathematical model

developed in Section Ill. System performance is evaluated i
@) terms of new call blocking probability, forced terminatiprob-
ability, Erlang capacity, effective occupation probaitf leas-

Similarly, the probabilityP?; that an ongoing secondary calling resources, and cost per Erlang capacity. Unless otkerwi
be interrupted due to the arrival of a primary call can be egpecified, the following parameters are applicable (sinmvié-
pressed as (3). ues were used in [8)u®) = 1.2, ¥ = 0.8 (that is, the

Forced termination probability (denoted B%) represents a relative mean service time of SUs defined&8) /(%) and de-
preemption of an ongoing secondary call due to the arrival ohoted here after by, is equal to 2/3);M = 30; N = 1.
PU. Then, the forced termination probability is the fraotwf In addition, thresholds for secondary session blocKiRg :.)
secondary calls that are forcedly terminated due to thesdwf and forced terminatéP; .,y probabilities are fixed to 2 % and
PUs over the whole number of accepted new secondary arrivll® %, respectively. All the results of this section degiet per-
Thus, Py can be expressed as (4). formance of a CCRN with FR-HDC traffic.

Finally, given the target values for the secondary blocking To validate our teletrafic model developed in Section lIgg=i
and forced termination probabilities and the maximum afldw 3 and 4 present both analitical and simulation results f@ngw
number of rented channels, the optimal numbef reserved call blocking and forced termination probabilities, resipesly.
channels for spectrum handoff that maximizes the Erlang ddew call blocking and forced terminate probabilities aretpl
pacity (denoted by:) is obtained. The optimal value ofis ted as function of both the relative and the absolute valdies o
found by using the well-known bisection algorithm [20]. Théhe mean secondary service time ®@r= 0, » = 0, primary
optimization procedure ends when the maximum value of théocking probability of 0.5%, and a utilization factor ofiprary
Erlang capacity is found. The capacity maximization praged channels equals 0.63. New call blocking probability is gral
is based on the following observations: a) Blocking probabically evaluated using (2), while forced termination prbiisy
ity increases as the numhbeof reserved channels increases anid analytically evaluated using (4). Perfect agreemenvéen

KeQo|Nko+ki>S5—|r]—1
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(ko + )N + k1 — S

> . P(k)
KeQo|Nko+k1>S—N;ky>03ko<M
Pr =
P(k)
3)
> (ko + )N + k1 — AP P(K)
P — KeQo|Nko+ky>S—N;iki<S;ko<M
i S (1 - Pp)
(4)

analitical and simulation results are observed in Figs.B4n

On the other hand, Figs. 3 and 4, show the following relevant

result. For a given value of the utilization factor of therpairy
channels, system performance does not depend on the absolut
value of the mean secondary service time, instead it depends os
on the value of the mean secondary service time relativeeto th
mean primary service time (i.€,.). In particular, Fig. 3 (Fig. 4)
shows that new call blocking (forced termination) probiapil

increases (decreases) Bsdecreases in detriment (benefit) of o //”//m
system performance (in terms of new call blocking and forced n m”mm/
termination probabilities). Below, when Figs. 5 and 6 are an N 55!!!!!15;:!!,”" Imm”m”

alyzed, an explanation of this relevant behaviour is prdeie

Then, it is imperative to have a proper characterizatiorhef t
secondary service time to adequately planning, designertim
sioning, and optimizing cognitive radio networks under dixe

rate applications with hard delay constraints.

0 o
s
(s)

Fig. 4. Forced termination probability as function of both the relative and

Fig. 5 depicts the maximum Erlang capacity as function of  apsolute values of the mean secondary service time.
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\\\\\ \

.

-

o
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Fig. 3. Blocking probability as function of both the relative and absolute

values of the mean secondary service time.

2/30, and 20/3, respectively. As stated before, autho& icdn-
sidered a fixed value df,. equal to 2/3. In order to investigate
the impact off;. on the maximum Erlang capacity, we also con-
sider in Fig. 5(b) and 5(c) a value @f. one order of magnitude
lower (higher) than the one employed in [8]. In Fig. 5, our{pro
posed resource management strategy (labeled with “Prdpose
mode”) is compared against the one developed by Xu ktao
al. in [8] (denoted in all the figures of this section with the la-
bel “Xu Mao”). Some expected results can be extracted from
Fig. 5. For instance, Fig. 5 shows that, irrespective of tlee
of T,., Erlang capacity is a monotonically increasing (decreas-
ing) function of the number of leased channels (utilizafetor
of primary channels). Also, Fig. 5 confirms that, irrespextf
the value ofT;., Erlang capacity is a monotonically decreasing
function of the utilization factor of primary channels.

Several important observations can be found in Fig. 5. Re-
sults presented in Figs. 5(a) and 5(b) indicate that, fonages

the utilization factor of the primary channels with the ntawim where R = 0 (i.e., when no spectrum leasing is considered),
allowable number of leased channels as parameter. The m&iang capacity rapidly decreases as the utilization famtthe
mum Erlang capacity shown in Fig. 5 is obtained using the oprimary channels increases. In fact, Figs. 5(a) and 5(bjvsho
timization procedure described in the last paragraph ofi@ec that for R = 0, there exists a critical utilization factor of the
lll. Figs. 5(a), 5(b), and 5(c), consider thAt is equal to 2/3, primary channels at which it is not longer possible to guaran
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tee the QoS of the admitted Secondary users (Erlang capacTﬁP'e 1. Erlang capacity gain and optimal values of r as function of R
for a CCRN with FR-HDC traffic.

abruptly decreases toward zero). For instance, Fig. 5¢hér)
shows that this critical value is about 0.49 (0.573) for ttrats
egy “R = 0 XuMao” and itis about 0.52 (0.625) for the strategy

Erlang capacity gain (%)relative

“R = 0 proposed model,” that is, this critical point is increased to the whenR=0 R '

) - 0| 3.44
about 6% (9%) by using our proposed strategy. In other words, I57 117586
these results reveal that, by using channel reservatiospfec- 83.6 5 2'51
trum handoff, it is possible to extend the maximum arriva¢ra 126 1 3 2'24

of PUs at which it is still possible to provide the QoS demahde
by SUs. Also, Fig. 5 indicates that, as the utilization faaib
the primary channels increases, a gradual reduction of the E
lang capacity is possible by using spectrum leasing (ie; s

nar_ios w_here_R > 0). Th_is is especiall)_/ _useful t(_) in_crease_useéub-channels increases in benefit of the new call blocking-pr
satisfaction in CRNs with delay-sensitive applications.this ability. The joint effect of these facts leads us to the bédrav
sense, numerical results presented in Fig. 5 allow us to'quﬁQplained above and illustrated in Fig. 6.

tify the extent by Which_ErIang cap_acity is decreased dubéo t Table 1 presents the Erlang-capacity gain percentageaespe
presence‘ of PUs. For |nstance,I”F|g. 5(b) shows that, “”I‘ffeff!@ the case when no spectrum leasing mechanism is used (i.e.,
strategy R =3 proposed mode_ =1 prOpos?d model’), p _ 0) in the CCRN with FR-HDC traffic. Table 1 also shows
as the utlllzat|(:1n facltor of the primary channels INCTedsB® 1o most satisfactory values of the number of reserved chan-
0.56 to 0.67, the Erlang capacity decreases from 6.8 (4.6) Rkls for spectrum handoffr) that maximize Erlang capacity

Ianogs to (:)%.17 (0.86) Erlangs, that is, E”"’?”g capacity desee @). These values are obtained using the optimization proce-
3% (81%). On the other hand, assuming the same scen e described in the last paragraph of Section Ill. Diffiére

Fig. 5 ShOW.S that our proposed strategies always_ OULPEHTM 5\ 05 of the number of leased chann@ly are considered in
corresponding strategies proposed by Xu Maal. in [8]. For Table 1. From Table 1, it is evident that spectrum leasingis a

instancr:a ' conlsi(jering tk;e cgsg ngeie tht;::_utilizationhfa]jtprik; efective mechanism to strongly improve system Erlang capac
mary channels Is equa to_ oa o 1, Fig. 5(_a) S OWSE at ity (and thus, QoS satisfaction) for CCRNs under fixed-rate s
our proposed strategy carries %12 Yo more trgfnc thatfp& L Vices with hard delay constraints. For instance, by comgari
Xu rl]\/lao strfat(:]gy. A?am, th|s_|mprovement IS excluswelyaduthe Erlang capacities respectively achieved by the CCRN wit
tot he useorc lanne reselrvit|0n. ¢ . _R = 0 and the CCRN withR = 3, it is observed that Erlang
Th N mor?t rf evarr:t result that cafn be extrac;egRr'fl)m F'% ﬁ%ﬁpacity improves 120% due to the use of spectrum leasing.
perhaps t. € ac_t that system periormance o 'S W_'t ‘Table 2 presents the time proportion that ttieleased chan-
HDC traffic is highly dependent on the mean service time gl js ysed when the maximum allowable number of rented
SUs relative to the mean service time of PUs (i/&), Specif- channels isR(R > i). Two different primary traffic loads (high

ically, Fig. 5 reveals that maximum Erlang capacity decmeasand low) are considered. The low (high) primary traffic load-c

as the value off}. increases. To illustrate this, let us consider

the strategy ® = 3 proposed model” for a utilization factor.resDond to the case when the primary blocking probatﬁ?ﬁﬁ)

o 0 g :
of 0.56. Under this scenario, the Erlang capacity increaises lf/he:nu;:etoc%cl?)j\l/oc;lnorgz't LIIettcl)vax(/:c())Zﬁfr?r:'eflzr(lsr:ta:r?aer’]:2?10 Zn d
3.8 Erlangs to 6.8 Erlangs 8 moves from 2/3 (Fig. 5(a)) to b Y

2/30 (Fig. 5(b)), that is, a capacity increase of 79% is ] channel 2) and a high primary traffic load is presented. Times,

Also, for the same scenario, Erlang capacity decreases3r8m operator of the CCRN can have up two rented channels for ex-

. clusive use of SUs. From Table 2, it is observed that channel 1
Erlangs to 1.13 Erlangs @5 moves from 2/3 (Fig. 5(a)) to 20/3 . ’ . )
(Fig. g(c)), that is, a 3apacity decrease of 7(002 is(og))ser'v"ed. (channel 2) is used only 15% (0.9%) of the time. This means

remark this relevant result, Fig. 6 directly plots systertafy :ir:)?étlthririec thth:er]c(:atll\s/ellyhlé?st()’rgnvz';/: Er::]gie, or;il%ig.lse?::adm
capacity as function df’. for a utilization factor of the primary ( ) ' ' dasa P

. ..~ trum leasing strategy, the CCRN operator has to pay the rent
channels equals 0.63. Fig. 6 clearly shows that Erlang igpsic .
a monotonically decreasing functionBf. This behavior can be of only 0.159 channels instead of 2 channels wpermanent

explained as follows. Notice that decreasing the valug.aim- spectrumeasing is conS|dered..
plies that the mean value of the secondary service timevelat Table 3 presents the normalized cost per Erlang of supported

. C o capacity for both permanent spectrum leasing (PSL) and idea
to the mean value of the primary service time decreases. @kus ; . : : .
dynamic spectrum leasing (ISL) strategies. Different jauiyn

the relative value of the mean secondary service time dmeatraffic loads are considered wifh as a parameter. Table 3 con-
while the utilization factor of the primary channels remsaim- : : b ‘ :

i ; firms that high reduction cost per rented channel can beaathie
changed, itis more probable to an ongoing secondary caltzo Sby the ISL strategy relative to the PSL one. Notice that réidac
cessfully terminate its service in benefit of both the intption y 9y o .

S - . cost ranges from 70% to 99%. Thus, it is of paramount impor-
and forced termination probabilities. Also, as the reatralue : .
tance to develop dynamically spectrum leasing mechanisats t

of the mean secondary service time decreases while theautili ssist the CCRN operator to acquire radio resources onlnwhe
tion factor of the primary channels remains unchanged, the P q o ) "
hose resources are needed [9]-[10]. This is a topic of our cu

parture rate of successfully terminated calls increadatve to rent research
the arrival rate of PUs; thus, the average number of availabf '
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Fig. 5. Erlang capacity as function of the utilization factor of the primary
channels with the maximum allowable number of rented channels as
parameter for a relative mean service time of SUs equal to (a) 2/3,
(b) 2/30, and (c) 20/3.
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Fig. 6. Erlang capacity versus the relative mean secondary service time
for a utilization factor of the primary channels equals 0.63.

Table 2. Time proportion that : rented channels are used when the
maximum allowed number of rented channels is R. Both low and high
primary traffic loads are considered.

Effectively

R|i=1|i=2]|i=3 rented
channels

Low primary traffic load (i.eJ?b(P) =0.01%)
1] 0.30 NA NA 0.30
2| 036 | 0.10 NA 0.47
3| 049 | 0.17 | 0.05 0.71
High primary traffic load (i.eJ?b(P) = 10%)
1] 0.007| NA NA 0.007
2 | 0.150| 0.009| NA 0.159
3 | 0.353| 0.076| 0.008 0.437

V. CONCLUSIONS

In this paper, the performance of CCRNs under fixed-rate
with hard-delay-constraints traffic considering the usepéc-
trum leasing and fractional channel reservation for spectr
handoff was investigated and mathematically analyzedahn p
ticular, mathematical expressions for new call blockingei-
ruption, and forced termination probabilities that capttele-
vant aspect of CCRN (i.e., preemption of ongoing secondary
calls due to appearance of primary user arrivals, spectamd-h
off, spectrum leasing mechanisms, threshold-based call ad
mission control with fractional channel reservation sgigs,
among others) were derived. In addition, for given QoS nexjui
ments at the session-level and the total number of allowaede
channels, the maximum Erlang capacity as function of the-occ
pancy factor of primary channels was evaluated. Also, the-fr
tion of time that spectrum leasing is needed was calculated.
guantity was used to estimate the cost of spectrum leasing pe
Erlang. The study developed here provides relevant insigta
the performance of CRNs under delay-sensitive traffic. Ror i
stance, numerical results clearly show that, for a givemesal
of the utilization value of the primary channels, systenfqer
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Table 3. Normalized cost per Erlang of supported capacity for both
permanent and ideal dynamic spectrum leasing strategies. Different
primary traffic loads are considered with R as a prameter.

Capacity| Cost Cost Maximun cost
R | (Erlang) | with with | reduction relative to
PSL ISL | the PSL strategy (%
Low primary traffic load (i.eJ?b(P) =0.01%)
0 3.267 0 0 0
1 4.760 0.210 | 0.062 70
2 5.997 0.333 | .078 77
3 7.191 0.417 | 0.099 76
P =0.50%
0 0 0 0 0
1 0.160 6.247 | 0.597 90
2 0.898 2.226 | 0.448 80
3 1.855 1.617 | 0.365 77
P = 1%
0 0 0 0 0
1 0.071 | 14.079 | 0.729 95
2 0.579 3.452 | 0.567 84
3 1.355 2.214 | 0.468 79
High primary traffic load (i.e.Pb(P) = 10%)
0 0 0 0 0
1 0.008 | 129.634| 0.950 99
2 0.184 | 10.858 | 0.862 92
3 0.574 5.223 | 0.760 85
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