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This paper addresses the problem of opportunistic access of secondary users to licensed
spectrum in cognitive radio networks. In order to avoid interference to the licensed pri-
mary users, efficient spectrum detection methods need to be developed. For this purpose,
in recent years several sensing techniques have been proposed to monitor and regulate the
spectrum access to the shared spectrum resources. However, spectrum sensing may be
affected by errors in the form of missed-detections (i.e., an occupied spectrum is errone-
ously detected as free) or false-alarms (i.e., a free spectrum is erroneously detected as occu-
pied). These two magnitudes pose a tradeoff on the design of the spectrum sensing
mechanisms meaning that low missed-detection can only be achieved at the expense of
high false-alarm and vice versa. Thus, the network designers should adaptively tune the
sensing techniques such that the highest perceived Quality of Service (QoS) is achieved
by both primary and secondary users. In this paper, a framework is introduced for deter-
mining the sensing operating points. Also the definition of Grade-of-Service (GoS) metrics
is adopted to the case of primary/secondary users spectrum sharing. It is shown that the
operating points of the sensing mechanisms can be easily adjusted according to the current
traffic load of both primary and secondary users so that the perceived GoS is maximized. In
addition, the Erlang Capacity of the spectrum sharing system for both primary and second-
ary users is also evaluated considering the effects of erroneous sensing.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The spectrum efficiency and utmost usage in cognitive
radio networks (CRNs) [1,2] calls for the implementation
of advanced spectrum management mechanisms algo-
rithms and architectures devoted to guarantee a non-inter-
fering access to shared spectrum resources. The
Hierarchical Access Model [3] refers to the problem where
some licensed spectrum is opened for secondary usage on a
non-harmful basis. In these scenarios, the discovery of
. All rights reserved.

:+34 93 4017200.
u, xavier.gelabert@
kyildiz), sallent@tsc.
.

Lab in 2008.
spectrum opportunities for subsequent spectrum access
becomes the key element enabling Opportunistic Spectrum
Access (OSA) [3].

The considered deployment case in this work is that of
an infrastructure-based system, e.g., traditional cellular
networks. The Primary Network (PN) is intended to serve
Primary Users (PUs) along with an infrastructure-based
Secondary Network (SN) devoted to serve Secondary Users
(SUs). The spectrum over which the PN operates, i.e., the li-
censed spectrum, is opened for secondary spectrum usage
by the SN as long as SUs do not interfere with ongoing or
newly arriving PU transmissions. Thus, the primary spec-
trum usage awareness at the SN is vital for a non-harmful
operation. Several alternatives concerning spectrum
awareness are envisaged which may include coordinated
and uncoordinated operation between the PNs and the
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SNs. For the coordinated case, see e.g. [4–7], there is an ex-
plicit communication and synchronization between the PN
and the SN which enables the SN to be aware of primary
spectrum activity by means of dedicated channels. As for
the uncoordinated case, the primary activity is essentially
invisible to the SN and thus spectrum sensing mechanisms
have to be implemented on the secondary side [8–11]. In
this work, the focus will be on the uncoordinated case,
i.e. the sensing-based case.
1.1. Motivation

Sensing-based spectrum discovery mechanisms, [12],
may be affected by errors and, consequently, provide false
information to the SU about PU spectrum occupancy. These
errors are typically in the form of false-alarm (i.e., a free
channel is erroneously sensed to be occupied) and misde-
tection (i.e., an occupied channel is erroneously sensed to
be free). As explained hereafter, by adequately choosing
the operating points of the sensing mechanisms, a tradeoff
may be achieved between these two errors. As shown in
the following, this means that low misdetection is attained
at the cost of increased false-alarm and, conversely, low
false-alarm is achieved at the cost of high missed-
detection.

According to the above, the missed-detection error will
mainly affect the interference of PUs with SUs, that is, it
will cause SUs accessing the spectrum already occupied
by a PU. Consequently, resulting in a degraded operation
for both PUs and SUs. On the other hand, false-alarm er-
ror will prevent SUs from accessing non-utilized spec-
trum, thus degrading the performance of these users.
Bearing this in mind, a common approach has been to im-
pose low values on the missed-detection probability so as
to protect the PUs a the cost of reduced SU performance.
Nevertheless, despite the PUs having strict access priority
to spectrum resources, it may be necessary to guarantee
some Quality of Service (QoS) requirement not only for
PUs but also for SUs [5]. This becomes particularly true
if the license holder (i.e., the entity ruling primary opera-
tion) demands payment for secondary access to the spec-
trum. Accordingly, the secondary system will expect some
minimum return in terms of perceived service quality by
SUs.

According to the above, the main contributions of this
paper are summarized in the following:

� An analytical framework based on a Discrete Time Mar-
kov Chain (DTMC) model is provided for the evaluation
of sensing-based secondary spectrum access scenarios.
A justification for the proposed modeling approach is
also provided.

� A statistical spectrum sensing model accounting for
potential sensing errors, in the form of false-alarm and
missed-detection, is provided to capture the effects of
such errors at a spectrum-assignment level. This model
allows to use well-known expressions in the literature
concerned with the false-alarm and missed-detection
probabilities under several channel propagation
conditions.
� The definition of the above-mentioned framework will
enable to assess the potential gains that can be achieved
by correctly selecting the sensing operating point which
determines a particular value of the false-alarm and
missed-detection probabilities.

� The suitability of the sensing operation points is deter-
mined using the Grade-of-Service (GoS) concept from
‘‘classical” telephone networks properly adapted to the
primary/secondary spectrum sharing scenario. In this
way, a metric is built taking into consideration the per-
ceived service quality for both PUs and SUs.

1.2. Related work

To the best of our knowledge, our modeling approach
differs from existing work [13–19], such that we use
DTMCs (Discrete Time Markov Chains) as opposed to
widely-used Continuous Time Markov Chains (CTMCs).
The rationale behind using DTMCs instead of CTMCs is
based on the fact that sensing mechanisms operate on a
periodic time basis, and where the sensing periodicity is
an important design parameter. Therefore, the DTMC mod-
els, which observe the state of the system at discrete time
instants, can accurately model the proposed scenarios by
considering the observation instants of the DTMC as the
sensing instants. Moreover, DTMC models are usually eas-
ier to analyze than CTMC models and, essentially, mathe-
matically more tractable. In addition, a statistical
spectrum sensing model, which accounts for missed-
detection and false-alarm errors, is proposed. This model
determines the behavior of SUs in the DTMC regarding
whether or not they can access a given channel at a partic-
ular time. In this sense, this also constitutes a novelty with
respect to [13–18] which disregard the effects of sensing
errors. Despite the fact that some considerations about
sensing errors are introduced in [19], these are not related
to any particular spectrum sensing mechanism (i.e., energy
detection, pilot detection, etc. [12]). Conversely, we obtain
the missed-detection and false-alarm values according to
the well-known expressions regarding the energy detec-
tion of signals in Rayleigh fading as in [20,21], accordingly
achieving higher modeling accuracy. In particular, [20]
provides expressions for the false-alarm and missed-detec-
tion probabilities using energy detection in Rayleigh, Naka-
gami and Rician channels. Moreover, it also addresses the
performance of energy detection when reception diversity
schemes are employed. In addition, the work in [21] inves-
tigates how the performance of spectrum sensing using en-
ergy detection can be improved by allowing different SUs
to collaborate by sharing their information. As a conse-
quence, the proposed framework can consider several
channel conditions as well as implementation alternatives
by using the appropriate false-alarm and missed-detection
expressions provided in the related literature.

With respect to Grade-of-Service (GoS) definition in the
context of opportunistic secondary access, some efforts
were provided in [18,22]. Nevertheless, the GoS metrics
in [18] are strictly related to the blocking probability for
both PUs and SUs disregarding other cross-effects between
PUs and SUs such as the interruption probability (i.e., the
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Fig. 1. (a) ROC curves in Rayleigh fading channel and (b) tradeoff between false-alarm and misdetection against the operating point.
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service disruption of an SU due to PU activity) and the
interference probability (i.e., the probability that both an
SU and a PU share the same channel and thus cause inter-
ference). Also in [22], where a queueing framework is pre-
sented accounting for the dynamic allocation of primary
and cognitive users, the GoS concept is exclusively related
to the blocking probability. In this work, an improved def-
inition for GoS is provided capturing the aforementioned
effects, i.e., in addition to the blocking probability, the
GoS accounts for the interference and the interruption
probability of primary and secondary users, respectively.

The remainder of the paper is organized as follows. In
Section 2, we present the considered spectrum sensing
model and address some issues regarding the operation
points of the spectrum sensing mechanisms. The DTMC
model is explained and mathematically formulated in Sec-
tion 3. The performance metrics of interest for numerical
evaluation purposes are explained and detailed in Section
4. Section 5 deals with the performance evaluation of the
proposed model. Finally, conclusions are drawn in Section 6.

2. Spectrum sensing model

We assume that spectrum sensing over a given fre-
quency band (or channel) is performed using energy detec-
tion techniques [20]. Such method consists in measuring
the energy of the received waveform over a given band-
width W (Hz) during an observation time-window T (s).
The product m ¼ T �W is usually referred to as the time-
bandwidth product. Several works, among them [20,21],
have been devoted to determine closed-form analytical
expressions for the false-alarm and misdetection (or, con-
versely, detection) probabilities under various channel
conditions. Basically, the energy detection scheme per-
forms a binary hypothesis on the occupancy of a band or
channel: H0 if the channel is free and H1 if the channel
is occupied. Then, the false-alarm and misdetection, e
and d accordingly, can be defined as:

e ¼ Pr Y > kjH0 is true½ � , GeðkÞ; ð1Þ
d ¼ Pr Y < kjH1 is true½ � , GdðkÞ; ð2Þ

where the decision statistic Y is compared to the decision
threshold k in order to determine the occupancy status of
the channel. Accordingly, expressions for GeðkÞ and GdðkÞ
can be determined by accounting several channel condi-
tions and cooperation schemes [20,21]. For example, in
the case of spectrum sensing in Rayleigh fading environ-
ments we have [21]:

GeðkÞ ¼
Cðm; k=2Þ

CðmÞ ð3Þ

GdðkÞ ¼ e�
k
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; ð4Þ

where Cð�Þ and Cð�; �Þ are the complete and incomplete
gamma functions, respectively, and c is the average sig-
nal-to-noise ratio.

Of particular interest is to determine the relationship
between e and d through the so-called Receiver Operating
Characteristic (ROC) curves where e is plotted against d
for some given average signal-to-noise ratio c and time-
bandwidth product m. Formally, from (1) we can express
k ¼ G�1

e ðeÞ and by using (2) we obtain d ¼ GdðG�1
e ðeÞÞwhich

results in the ROC curve in Fig. 1a for the particular case of
sensing in Rayleigh fading. More specifically, we isolate k
from expression (3) and substitute it in expression (4).
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Each point of such curve, hereon indicated by the pair
ðd0; e0Þ, denotes a possible operating point (OP) for the
sensing mechanism. In Fig. 1a a possible set of feasible
OPs is marked by circles. Note that the existing tradeoff be-
tween false-alarm and misdetection probability where the
low values of e are attained at high values of d and vice
versa.

By appropriately selecting a specific decision threshold
value k ¼ k0 we obtain a particular value for the OP
ðd0; e0Þ. It is worth mentioning that the function mapping
between k0 and ðd0; e0Þ is bijective, i.e., there is a one-to-
one correspondence between k0 and ðd0; e0Þ values in both
directions.

For the sake of representation, rather than using the
decision threshold k (which depends on the decision statis-
tic Y and, consequently, on the measured signal energy) we
define the operating-point mix H, with 0 6 H 6 1, as:

H ,
logðe=eminÞ

logðd=dminÞ þ logðe=eminÞ
; ð5Þ

where emin and dmin are the minimum operating values for
the false-alarm and misdetection probabilities respectively
given by the ROC curve (see that emin ¼ dmin ¼ 10�4 in
Fig. 1a). The values of emin and dmin can be regarded as
the resolution of the sensing mechanism and consequently
they are determined by the sensing equipment characteris-
tics. Then, after some algebra manipulation, it follows that:

d ¼ dmin
e

emin

� � 1
H�1ð Þ

; ð6Þ

which is plotted in Fig. 1a, for different values of
0 6 H 6 1, which results in the set of dashed lines crossing
the origin of coordinates at ðdmin; eminÞ. For each particular
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Fig. 2. ROC curve varying the time-bandwi
value of H ¼ H0 we obtain a particular OP ðd0; e0Þ which
is represented by the circles in Fig. 1a denoting the inter-
section of the line equation given by (6) with the ROC
curve.

In this way, we have a normalized parameterization
through parameter H for the feasible OPs of the sensing
mechanism. Note that, see Fig. 1b, for 0 < H < 0:5 we have
that d > e; for H ¼ 0:5 we obtain d ¼ e; and finally, for
0:5 < H < 1 we have d < e. Then, the value of H will be
used to represent the full range of possible cases and deter-
mine the most suitable OP for different traffic conditions.

In addition, for a longer time T devoted to sensing pur-
poses, lower false-alarm and missed-detection probabili-
ties can be attained. Indeed, this can be seen in Fig. 2,
which plots the ROC curve for several values of the
time-bandwidth product (m). For a particular target
missed-detection probability value (d ¼ 10�1) several cor-
responding false-alarm values are obtained as indicated
by the OPs in Fig. 2.

3. DTMC model formulation

The proposed DTMC model accounts for the spectrum
occupancy of PUs and SUs in a shared spectrum scenario.
For simplicity reasons, it is supposed that the whole spec-
trum bandwidth is partitioned into a total number of C
channels (bands) to be shared among both PUs and SUs.
It is further assumed that both PUs and SUs demand a sin-
gle channel for transmission purposes. These assumptions,
although simplifying, will keep the algebra at an under-
standable and tractable level while still capturing the es-
sence of the considered problem. If desirable, more
elaborate shared bandwidth models can be easily
considered and adapted to the model presented here. It is
10−2 10−1 100

 Probability (ε)

dth product (m) for SNR of c ¼ 0 dB.
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also assumed that the SN implements SpHO (i.e. Spectrum
HandOver) mechanisms, so that an SU is able to release a
channel which is suddenly occupied by a PU and move to
another channel, provided there is a free one, or to inter-
rupt its session otherwise.

In a DTMC we observe the system state at discrete time
instants ft0; t1; t2; . . . ; tn; . . .g, with tn ¼ t0 þ n � DT and peri-
odicity DT , where DT also specifies at which time instants
primary spectrum information is made available. In addi-
tion, let In ¼ ðtn; tnþ1� define the nth time interval between
two successive observation times. The DTMC model formu-
lation involves a number of steps which are presented in
the following subsections.

3.1. State space definition

Let NpðtnÞ and NsðtnÞ be independent stochastic pro-
cesses indicating the number of PUs and SUs in the system
at time tn. Then, let Xn ¼ Sði;jÞ ¼ fNpðtnÞ ¼ i;NsðtnÞ ¼ jg rep-
resent a state of the DTMC at time tn. Then, if C channels
are available, the considered state space S must contain
all possible states Sði;jÞ which fulfill both i 6 C and j 6 C,
formally:

S ¼ Sði;jÞ : i 6 C; j 6 C
� �

: ð7Þ

However, for a correct spectrum use (i.e., with no spectrum
collisions due to a PU and SU sharing the same channel),
the number of PUs (i) plus the number of SUs (j) must
not exceed the total number of available channels (C). In
addition, in the presence of spectrum detection errors, an
SU might be erroneously assigned to a band already in
use by a PU. Then, for convenience, we define two subsets
of S accounting for those states that imply spectrum colli-
sion, i.e.

Sc ¼ Sði;jÞ : iþ j > C
� �

; ð8Þ

and those states which are collision-free, i.e.

Snc ¼ Sði;jÞ : iþ j 6 C
� �

: ð9Þ
3.2. Detection of primary spectrum occupancy

At a given time tn, let the state of the DTMC be
Xn ¼ Sði;jÞ 2S. At this same time instant, the spectrum
occupancy information is made available to the SN side
(either to some centralized infrastructure-based entity or
to a specific SU). Due to spectrum detection errors, the ob-
served state at time tn using such erroneous information
may be Yn ¼ Sðk;jÞ 2S, i.e. Yn – Xn, with k denoting the
number of detected PUs (note the number of SUs at time
tn, j, is known by the SN, so it is not subject to errors). Con-
sequently, the aim is to determine the conditioned proba-
bility of detecting k PUs when there are in fact i PUs in the
system at time tn, i.e.

bðk;iÞ ¼ Pr½Yn ¼ Sðk;jÞjXn ¼ Sði;jÞ�: ð10Þ

It can be shown, here omitted for space reasons, that the
probability bðk;iÞ in (10) can be analytically derived consid-
ering false-alarm and misdetection probabilities, i.e. d and
e, as
bðk;iÞ ¼
Xminði;C�kÞ

m¼maxð0;i�kÞ

C� i

mþk� i

� �
�emþk�i ��eC�m�k �

i

m

� �
�dm ��di�m

ð11Þ

with �e , 1� e and �d,1� d.
Then, bðk;iÞ provides the mapping function, between the

so-called true state space given by states Xn ¼ Sði;jÞ 2S and
the detected state space given by states Yn ¼ Sðk;jÞ 2S. Since
the SN operation will be based on the knowledge of Yn in-
stead of Xn, the values of d and e will considerably affect
the performance of such system and lead, in the worst
case, to an ineffective operation.

3.3. Arrival and departure processes

Let NA 2 NPA;NSA
n o

along with ND 2 NPD;NSD
n o

denote
the number of arrivals and departures of PUs and SUs
respectively in In(i.e. in a time interval of duration DT). In
addition, both NA and ND are independent from the time in-
stant tn and independent from each other.

Given PUs and SUs arrive at the system according to a
Poisson distribution with rates kp and ks respectively, the
probability that k arrivals occur in In, PA

k , is given by [23]:

PA
k ¼ Pr½NA ¼ k� ¼ ðkDTÞk=k!

h i
e�kDT ; ð12Þ

where for k 2 fkp; ksg we will refer to PA
k 2 fP

PA
k ; P

SA
k g.

If the session duration is exponentially distributed with
mean 1=l (i.e., rate l), the probability of a session depar-
ture in In is [23]:

PD ¼ 1� e�lDT : ð13Þ

Then, the probability of having k-out-of-m departures in In,
PD

k , is given by the binomial distribution [23]:

PD
k ¼ Pr½ND ¼ k� ¼

m
k

� �
1� e�lDT
� �k

e�lDT
� �m�k

; ð14Þ

where for l 2 flp;lsg we will refer to PD
k 2 fP

PD
k ; PSD

k g.
For the sake of algebra tractability, we assume in the

remainder of the paper that a session arriving in In will
not depart in the same In. Note that this implies that both
DT and the duration of a session must be carefully chosen
such that DT � 1=l with l 2 flp;lsg and where 1=l is the
average session duration. In addition, we disregard the or-
der in which the session arrivals and departures occur in a
given In by considering the resulting net number of users,
i.e., those obtained after subtracting the departures and
adding the new arrivals. Note that enabling multiple arriv-
als in one DT will affect the decision process on whether an
SU can be assigned or not given that the detection informa-
tion is retrieved only at times tn. This also constitutes a dif-
ferentiating aspect with respect to other approaches to the
same problem such as in [13–15,19,16,17].

3.4. Channel assignment and de-assignment processes

The number of PU/SU spectrum assignments and de-
assignments in In, Na 2 NP

a ;N
S
a

n o
and Nd 2 NP

d;N
S
d

n o
, will

depend on the spectrum occupancy given by the true or
detected states at time tn, i.e. Xn or Yn, and on the number
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of NAarrivals and ND departures in time interval In. This
number of arrivals and departures will eventually lead to
a number of channel assignments and de-assignments
depending on the true or detected spectrum occupancy
at time tn.

Subsequently, probability expressions for spectrum
assignments and de-assignments in In for PUs/SUs are
derived.

3.4.1. Primary users
Let the true state be Xn ¼ Sði;jÞ; the probability of assign-

ing NP
a ¼ k PUs in In provided there are NP

d ¼ l 6 i PU de-
assignments in In, aP

ði;j;k;lÞ, is the conditioned probability:

aP
ði;j;k;lÞ ¼ Pr½NP

a ¼ kjXn ¼ Sði;jÞ;N
P
d ¼ l�

¼

Pr½NPA ¼ k� ¼ PPA
k ;

if i� lþ k < C;

Pr½NPA P k� ¼ 1�
Pk�1

m¼0
PPA

m ;

if i� lþ k ¼ C

8>>>><
>>>>:

ð15Þ

with PPA
k given in (12). In words, we may express (15) say-

ing that the probability of assigning exactly k PUs is the
probability of having exactly k PU arrivals if more than k
channels are available, and the probability of having at
least k PU arrivals if exactly k channels are available.
Clearly, the probability of assigning more PUs than the
available channels is zero. Implicitly in (15) we consider
that k PU assignments are made upon l PU de-assignments,
thus using the assumption of disregarding the order in
which arrivals and departures occur in In which was previ-
ously mentioned in Section 3.3.

Again, let the true state be Xn ¼ Sði;jÞ; the probability of
de-assigning NP

d ¼ k PUs in In, where 0 6 k 6 i (i.e. we can
only de-assign those already assigned prior to tn), depends
on the number of PU departures in In:

dP
ði;j;kÞ ¼ Pr½NP

d ¼ kjXn ¼ Sði;jÞ� ¼ Pr½NPD ¼ k� ¼ PPD
k ð16Þ

with PPD
k given in (14). Note that we have made use of the

assumption that a new arrival in In will not depart in In by
specifying that the number of de-assignments is bounded
as 0 6 k 6 i in In. For any other value of k, the probability
in (16) is zero.

Note that the operation of PUs (i.e., the prioritized
users) is autonomous of the activity of SUs, i.e., the channel
assignment and de-assignment probabilities given in (15)
and (16) strictly depend on the number of primary arrivals
and departures through probabilities PPA

k and PPD
k

correspondingly.

3.4.2. Secondary users
The channel assignment and de-assignment processes

from the SN perspective will be based on the detected pri-
mary spectrum occupancy which is subject to detection er-
rors (i.e., d and e). Such spectrum occupancy information is
provided through the probability bðk;iÞ in (11).

Let the true state be Xn ¼ Sði;jÞ; the probability of assign-
ing NS

a ¼ k > 0 SUs in In given we have NS
d ¼ l 6 j SU de-

assignments in In, aS
ði;j;k;lÞ, will depend on the detected state

at tn, Yn ¼ Sðm;jÞ and on the number of SU arrivals as:
aS
ði;j;k;lÞ ¼ Pr½NS

a ¼ kjXn ¼ Sði;jÞ;N
S
d ¼ l� ¼

XC�k�jþl

m¼0

Pr½NS
a

¼ kjYn ¼ Sðm;jÞ;N
S
d ¼ l� � bðm;iÞ

¼
XC�k�jþl

m¼0

�aS
ðm;j;k;lÞ � bðm;iÞ; ð17Þ

where the total probability formula has been used to relate
the true state Xn ¼ Sði;jÞ with the detected state Yn ¼ Sðm;jÞ
through probabilities bðk;iÞ. In particular, (17) states that
NS

a ¼ k SUs will be assigned provided the detected number
of PUs, m, fulfills mþ jþ k� l 6 C, i.e., there are at least k
detected free channels for secondary use provided that
we also have l SU de-assignments. In addition, the number
of k SU assignments in state Xn ¼ Sði;jÞ is bounded by
0 < k 6 C � i� jþ l, omitting the case k ¼ 0 which will be
treated separately. Finally, �aS

ðm;j;k;lÞ in (17) is obtained simi-
lar to (15) as:

�aS
ðm;j;k;lÞ ¼

PSA
k ; if mþ j� lþ k < C;

1�
Pk�1

r¼0
PSA

r ; if mþ j� lþ k ¼ C:

8><
>: ð18Þ

For the specific case of no SU assignments (i.e. k ¼ 0), the
probability of assigning k ¼ 0 SUs is the probability of
assigning k ¼ 0 SUs when there is at least one free detected
channel or the probability that there are no detected free
channels, i.e.:

aS
ði;j;0;lÞ ¼ Pr½NS

a ¼ 0jXn ¼ Sði;jÞ;N
S
d ¼ l�

¼
XC�jþl

m¼0

�aS
ðm;j;0;lÞ � bðm;iÞ þ

XC

m¼C�jþl

bðm;iÞ: ð19Þ

As for the de-assignment processes of SUs, there are
mainly three independent events which imply an SU de-
assignment: in the first place, a number of NS;S

d SUs may
be de-assigned provided detection at time tn determines
that there are NS;S

d SUs sharing the same channel with
PUs. Secondly, a number of NS;SC

d SUs may be de-assigned
in In simply because their sessions have ended (here, SC
stands for service completion).

Then, let the true state be Xn ¼ Sði;jÞ; the probability of
de-assigning NS;S

d ¼ k SUs in In due to detection of state
Yn ¼ Sðm;jÞ at time tn, given the number of de-assignments
due to service completion is NS;SC

d ¼ l, is given by:

Pr½NS;S
d ¼ kjXn ¼ Sði;jÞ;N

S;SC
d ¼ l� ¼ Pr½mþ j� l

¼ C þ k� ¼ bðCþk�jþl;iÞ; ð20Þ
provided that 0 < k 6 j� l. Accordingly, the probability of
no SU de-assignments due to detection of state Yn ¼ Sðm;jÞ is:

Pr½NS;S
d ¼ 0jXn ¼ Sði;jÞ;N

S;SC
d ¼ l� ¼ 1�

Xj�l

k¼1

bðCþk�jþl;iÞ: ð21Þ

Then, from (20) and (21), we can write:

dS;S
ði;j;k;lÞ ¼ Pr½NS;S

d ¼ kjXn ¼ Sði;jÞ;N
S;SC
d ¼ l� ¼

bðCþk�jþl;iÞ

if 0 < k 6 j� l;

1�
Pj�l

r¼1
bðCþr�jþl;iÞ

if k ¼ 0:

8>>>>><
>>>>>:

ð22Þ
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On the other hand, the probability of de-assigning k SUs in
In due service completions is given by (similar to (16)):

dS;SC
ði;j;kÞ ¼ Pr½NS;SC

d ¼ kjXn ¼ Sði;jÞ� ¼ Pr½NSD ¼ k� ¼ PSD
k : ð23Þ

We can express the global probability of de-assigning k SUs
in In (i.e. without specifying if the de-assignment is due to
detection or due to session completion) as:

dS
ði;j;kÞ ¼ Pr½NS

d ¼ kjXn ¼ Sði;jÞ� ¼
Xk

r¼0

dS;S
ði;j;k�r;rÞ � d

S;SC
ði;j;rÞ: ð24Þ
3.5. Transition probabilities

The transition probabilities between each pair of states
Sðk;lÞ ! Sði;jÞ in our DTMC model can be expressed as [23]:

Pði;jjk;lÞ ¼ Pr½Xnþ1 ¼ Sði;jÞjXn ¼ Sðk;lÞ� ¼ Pr½Npðtnþ1Þ
¼ i;Nsðtnþ1Þ ¼ jjNpðtnÞ ¼ k;NsðtnÞ ¼ l�
¼ Pr½Npðtnþ1Þ ¼ ijNpðtnÞ ¼ k;NsðtnÞ
¼ l� � Pr½Nsðtnþ1Þ ¼ jjNpðtnÞ ¼ k;NsðtnÞ ¼ l�; ð25Þ

where the conditional independence of processes NpðtnÞ
and NsðtnÞ has been used. Probabilities Pði;jjk;lÞ are the entries
of the transition probability matrix P, from which the stea-
dy state probabilities, Pði;jÞ, of the DTMC will be determined
[23].

Then, after some algebraic manipulation, the general
transition probability Sði;jÞ ! SðiþN;jþMÞ with �i 6 N 6 C � i
and �j 6 M 6 C � j, can be expressed as:

PðiþN;jþMji;jÞ ¼
Xi

k¼maxð�N;0Þ
aP
ði;j;Nþk;kÞ � d

P
ði;j;kÞ

0
@

1
A

�
Xj

k¼maxð�M;0Þ
aS
ði;j;Mþk;kÞ � d

S
ði;j;kÞ

0
@

1
A ð26Þ

with parameters in (26) previously defined in Section 3.4.
From the resulting transition probability matrix P de-

fined through (26), we obtain the true steady state proba-
bilities, Pði;jÞ, for each true state Sði;jÞ in the state space S.

On the other hand, it is also relevant to determine the
steady state probabilities of the detected states (i.e. includ-
ing possible sensing errors), which are computed as:

P0ði;jÞ ¼
XC

n¼0

bði;nÞ � Pðn;jÞ: ð27Þ

Then, by considering P0ði;jÞ instead of Pði;jÞ we obtain the
metrics computed from the SN side, which account for pos-
sible sensing errors.

4. Performance metrics

The classical Grade-of-Service (GoS) concept in classi-
cal telephone networks [24] is adopted to the opportunis-
tic spectrum access scenarios. The GoS metrics,
introduced hereafter, will be computed from performance
metrics derived from the steady state probabilities Pði;jÞ
and P0ði;jÞ obtained as specified in the previous section. In
particular, the performance metrics of interest for the
GoS computation are: primary and secondary users block-
ing probabilities, interruption probability and interference
probability.

4.1. Blocking probability

Blocking occurs whenever a new user cannot be as-
signed a channel given all channels are occupied, in the
case of a PU, or thought to be occupied, in the case of an
SU. Accordingly, the blocking probability for PUs, PP

B, can
be computed from the true steady state probabilities,
Pði;jÞ, as:

PP
B ¼

XC

j¼0

PðC;jÞ: ð28Þ

On the other hand, the SU blocking probability, PS
B, is given

by:

PS
B ¼

XC

i¼0

XC

j¼C�i

P0ði;jÞ: ð29Þ

Notice that P0ði;jÞ is used instead of Pði;jÞ to indicate that sec-
ondary blocking may occur due to the sensing of all chan-
nels as occupied while this may in fact not be true.

4.2. Interruption probability

Interruption of secondary service occurs whenever an
SU is forced to release a channel, before its session has
ended, due to primary activity. To compute the interrup-
tion probability, PD, the average number of secondary
users, Ns, can be considered:

Ns ¼
X

Sði;jÞ2S
j � Pði;jÞ ð30Þ

can be interpreted as the average served SU traffic, i.e.
Tserved

S ¼ Ns [23]. Furthermore, it can be expressed as:

Tserved
S ¼ TS � 1� PS

B

� 	
� 1� PDð Þ; ð31Þ

meaning that the served traffic (Tserved
S ) is the offered traffic

(TS ¼ kS=lS) which is not blocked nor interrupted. By re-
arranging (31) we obtain:

PD ¼ 1� Tserved
S

TS 1� PS
B

� 	 ¼ 1� NS

kS
lS

1� PS
B

� 	 b ð32Þ

with PS
B defined in (29) and NS given in (30).

4.3. Interference probability

The interference probability, PI , is defined as the proba-
bility of being in state Sði;jÞ 2Sc with the set Sc defined in
(8), i.e., the probability that at least a channel is simulta-
neously occupied by both a PU and an SU, then:

PI ¼
X

Sði;jÞ2Sc

Pði;jÞ: ð33Þ
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4.4. Grade-of-Service definitions

Primary GoS (GoSP) is derived from the blocking proba-
bility given in (28) and the interference probability in (33)
as follows2:

GoSP ¼ PP
B þxP � PI

� 	
= 1þxPð Þ; ð34Þ

where xP > 1 is a weight factor indicating a higher penalty
of interference with respect to blocking from the PUs’
perspective.

We consider the SU blocking probability PS
B, as in (29),

along with the interruption probability PD, as in (32), to de-
fine the secondary GoS (GoSS) as follows:

GoSS ¼ PS
B þxS � PS

D

� 	
= 1þxSð Þ ð35Þ

with xS > 1 the corresponding secondary weight factor
indicating that interruption is more harmful than blocking.

Finally, we may define the aggregate GoS (GoSA) as:

GoSA ¼ GoSS þxA � GoSP
� 	

= 1þxAð Þ; ð36Þ

which jointly accounts for the individual GoS of both PUs
and SUs and where we consider that the weight factor
xA > 1 will prioritize PU quality since they have strict pre-
cedence as primary (licensed) users of the shared spec-
trum. Note that xP , xS and xA should be chosen
adequately in accordance to the expected perceived GoS
of each user type (i.e., PU or SU). Nevertheless, note that
2 For convenience, a normalized version of the GoS 2 ½0; 1� is used, where
GoS! 1 means degraded operation while GoS! 0 means improved
operation.
these values are empirical and depend on the subjective
perception of the Grade-of-Service metric.
5. Performance evaluation

In this section, we evaluate the proposed model by con-
sidering the performance metrics presented in Section 4.
We consider a spectrum partition with C ¼ 8 channels.
The spectrum sensing periodicity, unless otherwise stated,
is DT ¼ 2 seconds. For the spectrum sensing model, the
cases considered in Figs. 1 and 2 are employed, i.e., the
Rayleigh channel with signal-to-noise ratio of c ¼ 0 dB.
The weight factors for GoS computation in (34)–(36) are gi-
ven by xS ¼ 10, xP ¼ 20 and xA ¼ 10.

5.1. Erlang Capacity

The Erlang Capacity of a system with limited resources
refers to the maximum amount of offered traffic it may
handle provided some quality of service requirements are
met [25]. In the case of primary/secondary spectrum shar-
ing, the interest is on the maximum primary and secondary
traffic that can be offered such that some aggregate GoS
requirement (i.e., accounting for both PUs and SUs) is sat-
isfied. Mathematically, this can be expressed as:

E ¼ TS; TPð Þ : QoSA
6 QoSA�

n o
; ð37Þ

with QoSA defined in (36) and where QoSA� indicates a tar-
get value for the aggregate GoS.

According to the above definition, the Erlang Capacity
may be regarded as a region comprising the pairs of
ðTS; TPÞ offered traffic values which yield satisfactory GoS
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requirements. Accordingly, Fig. 3 shows the Erlang Capac-
ity regions (defined as the areas below the Erlang Capacity
limits plotted in the figure) considering several time-band-
width product (m) values. For the sake of comparison, the
case where ideal sensing, and thus full awareness of PU
activity, is also considered. As expected, the ideal sensing
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fact that higher m values imply lower false-alarm probabil-
ities (given the missed-detection probability is fixed) as
can be observed from Fig. 2. In addition, it can be observed
that for increased primary offered traffic values (e.g.
TP > 2:5 Erlangs), the Erlang Capacity region narrows to-
wards lower values of offered secondary traffic (TS), indi-
cating that if a high number of PUs are occupying the
spectrum (which have strict priority) then hardly no SUs
are able to access the spectrum.

It is worth mentioning that the increase of the time-
bandwidth product to reduce the false-alarm probability
comes at the cost of increased sensing times which in turn
degrade the achievable throughput as identified in [26,27].
Therefore, although Fig. 3 indicates that the higher the va-
lue of m the better, the effect on throughput should be also
taken into consideration.

5.2. Quality-of-service provisioning in sensing-based
spectrum sharing scenarios

Concerning the experienced QoS for both PUs and SUs,
GoS metrics, defined in Section 4.4, indicate that the
interference and interruption probabilities are the major
causes for PU and SU dissatisfactions, respectively. Then,
we are interested in finding the most suitable OP of the
sensing mechanism so that some satisfaction balance be-
tween PUs and SUs can be achieved. Accordingly, Figs. 4
and 5 show the interference and interruption probabili-
ties against the sensing OP (H) under varying SU traffic
and an offered PU traffic of TP ¼ 2 Erlangs. As for the
interference probability in Fig. 4, the OP values of
H! 0 indicate higher missed-detection probabilities (d)
as opposed to lower false-alarm probabilities (e). Conse-
quently, we note an increased interference due to an ex-
cess of SUs accessing the spectrum and erroneously
detecting occupied channels as free. Conversely, when
the value of H is increased towards 1, missed-detection
decreases, thus, causing lower interference. The opposite
behavior can be seen in Fig. 5 where the interruption
probability is plotted. In this case, the low false-alarm
(i.e., H! 0) benefits SUs since higher spectrum access
chances are experienced. On the other hand, if false-alarm
is increased (meaning H! 1), the detection of free chan-
nels as occupied will force SUs to defer their communica-
tion, thus, causing the interruption probability to rise. For
both the interference and interruption probabilities, the
higher the secondary offered traffic (TS), the higher degra-
dation is observed.

In Fig. 6, the aggregate GoS (GoSA) as defined in (36) is
plotted for different offered traffic configurations (see
Fig. 6a–c). By observing Fig. 6, we realize that by appropri-
ately choosing the sensing OP (H) a minimum value of
aggregate GoS can be achieved, thus improving the per-
ceived satisfaction of both PUs and SUs. In addition, note
that as the offered primary traffic increases as TP ¼ 1;2;3
Erlangs in Fig. 6a–c, respectively, the suitable OP value
moves towards increased values of H in order to protect
the increasing number of PUs in the system. This is in line
with what depicted in Fig. 4 where values of H! 1 are re-
quired in order to lessen the interference probability expe-
rienced by PUs.
In addition to Fig. 6, the suitable OP values (i.e. those
that minimize the perceived aggregate GoS) are provided
in Table 1 for specific primary and secondary offered traf-
fic. These values correspond to some of the star-shaped
marks in Fig. 6a–c. It is worthwhile noting that, for low of-
fered primary and secondary traffic, a range of OP values,



Table 1
Suitable operating points for several offered primary and secondary traffic
values, Ts and Tp (expressed in Erlangs).

Suitable OP (H�)

TS TP ¼ 1:00 TP ¼ 2:00 TP ¼ 3:00

0.50 [0,0.45] [0,0.45] 0.44
1.00 [0,0.45] [0,0.44] 0.44
1.50 [0,0.43] 0.43 0.46
2.00 [0,0.41] 0.43 0.46
2.50 0.40 0.44 0.47
3.00 0.40 0.45 0.48
3.50 0.41 0.46 0.48
4.00 0.42 0.46 0.49
4.50 0.42 0.46 0.49
5.00 0.43 0.47 0.49

1168 X. Gelabert et al. / Computer Networks 53 (2009) 1158–1170
denoted as [�, �] in Table 1, provides the minimum GoSA. In
these cases, interference with PUs is kept low and, thus,
values of H! 0, which benefit SUs, can be selected. How-
ever, as secondary and primary traffic increases, so does
the probability of interference (see Fig. 4), therefore in-
creased values of H are needed in order to protect the
PUs. Then, the higher the primary traffic, the less flexible
is the selection of the suitable OP, which is, on the other
hand, somewhat expected.

Finally, in Fig. 7, the effect of the sensing periodicity va-
lue (DT) on the perceived GoS is plotted. As the sensing
periodicity increases, so does the interference probability
given that secondary access is based on an older, and
potentially out-of-date, spectrum occupancy information.
Then, as DT increases, the suitable sensing OP is shifted to-
wards values of H! 1 given this protects PUs by decreas-
ing the missed-detection probability.
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6. Conclusion

In this paper, a framework for the evaluation of sensing-
based secondary spectrum access has been motivated and
further presented. The main purpose of the framework is to
determine the suitable sensing operating point so that
requirements in terms of Grade-of-Service could be satis-
fied for both primary and secondary users. In this sense,
the operating point of a sensing mechanism using thresh-
old-based energy detection has been parameterized, given
by H, in order to capture the existing tradeoff between
missed-detection and false-alarm probabilities which neg-
atively affect spectrum awareness. A complete and de-
tailed DTMC model has been formulated describing the
spectrum access of both primary and secondary users. This
model includes the effect of erroneous sensing so that
missed-detection and false-alarm is accounted and its im-
pact on primary and secondary users assessed. In this
sense, missed-detection causes the interference between
PUs and SUs to rise, thus degrading the PUs which require
non-harmful operation. On the contrary, false-alarm
causes spectrum overlook and thus spectrum opportuni-
ties are missed causing a degraded operation for the SUs.
This tradeoff is tackled by means of defining a set of
Grade-of-Service metrics which account for both the satis-
faction level of PUs and SUs, and also on some aggregate
satisfaction. In this way, performance results reveal that,
by choosing an appropriate sensing operating point (H),
the aggregate GoS can be minimized thus improving PU
and SU perceived service quality. Moreover, the suitable
operating point can be adjusted according to the current
traffic load conditions and sensing periodicity cycles lead-
ing to an overall improved primary/secondary operation.
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g Point (Θ)

s; Ts = 3 Erlangs

ΔT=2 s.
ΔT=4 s.
ΔT=6 s.
ΔT=8 s.
ΔT=10 s.

erating point for different sensing periodicities.



X. Gelabert et al. / Computer Networks 53 (2009) 1158–1170 1169
References

[1] I.F. Akyildiz, W.-Y. Lee, M.C. Vuran, S. Mohanty, NeXt generation/
dynamic spectrum access/cognitive radio wireless networks: a
survey, Computer Networks 50 (13) (2006) 2127–2159, doi:http://
dx.doi.org/10.1016/j.comnet.2006.05.001.

[2] S. Haykin, Cognitive radio: brain-empowered wireless
communications, selected areas in communications, IEEE Journal
23 (2) (2005) 201–220, doi:10.1109/JSAC.2004.839380.

[3] Q. Zhao, B.M. Sadler, A survey of dynamic spectrum access, Signal
Processing Magazine, IEEE 24 (3) (2007) 79–89.

[4] M. Buddhikot, P. Kolodzy, S. Miller, K. Ryan, J. Evans, Dimsumnet:
new directions in wireless networking using coordinated dynamic
spectrum, in: Sixth IEEE International Symposium, World of Wireless
Mobile and Multimedia Networks (WoWMoM), 2005, pp. 78–85,
doi:10.1109/WOWMOM.2005.36.

[5] S. Panichpapiboon, J.M. Peha, Providing secondary access to licensed
spectrum through coordination, Wireless Networks 14 (3) (2008)
295–307, doi:http://dx.doi.org/10.1007/s11276-006-9415-8.

[6] P. Cordier et al., E2R cognitive pilot channel concept, in: IST Summit,
Mykonos, 2007.

[7] J. Pérez-Romero, O. Sallent, R. Agustí, L. Giupponi, A novel on-
demand cognitive pilot channel enabling dynamic spectrum
allocation, in: DySPAN’07, 2007, pp. 46–54, doi:10.1109/
DYSPAN.2007.14.

[8] D. Cabric, S. Mishra, R. Brodersen, Implementation issues in
spectrum sensing for cognitive radios, Signals, in: Conference
Record of the Thirty-Eighth Asilomar Conference, Systems and
Computers, vol. 1, 2004, pp. 772–776, doi:10.1109/ACSSC.2004.
1399240.

[9] Q. Zhao, L. Tong, A. Swami, Y. Chen, Decentralized cognitive MAC for
opportunistic spectrum access in ad hoc networks: a POMDP
framework, IEEE Journal on Selected Areas in Communications 25
(3) (2007) 589–600, doi:10.1109/JSAC.2007.070409.

[10] X. Liu, S. Shankar, Sensing-based opportunistic channel access,
Mobile Networks and Applications 11 (4) (2006) 577–591,
doi:http://dx.doi.org/10.1007/s11036-006-7323-x.

[11] Q. Zhao, S. Geirhofer, L. Tong, B. Sadler, Optimal dynamic spectrum
access via periodic channel sensing, in: Wireless Communications
and Networking Conference (WCNC), IEEE, 2007, pp. 33–37,
doi:10.1109/WCNC.2007.12.

[12] D. Cabric, A. Tkachenko, R. Brodersen, Spectrum sensing
measurements of pilot, energy, and collaborative detection,
Military Communications Conference (MILCOM), 2006, pp. 1–7,
doi:10.1109/MILCOM.2006.301994.

[13] L.S. Xiaorong Zhu, T.-S.P. Yum, Analysis of cognitive radio spectrum
access with optimal channel reservation, IEEE Communications
Letters 11 (4) (2007) 304–306.

[14] M. Raspopovic, C. Thompson, Finite population model for
performance evaluation between narrowband and wideband users
in the shared radio spectrum, in: DySPAN’07, 2007, pp. 340–346,
doi:10.1109/DYSPAN.2007.52.

[15] S. Tang, B. Mark, An analytical performance model of opportunistic
spectrum access in a military environment, in: IEEE Wireless
Communications and Networking Conference (WCNC’08), 2008, pp.
2681–2686, doi:10.1109/WCNC.2008.470.

[16] Y. Xing, R. Chandramouli, S. Mangold, S. Shankar, Dynamic spectrum
access in open spectrum wireless networks, IEEE Journal on Selected
Areas in Communications 24 (3) (2006) 626–637, doi:10.1109/
JSAC.2005.862415.

[17] B. Wang, Z. Ji, K. Liu, Primary-prioritized markov approach for
dynamic spectrum access, in: DySPAN’07, 2007, pp. 507–515,
doi:10.1109/DYSPAN.2007.73.

[18] P.K. Tang, Y.H. Chew, L.C. Ong, F. Chin, On the grade-of-services in
the sharing of radio spectrum, in: Cognitive Radio Oriented Wireless
Networks and Communications (CrownCom), Second International
Conference, 2007, pp. 85–89, doi:10.1109/CROWNCOM.2007.
4549777.

[19] D. Wong, A.T. Hoang, Y.-C. Liang, F. Chin, dynamic spectrum access
with imperfect sensing in open spectrum wireless networks, in:
WCNC’08, 2008, pp. 2765–2770, doi:10.1109/WCNC.2008.
484.

[20] F. Digham, M.-S. Alouini, M. Simon, On the energy detection of
unknown signals over fading channels, Communications ICC’03, IEEE
International Conference, vol. 5, 2003, pp. 3575–3579, doi:10.1109/
ICC.2003.1204119.

[21] A. Ghasemi, E. Sousa, Collaborative spectrum sensing for
opportunistic access in fading environments, in: DySPAN’05, 2005,
pp. 131–136, doi:10.1109/DYSPAN.2005.1542627.
[22] H. Zhen, H. Hai, L. Fei, Y. Guangxin, X. Daxiong, Dynamic channel
allocation scheme for hybrid cognitive network, in: Anti-
counterfeiting, Security, Identification, IEEE International
Workshop, 2007, pp. 179–183, doi:10.1109/IWASID.2007.
373722.

[23] D. Bertsekas, R. Gallager, Data Networks, Prentice-Hall, 1992.
[24] J. Zander, S.-L. Kim, Radio Resource Management for Wireless

Networks, Artech House, Inc., Norwood, MA, USA, 2001.
[25] D. Mitra, J.A. Morrison, Erlang capacity and uniform approximations

for shared unbuffered resources, IEEE/ACM Transactions on
Networks 2 (6) (1994) 558–570, doi:http://dx.doi.org/10.1109/
90.365417.

[26] W.-Y. Lee, I.F. Akyildiz, Optimal spectrum sensing framework for
cognitive radio networks, wireless Communications, IEEE
Transactions 7 (10) (2008) 3845–3857, doi:10.1109/T-
WC.2008.070391.

[27] Y.-C. Liang, Y. Zeng, E. Peh, A.T. Hoang, Sensing-throughput tradeoff
for cognitive radio networks, wireless communications, IEEE
Transactions 7 (4) (2008) 1326–1337, doi:10.1109/
TWC.2008.060869.

Xavier Gelabert received the Telecommuni-
cations Engineering degree from the Univer-
sitat Politècnica de Catalunya (UPC), Spain, in
2004. He also holds a M.S. in Electrical Engi-
neering from the Royal Institute of Technol-
ogy (KTH), Sweden, issued in 2003. In 2004,
he joined the Radio Communication Research
Group at the Dept. of Signal Theory and
Communications where he is currently PhD
candidate. From August to December 2008 he
was a visiting researcher at the Broadband
and Wireless Networking Laboratory (BWN-

Lab), Georgia Institute of Technology, Atlanta, under the guidance of Dr.

Ian F. Akyildiz. His current research interests are in the field of mobile
radio communication systems, focusing on Common Radio Resource
Management (CRRM) strategies in multi-access networks, Quality of
Service provisioning and opportunistic/cognitive spectrum management.
He has been actively involved in European-funded projects EVEREST,
AROMA and E3 along with Spanish projects COSMOS and COGNOS. He is a
member of the IEEE.

Ian F. Akyildiz received the B.S., M.S., and
Ph.D. degrees in Computer Engineering from
the University of Erlangen-Nuernberg, Ger-
many, in 1978, 1981 and 1984, respectively.
Currently, he is the Ken Byers Distinguished
Chair Professor with the School of Electrical
and Computer Engineering, Georgia Institute
of Technology, Atlanta, and Director of
Broadband Wireless Networking Laboratory.
Since June 2008, he is an Honorary Professor
with the School of Electrical Engineering at
the Universitat Politecnico de Catalunya, Bar-

celona, Spain. He is the Editor-in-Chief of Computer Networks (COMNET)

Journal (Elsevier) as well as the founding Editor-in-Chief of the AD HOC
NETWORK JOURNAL (Elsevier) and PHYSICAL COMMUNICATION (PHYCOM)
JOURNAL (Elsevier). His current research interests are in cognitive radio
networks, wireless sensor networks, wireless mesh networks, and nano-
communications.

He received the ‘‘Don Federico Santa Maria Medal” for his services to
the Universidad of Federico Santa Maria, in 1986. From 1989 to 1998, he
served as a National Lecturer for ACM and received the ACM Outstanding
Distinguished Lecturer Award in 1994. He received the 1997 IEEE Leonard
G. Abraham Prize Award (IEEE Communications Society) for his paper
entitled ‘‘Multimedia Group Synchronization Protocols for Integrated
Services Architectures” published in the IEEE JOURNAL OF SELECTED
AREAS IN COMMUNICATIONS (JSAC) in January 1996. He received the
2002 IEEE Harry M. Goode Memorial Award (IEEE Computer Society) with
the citation ‘‘for significant and pioneering contributions to advanced
architectures and protocols for wireless and satellite networking”. He
received the 2003 IEEE Best Tutorial Award (IEEE Communication Society)
for his paper entitled ‘‘A Survey on Sensor Networks”, published in IEEE
COMMUNICATIONSMAGAZINE, in August 2002. He also received the 2003

http://dx.doi.org/10.1016/j.comnet.2006.05.001
http://dx.doi.org/10.1016/j.comnet.2006.05.001
http://dx.doi.org/10.1109/JSAC.2004.839380
http://dx.doi.org/10.1109/WOWMOM.2005.36
http://dx.doi.org/10.1007/s11276-006-9415-8
http://dx.doi.org/10.1109/DYSPAN.2007.14
http://dx.doi.org/10.1109/DYSPAN.2007.14
http://dx.doi.org/10.1109/ACSSC.2004.1399240
http://dx.doi.org/10.1109/ACSSC.2004.1399240
http://dx.doi.org/10.1109/JSAC.2007.070409
http://dx.doi.org/10.1109/WCNC.2007.12
http://dx.doi.org/10.1109/MILCOM.2006.301994
http://dx.doi.org/10.1109/DYSPAN.2007.52
http://dx.doi.org/10.1109/WCNC.2008.470
http://dx.doi.org/10.1109/JSAC.2005.862415
http://dx.doi.org/10.1109/JSAC.2005.862415
http://dx.doi.org/10.1109/DYSPAN.2007.73
http://dx.doi.org/10.1109/CROWNCOM.2007.4549777
http://dx.doi.org/10.1109/CROWNCOM.2007.4549777
http://dx.doi.org/10.1109/WCNC.2008.484
http://dx.doi.org/10.1109/WCNC.2008.484
http://dx.doi.org/10.1109/ICC.2003.1204119
http://dx.doi.org/10.1109/ICC.2003.1204119
http://dx.doi.org/10.1109/DYSPAN.2005.1542627
http://dx.doi.org/10.1109/IWASID.2007.373722
http://dx.doi.org/10.1109/IWASID.2007.373722
http://dx.doi.org/10.1109/90.365417
http://dx.doi.org/10.1109/90.365417
http://dx.doi.org/10.1109/T-WC.2008.070391
http://dx.doi.org/10.1109/T-WC.2008.070391
http://dx.doi.org/10.1109/TWC.2008.060869
http://dx.doi.org/10.1109/TWC.2008.060869


1170 X. Gelabert et al. / Computer Networks 53 (2009) 1158–1170
ACM Sigmobile Outstanding Contribution Award with the citation ‘‘for
pioneering contributions in the area of mobility and resource manage-
ment for wireless communication networks”. He received the 2004
Georgia Tech Faculty Research Author Award for his ‘‘outstanding record
of publications of papers between 1999 and 2003”. He also received the
2005 Distinguished Faculty Achievement Award from School of ECE,
Georgia Tech. He has been a Fellow of the Association for Computing
Machinery (ACM) since 1996.

Oriol Sallent is Associate Professor at the
Universitat Politècnica de Catalunya (UPC).
His research interests are in the field of radio
resource and spectrum management for het-
erogeneous cognitive wireless networks,
where he has published 100+ papers in IEEE
journals and conferences. He has participated
in many research projects and consultancies
funded by either public organizations or pri-
vate companies. He is currently participating
in E3 project within the 7th Framework Pro-
gram of the European Commission.
Ramon Agustí (M’78) received the Engineer
of Telecommunications degree from the Uni-
versidad Politécnica de Madrid, Spain, in
1973, and the Ph.D. degree from the Univer-
sitat Politècnica de Catalunya (UPC), Spain,
1978. In 1973 he joined the Escola Tècnica
Superior d’Enginyers de Telecomunicació de
Barcelona, Spain, where he became Full Pro-
fessor in 1987. After graduation he was
working in the field of digital communications
with particular emphasis on transmission and
development aspects in fixed digital radio,

both radio relay and mobile communications. For the last 15 years he has

been mainly concerned with the performance analysis, development of
planning tools and equipment for mobile communication systems and he
has published about two hundred papers in that areas. He participated in
the European program COST 231 and in the COST 259 as Spanish repre-
sentative delegate. He has also participated in the RACE, ACTS, IST Euro-
pean research programs as well as in many private and public funded
projects. He received the Catalonia Engineer of the year prize in 1998 and
the Narcís Monturiol Medal issued by the Government of Catalonia in
2002 for his research contributions to the mobile communications field.
He is part of the editorial board of several Scientific International Journals
and since 1995 is conducting a post graduate annual course on mobile
communications. He co-authored two books on Mobile communications.


	Operating point selection for primary and secondary users in cognitive radio networks
	Introduction
	Motivation
	Related work

	Spectrum sensing model
	DTMC model formulation
	State space definition
	Detection of primary spectrum occupancy
	Arrival and departure processes
	Channel assignment and de-assignment processes
	Primary users
	Secondary users

	Transition probabilities

	Performance metrics
	Blocking probability
	Interruption probability
	Interference probability
	Grade-of-Service definitions

	Performance evaluation
	Erlang Capacity
	Quality-of-service provisioning in sensing-based spectrum sharing scenarios

	Conclusion
	References


