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The emerging applications of the small-scale primary-user (PU) paradigm require
Cognitive Radio (CR) networks to explicitly support the mobility of a multitude of PUs, con-
currently using the same spectrum band. In this paper, the effects of multiple mobile PUs
on the spectrum sensing functionality are analyzed to jointly maximize the sensing effi-
ciency and the sensing accuracy. To this aim, as first, a new mathematical model (the
aggregate PU model) is proposed to effectively describe the cumulative effects of multiple
mobile PUs on the spectrum sensing functionality. Then, stemming from this model,
closed-form expressions for the sensing time and the transmission time that jointly max-
imize the sensing efficiency and the sensing accuracy are derived. Through the derived
closed-form expressions, the following fundamental questions are answered: (i) How long
can a CR user transmit without interfering with the multiple mobile PUs? (ii) How long
must a CR user observe a targeted spectrum band to reliably detect multiple mobile
PUs? All the theoretical results are derived by adopting a general mobility model for the
multiple mobile PUs. The analytical results are finally validated through simulations.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Since it is widely recognized that the sensing time
parameters, i.e., the sensing time and the transmission time,

Spectrum Sensing is a key functionality in Cognitive
Radio (CR) networks [1,2]. Through spectrum sensing, unli-
censed users (CR users) can recognize and dynamically
exploit portions of the radio spectrum whenever they are
vacated by licensed users, referred to as Primary Users
(PUs).

The main objective of spectrum sensing is to provide
spectrum opportunities to CR users without interfering
with the primary network. Consequently, the sensing accu-
racy and the sensing efficiency are considered key factors
for the overall performance of a CR network [1,3].

* Corresponding author.
E-mail addresses: angelasara.cacciapuoti@unina.it (A.S. Cacciapuoti),
marcello.caleffi@unina.it (M. Caleffi).

http://dx.doi.org/10.1016/j.adhoc.2015.05.008
1570-8705/© 2015 Elsevier B.V. All rights reserved.

influence both the sensing accuracy and the sensing effi-
ciency [4,3,5,1,6], a proper selection of the sensing time
parameters is necessary.

In this paper, we derive closed-form expressions for the
values of the sensing time and the transmission time that
jointly maximize the sensing efficiency and the sensing
accuracy in presence of multiple mobile PUs using the
same spectrum band.

More in detail, as first, we propose a new mathematical
model to effectively describe the cumulative effects of
multiple mobile PUs on the spectrum sensing functional-
ity. In fact, due to the distinctive features of the CR para-
digm, it is not possible to utilize results available in the
classical communication network paradigms to model the
interaction among multiple mobile PUs and an arbitrary
CR user (Section 4.1). Specifically, we develop the concept
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of aggregate PU (Definition 6 in Section 4.1) to represent in
a compact form the overall mobility pattern generated by
the multiple mobile PUs.

Then, stemming from these results, we analytically
derive the criteria for tuning the sensing time and the
transmission time to jointly maximize the sensing effi-
ciency and the sensing accuracy. More in detail, we derive
closed-form expressions for both the sensing time param-
eters that allow us to answer the following questions: (i)
How long can a CR user transmit without interfering with
the multiple mobile PUs? (ii) How long must a CR user
observe a targeted spectrum band to reliably detect multi-
ple mobile PUs? Such closed-form expressions reveal a
non-linear dependence of the sensing and transmission
times from the mobility patterns and the traffic activities
of the multiple mobile PUs.

All the theoretical results are derived by adopting a gen-
eral PU mobility model, in order to assure generality to the
analysis.

In a nutshell, the main contributions made in this paper
are: (i) the development of the aggregate PU model for
describing the cumulative effects of multiple PUs on the
spectrum sensing functionality; (ii) the derivation of
closed-form expressions for the overall mobility pattern
generated by the PUs roaming according to a general
mobility model; (iii) the derivation of closed-form expres-
sions for both the sensing time parameters that jointly
maximize the sensing efficiency and the sensing accuracy
in presence of multiple mobile PUs.

The rest of the paper is organized as follows. In
Section 2, we discuss the related work. In Section 3, we
describe the system model along with some preliminaries.
In Section 4, we develop the aggregate PU model and we
derive closed-form expressions for the overall mobility
pattern generated by the multiple PUs. These results are
used in Section 5 to set the sensing time parameters
according to the dynamics and traffic activities of multiple
mobile PUs. We validate the analytical results by simula-
tion in Section 6. In Section 7, we conclude the paper,
and, finally, some proofs are provided in the appendices.

2. Related Work

So far, the majority of research in spectrum sensing
focuses on improving the sensing accuracy and the sensing
efficiency by setting the sensing time parameters under
the assumption of static CR and PU networks [4,3,5,7,8].

Contrary to such a common assumption, the emerging
of a plethora of key applications for the small-scale PU
paradigm,' e.g., military applications, requires to explicitly
account for the mobility of the PUs. Specifically, since mobil-
ity changes dynamically the mutual distances among the
PUs and the CR users, the mobility varies in time the CR user
capability to sense the PU transmissions [6,10,11]. Hence,
the spectrum sensing functionality must tune its sensing
time parameters according to the mobile PU dynamics to

! Small-scale PU networks include ad hoc networks, wireless personal
area networks, and wireless microphones [1,9].

assure both sensing accuracy and sensing efficiency, as
recently proved in [6].

Specifically, [6] the problem of setting of the sensing
time parameters in mobile environments is addressed.
Nevertheless, the derived results cannot be applied when
the small-scale PU paradigm is considered. In fact, the
analysis in [6] is carried out by assuming a single PU using
the targeted spectrum band. Such a hypothesis is not real-
istic in small-scale PU scenarios due to the joint effects of
short PU transmission range and PU mobility.

3. Assumptions and Preliminaries

In this section, we collect some definitions that will be
used through the paper, and we describe the adopted net-
work model.

Definition 1. With reference to a targeted spectrum band,
two are the spectrum occupancy models:

e Single PU for Band (SPB) spectrum occupancy model:
there is only one PU roaming within the network region
using the targeted band;

e Multiple PU for Band (MPB) spectrum occupancy model:
there are multiple PUs roaming within the network
region sharing the targeted band.

3.1. Network Model

In this paper we adopt the MPB spectrum occupancy

model. Specifically, IT2 {PU;}}, denotes the set of N PUs
moving according to a general mobility model, indepen-
dently of each other, in a network region A and using the
same spectrum band. The PU mobility patterns are identi-
cally distributed.” R and fy, (Xpy) denote the protection
radius® and the probability density function (pdf) of the
steady-state spatial distribution of an arbitrary PU, respec-
tively. The traffic of the i-th PU is modeled as a two state
birth-death process [3,11,6], with death rate «; and birth
rate f;. In the “on” state PU; is active with probability
Poni = Bi/(oi + B;), whereas in the “off” state it is inactive
with probability Pug; = o/ (0 + By)-

The CR users are assumed static and uniformly dis-
tributed in the network region A. fx_ (Xcz) denotes the
pdf of the CR user spatial distribution.

3.2. Preliminaries

Let us consider an arbitrary PU, say PU;, moving in the
network region A according to its steady-state spatial
distribution.

2 The identical distribution assumption is verified by a large number of
very popular mobility models, as for example the random walk and its
derivatives, the random waypoint and the random direction mobility
model [12]. Moreover, it is not restrictive, since it can be removed and the
following analysis continues to hold by easily extending the derived results.

3 To avoid harmful interference against the PUs, the CR users should
detect active PUs within a range, referred to as protection range, determined
by the PU transmission range and by the CR interference range [4,13,6].
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Definition 2. An arbitrary CR user is inside the protection
range R of PU; if PU; is placed within a disk C(xcg) of radius
R around the CR user location X, i.e., if the Euclidean
distance between the CR user and PU; is not greater than R.
In the following, we refer to C(Xcr) as CR interference region.

We observe that the value of R mainly depends on the
PU transmission power, the CR sensitivity, and the adopted
channel model [14]. Hence, the widely-adopted geometric
model [14-17] used in Definition 2 allows us to account for
the aforementioned system/environmental parameters.

Definition 3. Here we provide the definitions of the main
parameters characterizing the patterns of an arbitrary
mobility model.

e The out time ®; denotes the random time interval PU;
spends out of the interference region of an arbitrary
CR user.

e The sojourn time S; denotes the random time interval
PU; spends inside the interference region of an arbitrary
CR user.

e The inter-arrival time 7; = S; + ©; denotes the random
time interval between two consecutive arrivals of PU; in
the interference region of an arbitrary CR user.

e The arrival rate /; is the random arrival rate of PU; in the
interference region of an arbitrary CR user, and it is
equal to the inverse of the inter-arrival time, i.e.,
L= 1/T,.

In [6] the average value of 7;, 4;, S; and ©; are derived
by assuming the SPB model, i.e., by assuming that PU; is the
only PU roaming in the network region using the targeted
spectrum band. Due to the identical distribution of the
PU mobility patterns, it results: 7spg 2 E[7 ], Zsps = E[4],
gSPB S E[SJ, and @SPB £ E[@l] for any PU, in IT.

Definition 4. The maximum interference probability Py ;
denotes the maximum value of the interference probability
that PU; can tolerate on its transmissions.

Definition 5. The sensing efficiency # is the ratio between
the time devoted to the CR transmissions Ty (transmission
time) and the sensing period Tsp:

A TTx A TTx (1)

1/’ TW_T5+TTx

where T, is defined as the sum of the time devoted to the
sensing Ts (sensing time) and the time devoted to the CR
transmissions.

4. Aggregate Primary-User: An overall perspective

Here, first we present the Aggregate PU model in
Section 4.1. Then, in Section 4.2, we characterize the aggre-
gate PU mobility pattern. These results will be used
in Section 5 for singling out the criteria for a proper
tuning of the sensing time parameters in small-scale PU
networks.

4.1. Aggregate PU Model

Let us consider the whole set IT £ {PU;}", of PUs roam-
ing according to a general mobility model in the network
region A, starting from their steady-state spatial
distribution.

Definition 6 (Aggregate PU). The aggregate PU is a model
for describing the overall mobile pattern generated by the
N PUs roaming in the network region A. Specifically, the
aggregate PU is considered inside an arbitrary CR interfer-
ence region if at least one of the N PUs roaming in the
network region A is inside the CR interference region.

Definition 7. Here we provide the definitions of the main
parameters characterizing the mobility patterns of the
aggregate PU.

e The aggregate out time Opps denotes the random
time-interval the aggregate PU spends out of the CR
interference region, i.e., according to Definition 6, the
random time interval in which no PU belonging to IT
is inside the interference region of an arbitrary CR user.
The aggregate sojourn time Syps denotes the random
time interval the aggregate PU spends inside the CR
interference region, i.e., according to Definition 6, the
random time interval in which at least one PU € IT is
inside the interference region of an arbitrary CR user.
The aggregate inter-arrival time 7 ypg = Smps + Owmps
denotes the random time interval between two consec-
utive arrivals of the aggregate PU within the interfer-
ence region of an arbitrary CR user.

The aggregate arrival rate /pg denotes the random arri-
val rate of the aggregate PU within the interference
region of an arbitrary CR user, and it is equal to the
inverse of the aggregate inter-arrival time, i.e.,
Ampe = 1/T wipg.

Remark 1. According to the well-known results of the
queuing theory, the overall inter-arrival time of N mobile
nodes within the range of another arbitrary node can be
easily calculated as the inverse of the sum of the single
arrival rates* [18]. This result cannot be used to derive the
aggregate inter-arrival time, for the distinctive features of
the CR paradigm. As an example, let us consider the case
depicted in Fig. 1, where IT is constituted by two PUs.
Fig. 1 shows PU, arriving within the CR interference region
during the PU; sojourn time. Hence, the PU, arrival does
not contribute to decrease the aggregate inter-arrival time
but it causes the increasing of the aggregate sojourn time,
as shown by the green rectangles.

4.2. Aggregate PU mobility characterization

Stemming from the aggregate PU model presented in
Section 4.1, here we characterize the overall mobility

4 When the arrivals are independent, the overall inter-arrival time is
simply equal to 1/(41 + -+ + n).
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Fig. 1. Aggregate PU mobility pattern: whenever PU, arrives within the CR interference region during the PU; sojourn times, the PU, arrivals do not

contribute to decrease the aggregate inter-arrival time.

pattern generated by the PUs in I, by deriving closed-form
expressions for the average aggregate inter-arrival rate
(Theorem 1), the average aggregate sojourn time
(Proposition 1) and the average aggregate out time
(Proposition 2).

In order to prove Theorem 1 and Propositions 1 and 2,
Lemma 1 (based on Eq. (6) in [6]) and Lemma 2 (based
on Eq. (24) in [11]) are required, along with Definition 8.

Definition 8. Through the paper, the following events are
taken into account:

e Event Zsps: an arbitrary CR user is inside the protection
range of an arbitrary PU.

e Event Ospg: an arbitrary CR user is out of the protection
range of an arbitrary PU.

e Event Zypg: an arbitrary CR user is inside the protection
range of at least one PU in TII, i.e., the CR user is inside
the protection range of the aggregate PU.

e Event Oypp: an arbitrary CR user is out of the protection
range of any PU in IT, i.e., the CR user is out of the pro-
tection range of the aggregate PU.

Lemma 1. The average arrival rate Jspg of an arbitrary PU in

I1 in the interference region of a CR user is equal to:

= 1 —P(Zsps)

ASPB = —— Fxcg Xer)dXcr (2)
JA f[ fC(XCR o xpy Xeu)dxey f1 (Dl

where P(Zspg) is the probability of the event Zspg,f(I) is
the pdf of the random variable representing the Euclidean
distance covered by the PU during a movement period,
and D is the average value of the random variable D
representing the time spent by the PU to complete a
movement [6].

Lemma 2. The probability of event Zypg is equal to:

P(Zmp) =1—P(Ompp) =1~ //A (1 —P(Zsps[Xcr))"fxep (Xcr)dXcr

N
=

=Zl(',j ) / /A P(ZspalXcr)* (1 — P(ZspnlXcr))" e, (Ker)dl¥er
3)

where  P(Zspp[Xcr) £ S Jewe Fxe (Xpu)dXpy,  with  C(Xcr)
defined in Definition 2.

Theorem 1 (Average Aggregate Arrival Rate). The average
aggregate arrival rate Zyps of the PUs in Il roaming within
the network region A according to a general mobility model
is given by:

= Jsta /om {N(l —p(s)"" )+ N(N=1)’p(5)(1 - p(s)) "

N-2 N N—k—1 N—k N—k )
*;(0"{ > (N—k—h) (N-k—hﬂ)(N’h’”*k

h=1

xp(s)" (1= p(s)<"Y }f (s)ds 2 Tspp

<[NP, s (4)
0

where f_, (-) denotes the probability density function® of the
sojourn time process of an arbitrary PU in IL. p(s) denotes the
conditioned probability of having at least one arrival A; of
PU; e IT within the CR interference region during the sojourn
time® of PU; € 11, i.e., p(s) £ P(A; € SjIS; = s).

Proof. See Appendix A. O

5 We assume that the sojourn time process is stationary, for this, there is
no dependence in f(:) from the specific time slot.

5 Note that there is no dependence from the specific PUs involved in the
evaluation of f, (-) and p(s) since the PU mobility patterns are assumed
identically distributed.
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Insight 1. Theorem 1 reveals that the average aggregate
arrival rate 7ypg is a non-linear function of N, as shown in
Fig. 2. This is crucial since, as we prove in Section 5, the
average aggregate arrival rate dominates the tuning of
the sensing time parameters, and thus the CR spectrum
opportunities. More specifically, the average aggregate
arrival rate Jypp satisfies the following inequality:

Jmpe < Nspp (5)

In fact, when p(s) > 0, we have [, (N, p(S))f sgp (S)ds < N.
This result agrees with the reasonings in Remark 1.
We note that:

lim Jvps = Niisps (6)
p(s)—0

This result is reasonable since, when p(s) — 0, the PU arri-
vals do not belong to the sojourn times of the other PUs.
Hence, the aggregated arrival rate is equal to the sum of
the single arrival rates.

Corollary 1 (Average Aggregate Inter-Arrival Time). The

average aggregate inter-arrival time Typg of the PUs in I1
roaming within the network region A according to a general
mobility model is given by:

TSPB
Jo = wN,p(s))fs(s)ds

)

Twpp =

Proof. See Appendix B. O

Remark 2. From (7), it results that 7 yps depends on two
factors: (i) the PU mobility model, through 7 s, p(s) and
fs(s); (ii) the number N of PUs that are sharing the same
spectrum band. More in detail, 7yps depends through

Tsps on the average PU velocity, the normalized protection
radius R/a, and the size of the network region A [6].

2 AR AAA
9] A A VAN
= 18r A A
o A A AA
< 161 ATUA AAA
E 14 A AA AA Y Xwpp Rja=0.15
< A A AAA A Nispp Rfa=0.1:
% 127 A A AA H Xurp Rja=0.1
o A AA /A NXspp, Rja=0.1
@ 1 NN AA
S A A AA ¥ Xups Rja=0.05
<U) 08r AAA A Nispp Rfa=0.05
S 06} !
©
S 04
é .

0.2}
0 i i i i J
0 10 20 30 40 50

PU Number [N]

Fig. 2. Average aggregate arrival rate: non-linear dependence of Zypg on
N. The curves are obtained by adopting the RWM model with normalized
PU velocity v/a uniformly distributed in [0.1,0.9] for three different
values of the normalized PU protection range R/a.

Remark 3. As stated before, p(s) and f(s) depend on the
adopted PU mobility model. In particular, when the arrival
counting process of the arbitrary PU; is a Poisson process,
the arrival time process has an Erlang distribution of
parameter Zspg. This assumption is verified by a very large
number of mobility models, as for example the Random
Walk Mobility (RWM) and its derivatives, the Random
WayPoint Mobility (RWPM) and the Random Direction
Mobility (RDM) models [6,12,19]. It is also verified by
experimental mobility models based on human mobility

as shown in [20-23]. In these cases, p(s) = 1 — e~ and
the sojourn time process has an exponential distribution
with parameter 1/Sspg.

Proposition 1 (Average Aggregate Sojourn Time). The aver-
age aggregate sojourn time Sypp of the PUs in Il roaming
within the network region A according to a general mobility
model is given by:

P(Zwip) T sps
Y(N,p(s))f s(s)ds

(8)

SMmPB =~

Proof. See Appendix C. O

Proposition 2 (Average Aggregate Out Time). The average
aggregate out time Owpg of the PUs in II roaming within
the network region A according to a general mobility model
is given by:

P(Owps) 7 spp
Jo = W(N,p(s))fs(s)ds

9)

®MPB =

Proof. See Appendix D. O

From Insight 1, the following two insights for the aver-
age aggregate sojourn time and for the average aggregate
out time follow.

Insight 2. The average aggregate sojourn time Sypp satis-
fies the following inequality:

P(Zwps) Sses
P(Zspg) N

EMPB > (1 O)

In fact, when p(s) > 0, Zwps < NZsps. Hence, from (8), it fol-
lows Swpp > % By accounting for Sspg = P(Zsps)7 sps
[6], (10) follows. Clearly, when p(s) — 0, by accounting

= P(Znps) S
for (6), one has Sypg — ,,(I—‘!:;) 5P,

Insight 3. The average aggregate out time Oypg satisfies
the following inequality:

— P(Onpp) Ospp
(C)] >—_ 11
M > B(Ogs) N an

In fact, when p(s) > 0, 7 wps >%, from (8), it follows
@MPB >%. By aCCOunting for 65[}3 :P(OSPB)TSPB
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[6], (11) is obtained. Clearly, when p(s) — 0, by accounting

oY P(Owpp) ©:
for (6), one has ®Owmpg — g’ =3,

Propositions 1 and 2 reveal that the evaluation of the
average aggregate sojourn time Syps and the average
aggregate out time Opypg requires the knowledge of
P(Zmps) = 1 — P(Owmps). In [11], P(Zymps) has been evaluated
only for one-dimensional network regions and only for
two mobility models. In the following, we derive a
closed-form expression of P(Zwpg) for bi-dimensional net-
work regions and for a general mobility model. Then, we
confer completeness to the analysis by providing more
accurate closed-form expressions for two widely adopted
mobility models, i.e., the RWPM and the RWM.

Proposition 3. The probability P(Zyps) of a CR user being
inside the protection range of at least one PU in I, roaming
within a two-dimensional network region A = [0,a] x [0, q]
according to a general mobility model, can be approximated
when R < a as follows:

2
P(Zmpg) =1 —P(Omps) ~ 1 — (1 - ﬂ) (12)

Proof. See Appendix E. O

Proposition 4. The probability P*"M(Typg) of a CR user
being inside the protection range of at least one PU in TI,
roaming within a two-dimensional network region
A = [0,q] x [0, a] according to the RWM, can be approximated
as follows:

N
PP (Zypg) = 1 — PP"™M(Oppp) ~ 1 — 1JLR2 13
(Zwrs) = (Owrs) =~ = (13)

Proof. See Appendix F. O

(13) coincides with (12) due to the uniform steady-state
spatial distribution of the PUs roaming according to the
RWM model.

Proposition 5. The probability P*"™(Zypg) of a CR user
being inside the protection range of at least one PU in II,
roaming within a two-dimensional network region
A =[0,qd] x [0,a] according to the RWPM, can be approxi-
mated as follows:

Pima () =1~ Pypy (O)

1 37R?
~1 7a72//A <1 2ab {[R2+6yCR(yCR7a)]

N
x [R + 6Xcw(Xex — @) — 12xcryc (en — @) (Ve — @)} )

x dXcrdYcr (14)

Proof. See Appendix G. O

5. Aggregate Primary-User: Criteria for tuning the
sensing time parameters

Here, we derive the criteria for tuning the sensing time
parameters when multiple PUs roaming in the
network region are sharing the targeted spectrum
band. Specifically, we provide closed-form expressions of
the transmission time and the sensing time that
jointly maximize the sensing efficiency and the sensing
accuracy.

Proposition 6. Let us consider the PUs in I1 roaming within a
network region A according to a general mobility model. An
arbitrary CR user, aiming to satisfy the PU interference
constraint and to maximize the sensing efficiency for a given
value of the sensing time, must set the transmission time Ty,
as follows:

™S (%) (15)
1 —TTiZ1 Porri

where Py ; is the maximum interference probability tolerated

by PU; € I, Py; is the off-state probability of PU;, and

Frus () is the cumulative distribution function of the aggre-

gate inter-arrival time process.

Proof. See Appendix H. O

Remark 4. As proved in Appendix H, the transmission
time TY'® set according to Eq. (15) maximizes the sensing
efficiency (Definition 5) for a given value of the sensing
time, since TY'® is the maximum value of the transmission
time satisfying the PU interference constraint.

Remark 5. From (15), it results that if the interfer-
ence constraint min;{Pi,;} is equal to the probabil-
ity that at least one of the N PUs in II is active, i.e.,

min{Pine;} = Pon? 21 — [T, Pori, it results Th® =
}‘;1MPB(1). This means that a CR user can transmit for

an infinite time, as expected.

Corollary 2. If the aggregate inter-arrival time process has
an exponential distribution of parameter Jyps, an arbitrary
CR user, aiming to satisfy the PU interference constraint
and to maximize the sensing efficiency for a given value of
the sensing time, must set the transmission time Th® as
follows:

N .
Th " = Tws log Nl —[isP ofti
1- Hi:]Poff‘i - mln,«{Pim‘i}
__ Owm
1~ P(Zwws)

N .
< log (i Lo ) (16)
1 — TTisi Porri — mini{ Pine; }

Proof. See Appendix I. O
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Proposition 7. Let us consider the PUs in I roaming within a
network region A according to a general mobility model. An
arbitrary CR user, aiming to maximize the sensing accuracy,

must set the sensing time TM™® as follows:
TV < Swrs (17)

where Syps is the average aggregate sojourn time given in (8).

Proof. See Appendix ]. O

The rationale behind Proposition 7 is that observing the
band for a time greater than the average aggregate sojourn
time Syp has two effects: (i) the probability P38 of detect-
ing the aggregate PU does not improve; (ii) the probability
P}’gg of false detecting the aggregate PU increases. Hence, in
mobile scenarios, the sensing accuracy does not improve
by observing the channel for sensing time longer than
the average aggregate sojourn time Syps. This is an impor-
tant result compared to static scenarios where it is
well-known that longer sensing times lead to higher sens-
ing accuracy.

Remark 6. We underline that the developed theoretical
analysis implicitly accounts for the channel propagation
conditions and the noise levels. In fact the decision variable
Y and the threshold y of the arbitrary adopted sensing
technique determining the expressions of the detection
P and false-alarm P}‘gg probabilities (see Appendix ] for

details) depend on the adopted channel and noise models
as shown in [24,25].

Remark 7. Result(17)holds regardless of the adopted spec-
trum sensing technique. Moreover, result (17) is reasonable.
In fact, if an arbitrary CR user is out of the protection range of
any PUin I, i.e., if the event Oypg occurs, the CR user can use
the band without interfering any PU in IT. So, it is useless to
waste time by sensing a free band. Clearly, the amount of the
average aggregate sojourn time to be devoted to the sensing
depends on the specific sensing technique adopted. In par-
ticular, if Swps — 0, TY™® — 0 as well. This agrees with the
intuition: if the PUs are never in the CR interference region,
it is useless to sense a free band.

6. Validation of the theoretical results

In this section, we first validate the derived analytical
results by Monte Carlo simulations. Then, we show the
effects of the different mobility parameters on the aggre-
gate PU dynamics. This is crucial for the performance of a
CR network, since as proved in Section 5, the aggregate
PU mobility pattern dominates the tuning of the sensing
time parameters.

We place uniformly 10*> CR users in a bi-dimensional
network region A = [0, d] x [0, a]. The PUs move according
to the RWM model and the RDM model for enough time

to assure 10% inter-arrival events. Moreover, they start
their movements from the steady-state spatial distribution

and they randomly choose the normalized velocity v/a
according to a uniform distribution in the interval
[0.1,0.9] m/s. Finally, the normalized protection range
R/a of the arbitrary PU in IT is set equal to two different
values in order to confer generality to the analysis, i.e.,
0.01 and 0.02.

Fig. 3 shows the average aggregate inter-arrival time
Twres Vs the number N of PUs in IT, for both the considered
mobility models. The analytical results evaluated accord-
ing to (7) match well the simulation results, for both the
considered mobility models. In particular, we note that
Twps is a non-linear function of the number N of PUs, in
agreement with Insight 1.

Figs. 4 and 5 show the sensing time and the trans-

mission time TM'® as the number of PUs in IT increases, for
both the considered mobility models. We set

mini{Pine;i} = 1072 and Pygy; = 2/3Vi=1,...,N.The analyt-
ical results are obtained by setting T¥™® according to the
upper bound derived in Proposition 7, i.e., TM*® = Syps,
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and by setting Ty according to (16). We note that the the-
oretical results match well the simulation results, for both
the considered mobility models. In particular, with refer-
ence to the sensing time, T™® is a non-linear function of
the number N of PUs. Furthermore, we observe that the
curve trend appears almost constant, since the normalized
protection range R/a < 1, i.e., R/a=0.01 and R/a = 0.02,
and hence P(Zypg) derived in (12) is very small. Finally,
with reference to the transmission time, when N increases,
TYP8 decreases non-linearly. This behavior is due to two
factors: (i) the decreasing of the aggregate inter-arrival
time as N increases; (ii) the increasing of the probability
of the aggregate PU being active as N increases.

Figs. 6 and 7 depict the instantaneous interference
levels produced by a CR user on the aggregate PU
transmissions for the RWM and the RDM mobility
models, respectively. The horizontal red line represents
min{Pinei} = 1072, The results confirm the benefits of set-
ting the transmission time according to the theoretical
result, for both the considered mobility models. In particu-
lar, the average interference levels (obtained by averaging

Instantaneous Interference Level
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Fig. 6. Aggregate instantaneous interference level for the RWM as
function of time.
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Fig. 7. Aggregate instantaneous interference level for the RDM as
function of time.

the instantaneous interference levels over the simulation
time) on the aggregate PU transmissions are equal to
0.00998 ~ 1072 for the RWM and 0.0099 ~ 102 for the
RDM, in agreement with Proposition 6.

Now, we show the effects of the different mobility
parameters on the aggregate PU dynamics, since this is
crucial for the tuning of the sensing time parameters. To
this aim, let us consider Figs. 8-10 that report the average
aggregate inter-arrival time T pg, the average aggregate
sojourn time Syps and the average aggregate out
time Owmpg Vs the number of PUs in II, for three differ-
ent values of the normalized protection range, i.e.,
R/a=0.15, R/a=0.1 and R/a = 0.05, when the RWM is
adopted.

First, we note that the aggregate inter-arrival time has a
concave behavior as function of N. This is due to the oppo-
site behaviors of the aggregate sojourn time and the aggre-
gate out time as function of N. Specifically, when N
increases, Swpg increases, whereas Opypg decreases.
However, the two curves exhibit different slopes. This
means that, for small values of N, the decreasing of the
aggregate out time dominates the increasing of the
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Fig. 8. Average aggregate inter arrival time.
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aggregate sojourn time. As a consequence, the aggregate
inter-arrival time decreases. Differently, for higher values
of N, the increasing of the aggregate sojourn time domi-
nates the decreasing of the aggregate out time. As a conse-
quence, the aggregate inter-arrival time increases. The
value of N for which the aggregate inter-arrival time
inverts its behavior depends on the PUs mobility parame-
ters, as shown in Fig. 8. Specifically, as the normalized pro-
tection range R/a increases, such a value of N decreases.
The reason is that, when R/a increases, the probability of
a CR user being inside the aggregate PU protection range
increases as well. Similarly, as the average PU velocity
decreases, the value of N for which the aggregate
inter-arrival time inverts its behavior decreases as well,
since the time the aggregate PU spends inside the CR inter-
ference region increases.

7. Conclusions

The emerging applications of the small-scale
primary-user (PU) paradigm requires Cognitive Radio
(CR) networks to explicitly support the mobility of a

multitude of PUs concurrently using the same spectrum
band. Hence, in this paper, we answered the following fun-
damental questions to jointly maximize the sensing effi-
ciency and the sensing accuracy in presence of multiple
mobile PUs: (i) How long can a CR user transmit without
interfering with the multiple mobile PUs? (ii) How long
must a CR user observe a targeted spectrum band to reli-
ably detect multiple mobile PUs? For this, we first pro-
posed the aggregate PU model to effectively describe the
cumulative effects of multiple mobile PUs on the spectrum
sensing functionality. Then, stemming from this model, we
derive closed-form expressions for the sensing time and the
transmission time that jointly maximize the sensing effi-
ciency and the sensing accuracy. We derived all the theo-
retical results by adopting a general mobility model for
the multiple PUs, and we validated the analytical results
through simulations.

Appendix A. Proof of Theorem 1

Let us consider the case N = 3. By accounting for the
aggregate PU model developed in Section 4, a realization
of the aggregate arrival rate is given by’:

3
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(A1)

By accounting for the equal distribution and for the
independence of the PU mobility patterns, the conditioned
average value of Aypg is given by:

7 In (A.1), we have denoted with {B(C} or equivalently with {B, C} the
intersection between the events B and C. Moreover, we have denoted with
{BUC} the union of the events B and C.
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W(N,p(s)) 2 ElZmes|S = 5] = 37sps (1~ p(5))° +127s05P(5) (1 — P(5))* + Hseap(s)* (1

-1 N-1
—Jsmw{ N(1=p(s)"™ " Np(s) (1~ p(s))™ " (N-1)? ( ) [Zﬁf 1<N . h)<N_]_h+]><N—h71>+12

The average value of Aywpg is finally obtained as
Jms = Jo ™ E[Amps|S = SIf s, (5)ds 2 [ W(N, P(5))f s, (5)dS
Thus, for an arbitrary value of N, the proof easily follows by
adopting similar reasonings and by enumerating all the
possible events as in (A.1).

Appendix B. Proof of Corollary 1

Since ?MPB = % stemming from (4) and by accounting
for Tspp == the proof follows.

Appendix C. Proof of Proposition 1

By accounting for the aggregate PU model developed in
Section 4, the overall inter-arrival time process of the N
PUs in IT roaming in a network region A is equivalent to
the inter-arrival time process of a single aggregate PU
roaming in the same network region. Thus, by using
Little’s Theorem [18], the average aggregate sojourn time

Swrs is given by:
Smrs = P(Zmps) 7 wips (C.1)
where P(Zyps) is derived in (3). By substituting (7) in (C.1),

the proof follows.

Appendix D. Proof of Proposition 2

By accounting for Definition 7 and (8), one has:
6MPB = ?MPB - EMPB = (1 — Pyips (I))TMPB
= P(Owre) T wrs (D.1)

By substituting (7) in (D.1), the proof follows.

Appendix E. Proof of Proposition 3

If R< a, P(Zsps|Xcr) can be assumed independent of
Xcr- As a consequence, from (3), one has:

P(Zwmps) ~ 1— (1= P(Zspp|Xcr))" (E.1)

where P(Zspg|Xcr) can be easily evaluated as the fraction of
the network region covered by the arbitrary PU, i.e.,

P(ZSPB |XCR) ~ ﬁ

a2

-p(s))’

3

P (1-p(e)" ™

(A2)

Appendix F. Proof of Proposition 4

By neglecting the border effects, i.e, by supposing
R < a, P(Zsps|Xcr) in (3) can be calculated as follows:

P(Zsps[Xcr) £ / / Fxpy (Xpu)dXpy
/}’CR+R et VR (tyw)?
¥

®R-R Sxer— VR —(t-yer

By substituting in (F.1) the expressions of the PU spatial
distributions for the RWM in the two-dimensional case
[26] and by using the notable relations [27]

" D pmel [5in™ 2 (o) dot and

f SlIl dO( cos(ot)sm
D 4 m=1 fcos™2(or)dot, One obtains:

fxpu (z,t)dzdt  (F.1)

] COSm OC)dOC _ sin(@) cos’” I
TR

PR (Zpg|Xcr) ~ 2 (F.2)

By substituting (F.2) in (3), the proof follows.

Appendix G. Proof of Proposition 5

By neglecting the border effects, i.e., by suppos-
ing R < a, P(Zspg|Xcr) in (3) can be written as in (F.1).
By substituting in (F.1) the expressions of the PU
spatial distributions for the RWPM in the two-

dimensional case [28] and by using the notable relations
[27]  fsin™(ot)dor=—s2s™ 1@ mot f5in™2(gydy  and

Jcos™ (o) doy =" 1) m—1 fcosm-2(g)dr, one obtains:

37R?
PY™ Zomxer) = S5 { IR + 6Ycx(Yew — )]

x [R® + 6xcr(Xcr — )]
— 12XRY R (Xcr — @) (Y — @)} (G.1)

By substituting (G.1) in (3) and by accounting for the uni-
form distribution of the CR users, the proof follows.

Appendix H. Proof of Proposition 6

By accounting for the aggregate PU model developed in
Section 4, we can adopt similar reasonings as in [6] for set-
ting the transmission time allowing a CR user to respect
the PU interference constraint and maximizing the sensing
efficiency for a given value of the sensing time. Specifically,
during two aggregate PU arrival events in a CR interference
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region, a CR user can interfere the active aggregate PU dur-
ing the transmission time. As a consequence, the CR trans-
mission time cannot exceed the maximum interference
time the active aggregate PU can tolerate between two
arrival events, i.e., it cannot exceed the minimum of the
maximum interference times the active PUs in IT can indi-
vidually tolerate. Moreover, the aggregate PU is active
when at least one of the N PUs in IT is active. This event
has probability PY® £ 1 — [T, Por;. As a consequence, we
have:

F s (Tr)Pon” = P(Twps < Tro)Poy” < min{Pine}

on =
min{Pinc; }
= T < ‘7:;:/"’3 IPT (H.1)

and the proof follows by considering the maximum Tty sat-
isfying (H.1).

Appendix 1. Proof of Corollary 2

If the aggregate inter-arrival process has an exponential

distribution of parameter Jypgs, then Frus(t) =1— e L,
Hence, the proof follows by accounting for (9) and (15).

Appendix ]. Proof of Proposition 7

By accounting for the aggregate PU model developed in
Section 4, we can adopt similar reasonings as in [6] for set-
ting the sensing time. Specifically, Y and y denote the deci-
sion variable and the threshold of a generic sensing
technique, respectively. Hg® and 3% denote the hypothe-
ses of “no aggregate PU signal” and “aggregate PU signal
transmitted”, respectively. The detection probability
PEE L P(Y > y|H;%) is affected only by the event Zypg,
since if the event Oypg occurs, the CR user cannot sense
any PU in II. Instead, the false-alarm probability
P8 £ P(Y > y[Hg#) is affected by both the events Zwps
and Oypg. Specifically:

P = P(Y > 7[H7®, Zves)P(Zwirs) J.1)

P;gg = P(Y > '))|Hggg,IMpB)P(IMpB)
+P(Y > Y[HEE, Omps ) P(Owmps)
> P(Y > 7[H®, Znips)P(Zwirs) J.2)

with P(Zwps) = Smes/7 mes- From (J.1) and (J.2), it results
that observing the band for a time greater than the average
aggregate sojourn time Sypg has two effects: (i) P does
not improve; (ii) P}‘gg can increase. Hence, for an efficient

spectrum sensing, TV has to be set by accounting only
for gMPB-
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