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1 Abstract—Primary user (PU) beacons must be detected by
2 cognitive users (CUs) to access spectrum holes, and misdetection
s results in interference on PUs. To alleviate this problem, sensing
4+ results of spatially separated CUs can be combined to make a
s final decision. In this paper, we analyze several such cooperative
s beacon sensing (CBS) strategies given spatial randomness of CU
7 and PU nodes, which is modeled via independent homogeneous
s Poisson point processes. We consider two cases of beacon emit-
9 ter placement: 1) at PU-transmitters and 2) at PU-receivers. We
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analyze three separate local beacon detection schemes and pro-
pose five CBS schemes. They require the sharing of CU results
via a control channel subject to Rayleigh fading and path loss,
and making a final decision via the OR rule. By using stochas-
tic geometry, we derive both the misdetection probability, the
false alarm probability, and the primary outage and show that
impressive gains are achievable. For example, with PU-receiver
beacons, CBS reduces misdetection by a factor of 10%. In con-
trast, with PU-transmitter beacons, the reduction diminishes with
the increased cell radii, but there exists an optimum cooperation
radius.

Index Terms—

I. INTRODUCTION

HE MISDETECTION of beacon signals emitted by pri-

mary users (PUs) by cognitive users (CUs) is a major
problem, leading to interference on PU nodes which reduces
their data throughput and increases their outage. Thus, fixing
the beacon misdetection problem is critical to the deployment
of cognitive radio (CR) networks. The CR paradigm is driven
by the scarcity of spectrum and its inefficient use, two of the
most critical challenges facing modern wireless networks [2].
For example, traditional static spectrum assignments to indi-
vidual users/services lead to 85% or more idle licensed
spectrum [3]. Thus, unlicensed (i.e., cognitive) opportunistic
access to licensed spectrum [4] has been standardized in IEEE
802.22 Wireless Regional Area Network (WRAN) and its
amendments, IEEE 802.11af for wireless local area networks,
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licensed shared access (LSA) for Long Term Evolution (LTE)
and others [5]. In particular, the cognitive interweave mode
aims to allow opportunistic access to temporary unused
space-time-frequency slots (spectrum holes) [6]. However, CU
devices must then accurately detect active PU transmissions
in real time via matched filtering, cylostationarity, energy,
eigenvalues, beacons or other methods [7]-[10].

Of these, PU beacon signaling has the benefits of effi-
ciency and simplicity [11]-[16]. Grant or denial beacons
are simply out-of-band, on-off modulated electromagnetic
waves [17], proposed for IEEE 802.22.1 [18] and cognitive
cellular systems [17], [19]. In this work, we focus on the
problem of detecting denial beacons of active PU nodes.
Beacon misdetection, which leads to interference on the PUs,
occurs due to multipath fading, path loss, receiver uncer-
tainty and other factors [20], [21]. Thus, a classical solution
is to exploit spatial diversity. We can thus use multiple bea-
con measurements from spatially separated CUs and combine
them into one final decision. This is an instance of coopera-
tive sensing, which can be based on OR, AND, or majority
rules [8], [22]. In this paper, we will limit ourselves to the OR
rule to determine the presence of a denial beacon, which leads
to conservative spectrum access attempts (i.e., ensuring less
interference). The reduction in misdetection probability due
to cooperative beacon sensing (CBS) depends on the number
of cooperating CUs and their locations [23], which are ran-
dom. Due to this spatial randomness, path loss, and fading, the
expected performance improvements of CBS may be severely
compromised. To characterize such issues, a comprehensive
analysis of the overall beacon misdetection probability (Pq)
is necessary.

A. Problem Statement and Contribution

In this paper, we analyze the overall P,; and false alarm
probability (Pr) of several CBS methods as a function of how
cooperating CUs are selected, local detection methods, spatial
randomness of primary and secondary nodes, channel fading,
and the sharing of imperfect decisions. Specifically, we address
the following questions: 1) How does a CU device locally
process one or more beacons transmitted from multiple PU
devices to mitigate the impact of fading and path loss? 2) How
do we select a set of CUs for cooperative spectrum sensing
when the beacons are sent by PU-receiver nodes or PU-
transmitter nodes? What are the rules that specify a suitable
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set of cooperating CUs? The cooperative sensing phase will be
affected by the channel propagation characteristics and spatial
randomness of the cooperating CUs. The availability of chan-
nel state information (CSI) for the CU-to-CU channels affects
the selection of best nodes to cooperate with. Clearly, the coop-
erating set should be chosen to minimize Py, which will
depend on mutual distances and fading conditions. 3) What is
the overall performance of CBS?

To investigate all these questions for coexisting cellular (pri-
mary) and cognitive networks, we first ensure that the spatial
randomness of nodes is fully accounted for. To this end, we
use the tools from spatial geometry to model the random loca-
tions of PU and CU nodes. Specifically, we model PU-receiver
nodes and CUs as Poisson Point Processes (PPPs) [24].
However, the PU-transmitters are fixed at the centers of hexag-
onal cells. For realistic propagation modeling, we incorporate
both power-law path loss and Rayleigh fading. The beacon
detection process of a CU is consisted of two distinct phases:
1) local detection, and 2) cooperation. The sharing of detec-
tion results is done via a control channel subject to fading
and path-loss. Moreover, we consider beacons sent by PU-
receivers (Case 1) and by PU-transmitters (Case 2). Our main
contributions in this paper are as follows:

i) For phase one, we propose three local beacon processing

schemes: 1) aggregating beacon powers, 2) separately
sensing multiple beacons, and 3) detecting the best
average received beacon signal (i.e., from the closest).
For phase two, we propose three cooperation schemes:
1) nearest scheme, 2) multiple-random scheme, and
3) best received power scheme. For beacons emitted
by PU-transmitters, we propose two additional schemes:
1) nearest CU to PU-transmitter scheme and 2) random
CU to PU-transmitter scheme.
For all these schemes, we derive Pq and Py from the
OR rule fusion in order to characterize the performance
improvement of CBS under different system parameters.
We derive the outage probability of a PU-receiver
to characterize how its performance is affected by
interference due to beacon misdetection.

iif)

iv)

B. Prior Research

We first review papers that do not focus on beacons signal-
ing but perform general misdetection analysis and interference
characterization for CR networks [15], [25]-[30]. For brevity,
we denote the aggregate interference by /. In [15], the distri-
bution of / is characterized in terms of sensitivity, transmit
power, density of the CUs, the propagation characteristics,
and cooperative spectrum sensing. In [30], the theory of trun-
cated stable distributions and power control are studied for a
CR network. Reference [25] analyzes the primary coverage
probability under misdetections and false alarms, and devel-
ops an approximation and bounds for the Laplace transform of
I. Statistics of I from a secondary network with an ALOHA
based medium access control, spectrum sensing, and power
control is derived [26]. Moreover, [27] derives the moment
generating function of / for a spectrum sensing CR network,
and a scheme is proposed to maximize the transmission powers
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of multiple active CU transmitters while satisfying / con-
straints. This scheme leads to significantly higher capacity.
Reference [29] analyzes the geometric region allowing CR
transmission with the help of cooperative sensors, and finds
that the shape of this region is not circular. Furthermore, [31]
develops models for bounding interference levels by modeling
CUs as a modified Matern process. Co-operating spectrum
sensing methods are analyzed over correlated shadow fading
environments [28]. The spatial throughput of a CR network is
characterized for a two threshold based opportunistic spectrum
access protocol in [13].

Several works consider spectrum sensing  using
beacon detection and also cooperative spectrum sens-
ing  [11], [13], [32]-[35].  Reference [11] analyzes

capacity-outage probability of a PU due to interference
from beacon misdetection. The emission of beacons by PU-
receiver nodes leads to higher capacity-outage performance.
Furthermore, [34] considers three levels of cooperation under
beacon transmissions from the primary users. It is shown
that cooperation is vital when the CU node density is high.
Threshold based opportunistic spectrum access methods
are studied in [13] under PU-transmitter and receiver pilot
signals and beacons, and the spatial opportunity (probability
that an arbitrary location is discovered as a spectrum hole)
is derived. Furthermore, [32] and [33] study the resultant
aggregate interference due to misdetection in beacon based
CR networks. Moreover, [35] studies the soft combination
of spectrum information shared by the cooperating nodes
when for multiple beacon signalling, and derives the optimal
beacon sequence to reduce misdetection.

The differences among the aforementioned works and this
paper are now described. First, spatial randomness of CUs
is not considered in [11] and thus the spatial densities of
the nodes do not appear in their analysis. Second, the exis-
tence of multiple PU-receivers is not considered [32], [33].
Third, the control channel for sharing the sensing result
has been assumed perfect [11], [13], [34]. In contrast, in
this paper consider the effect of propagation impairments
(path loss and fading) on the quality of reception of control
signals. Fourth, the availability of channel state informa-
tion (CSI) has not been considered for cooperating node
selection [11], [13], [32]-[35]. However, we CBS strategies
depending on the availability of CSI. Fifth, no distinction
is made between beacons emitted by PU-transmitters and
those by PU-receivers [32], [33]. In contrast, this paper
derives the interference statistics of the two cases in detail.
Sixth, the impact of spatial locations has not been consid-
ered [11], [13], [34], [35]. As such, our paper strives to fill
these gaps while investigating the misdetection probability
reduction of cooperative sensing.

This paper is organized as follows. Section II introduces
the signal model including the spatial model, signal propaga-
tion, local detection schemes, and cooperation schemes. The
misdetection probability P, is analyzed for PU-receiver and
PU-transmitter beacons in Sections III and IV. Section V char-
acterizes the primary system performance. Numerical results
are provided in Section VI while Section VII concludes the

paper.
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TABLE I
LisT oF COMMONLY USED PDFs

Name PDF

Lin(a) f=20<t<a

Ral(a) ft) = 2ate= 0 <t < oo
—at2

TRal(a,B) | f(t) =220 0 <t < f

Fig. 1.
arrows respectively denote the PU-transmitters, CUs, PU-receivers, and the
beacon signals. Each cell is hexagonal with a PU-transmitter at the center.
PU-receivers and CUs are distributed randomly in R2.

PU-receiver node emit beacons. Squares, triangles, circles, and solid

Fw,a) = [ZrleTldt and T'(w) =
I"'(w, 0) [36]. Pr[A] is the probability of event A, f{-) and F(-)
are the probability density function (PDF) and the cumulative
distribution function (CDF), Mx(-) is the moment generating
function (MGF), E, (-) is the generalized exponential integral,
and Ex[-] denotes the expectation over random variable X. The
Euclidean distance between two points x and y is denoted by
lx —y||. The following PDFs (Linear, Rayleigh, and truncated
202 Rayleigh) listed in Table I will be used commonly throughout
203 the paper.

194 Notations:
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204 II. SYSTEM MODEL
205 A. Spatial Distribution

206 We consider coexisting primary and cognitive (secondary)
207 networks. We assume the PU network to be of a conventional
cellular type with different cells using the same frequency
200 set (the frequency reuse factor is 1). The area is divided into
210 hexagonal cells with a PU-transmitter (e.g., base-station) at the
center of each (Fig. 1), which serves a set of spatially random
212 PU-receivers within each cell. The cognitive network which
213 can be an ad-hoc network or a sensor network [37] utilizes
214 primary spectrum holes to transmit data. To facilitate anal-
215 ysis, we approximate the hexagonal cells with circular cells
216 having a radius of r.y (Fig. 1). The spatial randomness of
217 CUs is also considered.

20

@

21

To model spatial randomness, we will make use of point
processes. For our purposes, a point process @ is a collection
of points {x,x2,...} where x; € R? is a point represent-
ing the location of a radio node. We say ® is a Poisson
point process with rate A > 0 if (1) the number of nodes
within a bounded area A denoted by N(A) is a Poisson ran-
dom variable with E[N(A)] = XA and (2) the number of
nodes in two non-overlapping areas are independently dis-
tributed [38]. Poisson processes are widely used to model the
locations wireless nodes due to their mathematical tractability
and accuracy [30], [39].

In this paper, we model PU-receivers and CU nodes as two
independent homogeneous PPPs ®, and ®; in R? with spatial
densities A, and A,. Thus, the number of nodes within the
bounded are A is given by

Pr[N(A) = n] = (k:')n e M

,n=0,1,2,... (1)

where A € {4,, A} [38].

We assume that the CSI of the PU-CU links are not available
to individual CUs. This assumption is reasonable and com-
mon [11] because of the general commercial and regulatory
pressures that push primary and secondary networks to operate
independently. However, a CU may or may not know about
the CSI of links between itself and other CUs. The degree of
availability of this CSI to CUs will impact the development
of cooperative spectrum sensing protocols.

In this work, mobility of wireless nodes is not analyzed
for two reasons. First, some PU nodes are fixed (e.g., base-
stations, TV receivers and others). Second, even if the CUs
move randomly (e.g., random walk or the Brownian motion),
a snapshot of at any specific time generates a homogeneous
PPP. Nevertheless, the impact of the mobility of nodes is a
challenging, future topic.

Furthermore, we assume that CUs are always ready to trans-
mit data upon detecting a spectrum hole and that all the
PU-receivers are active. There is no loss of generality in these
assumptions since activity factors (< 1) can easily be incor-
porated using the Coloring Theorem [24]. That is, if nodes of
a PPP ® with intensity A are marked independently, and p; is
the probability of a node receiving the 7-th color, the set of
t-th color nodes forms a PPP @, with intensity p;A. Thus, if a
PU-receiver is active with an activity factor of ¢, the set of
active PU-receivers follows a thinned PPP with intensity g,2,.
The same argument holds for the CUs.

B. Signal Propagation

The propagation effects are characterized by independent
Rayleigh fading and log-distance path loss [40]. With small-
scale Rayleigh fading, the channel power gain |h|*> has the
Exponential PDF f|h\2(f) = ¢!, 0 <t < oo. The log-
distance path loss model specifies that the received power
Pr = Pr~% where r is the distance between the transmitter
and the receiver, P is the transmit power and « is the path
loss exponent. The path loss exponent is a function of carrier
frequency, terrain, obstructions, antenna heights and others.
The typical values range from 2 to 8 (at around 1 GHz).
Note however that because g(r) = r~* leads to analytical
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difficulties when » — 0, we will also use g() = min(1, r=%).
Both forms of g(r) will yield the same results because since
spatial densities are small (e.g., Ap, Ay << 1), the probability
that the distance is small is negligible, P[r < 1] — 0.

Throughout the paper, we assume that all CUs transmit at
a fixed power level [41]-[43]. Although CU power control
methods are beyond the scope of this paper, they can be easily
incorporated if needed [44].

C. Local Detection

As mentioned before, beacon detection process at a CU is
divided into 2 phases: the local detection phase, and the coop-
erative phase. In this paper, we assume the downlink trans-
mission of the cellular network with denial beacons where the
PU devices (either PU-transmitters or PU-receivers [16], [17])
transmit a beacon signal. This beacon will have a set number
of bits indicating that x(k € (1...K)) future time-slots will
be occupied by the transmitting device. Moreover, the bea-
con would uniquely identify the transmitting PU device, and
would enable synchronization between the primary and sec-
ondary network. Furthermore, the beacon signal is transmitted
before channel access by the PU device. For example, in the
case of PU-transmitter beacons, the device sends the beacon
signal before transmitting its data, while for PU-receiver bea-
cons, the beacon is emitted by all active devices before the
they begin receiving oncoming data.

Beacons emitted by PU-receivers are more likely to be cor-
rectly heard by CUs which can interfere the most. However,
PU-receivers (e.g., hand-held user devices), will increase their
battery drain because of beacons emissions. To counteract
this, beacon signals can be made shorter, their frequency
can be reduced, or their power can be reduced. All these
options may unfortunately increase the miss detection of bea-
cons. On the other hand, when PU-transmitters emit beacons,
the CUs which can potentially interfere the most for cell-
edge PU-receivers may miss them. Nevertheless, such beacons
can be used under high PU-transmitter densities (lower cell
radii), and where PU-receivers are severely power limited [11].
Otherwise, PU-receiver beacons should be used wherever
possible.

1) PU-Receiver Beacons: Without the loss of generality,
we assume that all PU-receivers are active and transmit bea-
cons. For this to work, we assume synchronization between
the different PU-receivers. However, if only a subset of the
PU-receiver nodes are active, this can be easily incorpo-
rated using the Coloring Theorem [24]. Note that a CU may
detect a beacon from a PU-receiver in another cell (Fig. 1).
Thus, we suggest three local beacon detection schemes. These
schemes are:

1) Aggregating all beacons in the range: Each CU sim-
ply uses the aggregate beacon power received, which
does not require it to differentiate among the different
PU-receiver beacons. However, this is a conservative
approach in terms of opportunistic spectrum access
because the aggregate beacon power may exceed the
sensing threshold even when nearby PU-receivers are
inactive.
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ii) Sensing beacons separately and OR combining them:
A CU is assumed to differentiate the beacons emitted
by various PU-receivers (e.g., each one may use a dif-
ferent orthogonal code [45] or matched filtering may
be used [13]). Thus, each distinct beacon is uniquely
sensed. However, the implementation of a separate bea-
con sensing scheme has significant challenges. As the
spatial density of PU nodes increases, this schemes
requires additional processing. Moreover, longer code-
words and thus longer beacons are needed to uniquely
identify the different PU-receivers. On a practical point
of view, only the PU-receivers within a certain radius
from the CU may be considered for local detection
instead of all the PU-receivers within the geographi-
cal area. The separate sensing scheme is advantageous
for CUs because it allows them to access the spectrum
whenever a beacon signal from a PU is less than the
threshold. This is in contrast with the aggregate scheme
where even if the individual beacon powers are far less
than the threshold, the aggregate can still be above the
threshold, barring a CU from accessing the spectrum.
Sensing the beacon from the closest PU-receiver only:
The CU must find the closest PU-receiver perhaps
by measuring the average received signal power [46].
Moreover, the CU must differentiate among the beacons
from different PU-receivers in order to achieve this. This
scheme has the advantage of considerable less process-
ing than the separately sensing scheme after the closest
PU-receiver has been established. Moreover, it provides
the best opportunities for a CU to access the spec-
trum among the three local detection schemes. However,
because only a single PU beacon is considered, there is
a high misdetection probability.

2) PU-Transmitter Beacons: We assume that all PU-
transmitters become active at the same time. Each CU listens
to its own cell’s PU-transmitter for beacon signals. It should be
noted that while a CU may receive a better instantaneous signal
from a neighbouring cell due to a favourable channel, the PU-
transmitter of its cell would also be the closest PU-transmitter
to a given CU, and thus would provide the best received bea-
con signal power on average. We assume that the CUs have
the ability to uniquely identify its own PU-transmitter from
neighbouring PU-transmitters.! While beacon signal reception
from out-of-cell PU-transmitters can also be considered, we
leave this for future work.

iii)

D. Co-Operative Sensing

In the cooperative phase, the CU will select one or more
other CUs to obtain the sensing results via a single narrow-
band control signal. We assume that the CUs can identify each
other via the use of separate orthogonal codes or time slots. In
our analysis, we will consider distributed cooperation schemes
without the involvement of a fusion center, information shar-
ing via decision-fusion, and combination via the OR rule [8].
The OR rule minimizes P,y compared to other combining

]Separately identifying PU-transmitter beacons may be achieved by using
unique codes or time slots.
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rules [8]. Because distributed co-operating schemes are used,
each individual CU keeps a dynamic database of neighbouring
CUs. This database will include details about activity, distance,
and CSI if available. Information for the individual databases
is obtained via periodic control signals, and updated regularly.
We thus propose three cooperation schemes, where the selec-
tion is based on the information within each CU’s database.
They are:

1) Nearest scheme: Each CU cooperates with its closest
neighbor CU, which provides the best received sig-
nal power on average. To implement this, distances
among the CUs are needed [47]. These distances may
be obtained via a database, shared GPS information or
via periodic control signals.

i1) Multiple random scheme: Here, M neighbouring CUs
are randomly selected within a cooperation radius of
R.(<< R,). A CU is assumed to only cooperate with
a neighbour within this radius. The signals from nodes
beyond the outer distance R, are assumed to have negli-
gible power due to high path loss. If the number of CUs
within R, is less than M, all would be selected. The
selected nodes are always available for cooperation.
Best received power scheme: In this scheme, each CU
cooperates with the neighbouring CU providing the best
instantaneous received signal power. This amounts the
lowest propagation loss considering both path loss and
fading. We assume that each CU knows CSI and the
positions of other CUs. Moreover, we further assume
that a CU can cooperate with nodes outside its own cell.
We will assume that CUs can differentiate the beacon sig-
nals from the PU-receivers and the control signals from other
cooperating CUs. For example, this involves using separate
orthogonal codes for different CUs and PU-receivers, using
different time slots, matched filtering, or having a separate
narrow band channel for CU spectrum information shar-
ing [13], [14], [45]. Furthermore, it should be noted that each
CU shares its local detection result, but not the final decision
of CBS.

With PU-transmitter beacons, we propose two additional
schemes based on the intuition that CUs close to the PU-
transmitter will have a better chance of correctly detecting the
beacon. These schemes are:

i) Nearest CU to PU-transmitter scheme: Each CU, x €
®,, selects the closest CU to the PU-transmitter, which
has the best probability to detect the beacon signal due to
the lowest path loss. Furthermore, selection of distances
to a fixed PU-transmitter may be less complex than find
all CU-to-CU distance.

i1) Random CU to PU-transmitter scheme: A random CU
within a distance of R, from the PU-transmitter is
selected. The distance constraint from the PU-transmitter
which ensures the cooperating CU has a good chance of
detecting the PU beacon. This scheme has the advantage
over the previous scheme of not burdening a single CU
(the one closest to the PU-transmitter) for sensing data.

Choosing other CU nodes to cooperate with based on dis-
tances to PU nodes is most suitable when PU-transmitters emit
beacons. PU-transmitters would generally be fixed, and their

iif)

locations would thus not change dynamically. As such, choos-
ing CU nodes within a certain distance from the PU-transmitter
is relatively straightforward. On the other hand, PU-receivers
may be fluid in their activity, and multiple PU-receivers will
be transmitting (with PU-transmitters, we assume the CU only
listens to the PU-transmitter of its own cell) their beacons.
As such, choosing cooperating CU nodes satisfying distance
requirements from PU-receivers is more cumbersome, and
such schemes are not considered in this paper.

III. P,;,q ANALYSIS FOR PU-RECEIVER BEACONS
A. Local Primary Beacon Detection

In this section, we analyze P, for the local spectrum
sensing methods in Section II-C.

1) Aggregating Beacon Power: Consider the CU node x €
@, and the PU-receiver node y € ®,. The distance between
them is |lx — y||. However, as this distance becomes large,
g(lx—yll) = 0. As such, the beacons emitted by PU-receiver
nodes y such that |[x—y|| > R, are considered to be negligible,
where R, is an outer distance. Since x and y are two random
points from two independent PPPs, we need the distribution
of the distance ||x — y||. However, because a homogeneous
Poisson process is considered for ®,, its points are distributed
randomly. Moreover, due to the outer distance, the area of node
distribution is annular. Therefore, the CDF of |lx — y|| can be
obtained as [43]

2
Flx—y () = E’ 0<t<R,. 2)
e
Thus, ||x — y|| is distributed with PDF Lin(R,).

All PU-receiver nodes y € &, transmit a beacon signal
of constant power level P,. As the CU will aggregate these
beacons, the received beacon power at CU x is given by

Pr=Pp Y |heylPg(lx =yl

yed,

3)

where A, , is the channel between nodes x and y, and this incor-
porates both path loss and small scale fading. The received
signal to noise ratio (SNR) y at CU x € ®; becomes y = Py

a? ’
where %2 is the additive noise variance. The CUs can emplc[)y
energy detection of the beacon channel or use a received power
threshold. However, as shown in [11], even an energy detec-
tion based scheme can be approximated as a simple received
power threshold based scheme with an appropriate threshold.
Therefore, in our analysis, a beacon is detected whenever the
received beacon power Pr > Py,, where Py, is the reception
threshold.

Let P,,4(x) be the probability of PU beacon misdetection by
the CU x € @y in its local-detection phase. This probability is

given by
Ppa(x) = Pr[Pr < Pyl = Fpy(Prn),

which is the CDF of Pg. This can be evaluated using an MGF
based approach [41], [48]-[50]. Let Mp,(s) be the MGF of
the received beacon power at x € ®;, which is defined as
Mpy(s) = E[e *FR]. If Mp, (s) is the MGF of the received
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beacon power from y € &,, and N is a Poisson random
variable with mean anz\,,, we can write Mp,(s) as [41], [43]

2 ) —
Mp,(s) = EN[(MPR,}, (s))N] _ eJTRe)\p(MPR.y(.S) 1>' @
Mpy,(s) is obtained as follows.
Mpy ,(s) = E[e—ff’blhx¢>vlzg(|\x—y\|)]
! 2t R, 2
= — —dt + — Za )
0 1+SPbRg 1 1+SPbl_D‘R%

A closed-form expression for the second integral (5) appears
intractable. However, using the expansion (1 + 1)~
Z,fio(—t)k, [t] < 1, we derive a simplified expression as

1 1 2 (xl_l
Mpy, (s) = <1+sP +Zz( sPp) —Od) (6)

Fpg (1) can be obtained through the inverse Laplace transform
by Fpi(t) = L_I(W), and replacing ¢ with Py, gives
P,qa(x), x € &;. Note that because a closed-form solution is
not apparent for P,,;(x), where x € ®;, numerical techniques
and approximations must be used.

Although aggregating beacon power decreases P, viable
spectrum access opportunities are also lost due to detect-
ing aggregated beacons even when there may not be any
PU-receivers close by to be hindered by interference.

2) Separately Sensing Primary Beacons: Misdetection
occurs only when all beacon sensing outputs fall below the
threshold. Thus we have Pnq(x) = (Pr[Pgy, < Pul)¥,
where x € ®; and Pg is the beacon power from y € ®,
received at x € ®g, and N is a Poisson random variable with
E[N] = Aanz The misdetection of the beacon from y e D,

may be written as Pr[Pgry < Pyl = E(x—ypll —e Pbg(lh D .
Thus, denoting ||x — y|| = ¢, the local misdetection probability
may be expressed as
Py )
Pbt o 1dt

Pth
—R2), ( f
. (7)

Because a closed-form solution for (7) appears impossi-
ble, we numerically evaluate this. A series summation based
simplification can be used to simplify (7) which results in

- (—#)k 2+ak
2, e Pb 2 oo b )RRk
—ReAp 2 + %2 Yico ~F ( TFak

Pra(x) = e

Pa(x) = e

®)

However, more resources are required for separate sensing,
and is invariably more complex. Furthermore, the PU-receivers
need to be co-ordinated to send separately identifiable beacons.
This may not be practical for certain PU-receiver types such
as digital terrestrial television subscribers.

3) Closest PU-Receiver Selection: Each CU, x € g,
senses the beacon emitted by the closest PU-receiver. The clos-
est PU-receiver may be found in practice by measuring the
average received signal power [46]. Moreover, the CU must
then have the ability to differentiate among different beacons.

Let y* = argminyeq,p ly —xll (* € ®,) be the nearest
PU-receiver to x € &y, and the distance r* = |y* — x]|.
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The distribution of r* is derived via the void probability of
a PPP (probability of no nodes within a given radius from the
origin) [51], [52], and is found out to be Ral(mwAp).

However, as the beacons from node y € &, at a distance
more than R, are neglected due to path loss, there may be
an occasion where there is no closet PU- recelver within R,.
The probability of this event is py = e ~T4pRe Whenever this
occurs, the CU x € &, will misdetect with probability 1.
However, conversely, because of the high path loss in such
a scenario, the interfering signals will also have a negligible
effect on the primary system. Let r} be the truncated dis-
tance from x to y* whenever r* < R,. Thus, r} is distributed
according to TRal(m Ay, Re).

Let |hx,y>,<|2 be the channel power gain between x and y*.
Therefore, when a PU-receiver exists, the received beacon
power (Pg) at x from y* is given by Pgr = Ph|hx,y*|2g(r’f),
where g(r}) is the path-loss factor between x and y*.

P,,a(x) can thus be written as

Pra(x) = e 7R 4 (1= TR X PHRy < Py
P
TR | (1 - e_”AI’Rg) X Pr| [y yul? < 7th*
Pyg(r7)
Py, Ty
— TR (1 _ e—m\,,Rﬁ)<1 _ e_ITZ (18712>
1— e—nAI,Re
R, Py
_/ Me Pyt @ p=hpt® gy 9)
I 1 — e TR2
and the integration in (9) can be performed numerically.

B. Co-Operative Spectrum Sensing

In this section, we analyze P,,; when each CU employs
the CU selection schemes proposed in Section II-D. The total
Pq depends on both: 1) beacon misdetection, and 2) control
channel misdetection.

1) Nearest Scheme: Let the closest neighbour from CU x €
@ be denoted as x* (x* € ) with x* = argmin 4 [lz— x|,
located at a distance 7 from x. Because the signals from x*
with 7 > R, are neglected due to path loss, there may be
an occasion where a node x* does not exist for cooperation
This probability py is obtained as py = e~"*Fe using the
void probability of a PPP. Let 7] be the distance from x to x*
whenever 7 < R,. Thus 7] is distributed as TRal(w Ay, R,).

Node x* senses the presence of primary receiver beacons,
and passes that information in the form of binary informa-
tion in a narrow band channel using another control signal.
Let Pp s be the power of this control signal, and |hx,x*|2 be
the channel power gain between x and x*. Therefore, if the
received control signal power (Pg ) at x from x* is given by
Prs = P;,,slhx,x»«|2g(7‘i‘), where g(7}) is the path loss gain
between x and x*.

The probability of misdetecting the control signal transmit-
ted by x*, gs.;, is obtained as

_ P
gs.i = Pr[Prs < P = E [1 —e thsg(ﬁ*)] (10)
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After performing the averaging with respect to 7}, the simpli-
fied expression for g ; is
1— e—nks
<1 _ e—ﬂ)»ng )

R, 2 Py
TT At St
—/ — se Pre TS
1 1 — e~ TAsRE

Let P}n 4 be the final misdetection probability of x when
cooperating with its closest neighbor. We will assume that x
uses an OR rule [11] where Prln , becomes the product of the
separate primary beacon and secondary control signal misde-
tecting probabilities. However, the probability that there is no
CU within R, must be considered. P}n 4 1s composed of the fol-
lowing events: (1) x* does not exist, and x misdetects, (2) x*
does exist, but both x* and x misdetect the primary beacons,
and (3) x* does exist, and detects the primary beacon cor-
rectly, but x misdetects both the primary system beacons and
the control signal from x*. After combining these three events,
we can write P}n 4 as

_ Py
gsi=1—e

(1)

Ppg = Pra(®) (e‘”’\A'R? + (1 _ e—nAsR(%)

X (Pua() + (1 = Pua@)gsi) ). (12)

We have used the fact that correct secondary control signal
reception due to double errors (x* misdetects the primary bea-
cons but x detects a secondary control signal when it’s not
present) are negligible. Moreover, spatial correlations have not
been taken into account in the derivation of (12).

2) Multiple Random Scheme: Let x, (x, € ®;) be any CU
within a cooperating distance of R, from x, and r, be the
distance from x to x,. Using similar arguments as the derivation
of ||x — yl||, the distribution of r, is shown to be distributed
according to Lin(R.).

Similar to the nearest scheme, whenever an x, detects the
primary beacons, this information is sent via a control signal to
x. We assume that x can differentiate the control signals com-
ing from the M associated CUs, which can be easily achieved
via orthogonal codes serving as an identifier of each CU within
D If Ay, xr|2 and g(r,) are the small scale channel gain and
path loss gain between x, and x, the received signal power
Pr s from x, is given by Pg ; = Pb,s|hx,xr|2g(rr).

If g,; is the probability of x misdetecting the control signal
from x,, it is obtained as

Py

e‘Pb,s 2 R _L_d

qs,i = 1-— T = ﬁ 1 e Post™ ¢t
c (4
_5[/1
e b.s 2 PthR?
=1- "+ 5E1§< 5 ) (13)

c B

Let an 4 be the final misdetection probability of x € ®;.
Although M is fixed beforehand, due to spatial randomness,
the available number of CUs may be less than M. Thus, an d
is the sum of several probability components corresponding
to the number of cooperating nodes. Let g be the probabil-
ity of misdetection arising from a single cooperating node
(sum of the primary beacon misdetection probability by x,

and the probability that the control signal of x, is misdetected
by x when x, correctly detects the primary beacons). It can
be written as g = (Ppq(x) + (1 — Ppa(x))gs,;). Whenever a
given k(< M) cooperating nodes are present, the final mis-
detecting probability of x € ®; becomes Pmd(x)qk. As such,
an i = Ek[Pmd(x)qk], where 0 < k < M. After averaging with
respect to k using (1), an 4 becomes

—_ 201 _ F M,]T)\,qu
P2, = Pua(x) <e TR @%
T'(M,7AR%)\ o,
b==<an . (14
+( ron )7 (14)

3) Best Received Power Scheme: Let the neighbouring CU
of x € &, having the best instantaneous received signal
power be denoted as xj. In order to evaluate the secondary
control signal misdetection probability (gy;), the Mapping
theorem [24] is used on the PPP ®;. Furthermore, for conve-
nience, we will use the path loss function g(rj,) = r;“ where
rn = |lx — xp|| is the distance between x and xj;. Moreover,
we denote the channel gain between x and x;, as |hx,xh|2. The
mapping procedure is as follows. With respect to x € @y, the
process of CUs is homogeneous in R? with it at the center.
It is shown that an inhomogeneous PPP @, ; with intensity
As.h, an exponential path loss with a path loss exponent of 1
and no fading generates the equivalent received power to that
from a homogeneous PPP, and exponential path loss with an
exponent « and Rayleigh fading [53], where A j is written as
(see the Appendix)

2. 2.1 (2
— Ay, T 5 +1),0 <rsp < o0. (15)
o ,

)\s,h =
Note that 7y, is a distance based metric of the PPP and not
any physical distance. In &, 5, the node having the smallest
distance metric from x is x. Thus, using (15), the PDF of the
distance metric to xj; (denoted by rZ) can be obtained as

2 2 2 4, - 2 o
[ () = —nASF St )rale msr(“ﬂ)m ,0 <t <o0.
" o o
(16)

With these results, the received secondary control signal
power at x is written as Ppy = Pbys(r;‘l)’l. Thus, g5, is
obtained as

gs.i = Pr|Pos(r) " < Pu]
2
_ o (En) ()

7)

The final misdetection probability of ¢ ; (an ;) is composed
of two components. First x and x;, may both misdetect the
primary beacon. Second, while x;, detects the primary beacon,
x may misdetect the control channel between x and x;. Thus,
P’3n 4 1s obtained as

Py = Pua®) (Pma () + (1 — Ppa(x))gsi).  (18)
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Fig. 2. The PU-transmitter v located at (0,0) sends the beacon. The cell
radius is denoted by R..j;, the cooperating radius is denoted by R., while the
black dots denote the CUs. The CU x located at a distance ry,,, from v can
cooperate with either the closest CU to v (x¢y), or cooperate with a random
CU within a distance of R, from v (xy).

IV. P,,; ANALYSIS FOR PU-TRANSMITTER BEACONS

This case is depicted in Fig. 2. In primary cellular networks
where the transmitter is a base station, and receivers are user
equipment, this approach provides wide benefits as base sta-
tions are not power limited and avoids PU-receiver power
drain.

e79 A. Local Primary Beacon Detection
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Each CU (x € &) listens for the beacon of the PU-
transmitter (v) of its cell. Let R..; be the cell radius, and
Py, be power level of the beacon. Let ry,, = [|x — v|. This is
the distance between a fixed point and a random point from
®,. The ry,, will be distributed as Lin(Ree) (we assume that
Reetl << Rp). If |h)m,|2 and g(ry,,) are the small scale chan-
nel gain and path loss gain between x and v, the received
beacon power at x (Pg) is given by Pg = Pb’p|hx,vlzg(rx,v).
Whenever it falls below the threshold, the detection fails. Thus,
the probability of misdetection is given by

Poa(x) = Pr[Pbpmx Pa(re) < ch]

P
e Php 2 Reeil 7%
= 1 — 2 — 2—/ e Pb’pt tdt
Rcell Rcell 1
:lh
e "bp 2 PR
=1—RT+—E1_2<% . (19)
cell o “ b.p

B. Co-Operative Sensing

For PU-transmitter emitted beacons, we will now analyze
the two additional schemes proposed.

1) Nearest CU to PU-Transmitter Scheme: Let x., be the
closest CU (€ @) to v (xoy = argmingq, llz — v|[), with
Fyev = [V = Xevll and ryep = |lx — xeyll. If 7y 00 > Reerr,
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cooperating node does not exist. The probability of this sce-

nario occurring (pp) is given by p; = e MR, Thus, the
variable r, ., is distributed according to TRal(ww A5, Reerr). This
distribution is obtained by removing x from ®;. This removal
does not significantly affect the statistics of ®j.

We now need to find the probability that x. misdetects
the PU-transmitter’s beacon (P,,q(x.,)) for this scenario. Let
|hwv|2 and g(ry,cy) be the small scale channel gain and path
loss gain between v and x,,. The received beacon power at x.,
(PR,s) is given by Pg s = Pb,plhv,cvlzg(rv,cv)- Prua(xey) 1s thus
obtained as

_ﬁ 1€ e_ﬂ)k\‘
Pri(i) = 1 —¢ Poo (—)
Ju e n-)“Rz‘elI
Reel P
_/ ¢ 27T)Lt Pb ¢ —ﬂ)\tdt (20)
1 1= _ﬂ)‘ Rrell

We now derive the probability that x € ®; misdetects sec-
ondary control signal from x., whenever it (x.,) detects the
PU transmitter’s beacon. The small scale channel gain and
path loss gain between x and x., are denoted by |hx,cV|2 and
g(ry ¢v) respectively. The received power of the secondary con-
trol at x € @y is given by Pr s = Ph,s|hx,c‘,|2g(rxﬂcv), and the
probability of x misdetecting the control signal (g ;) is then
given by

ds,i = Pr[PR,s < Pth]
_ Py
1—e Pb,sg(rx,(‘v)

—E 1)

Fx,cv
In order to evaluate this, the distribution of r ., is needed.
From the cosine rule, ry., can be written as 7y

\/ 12 o412, = 2rc 1y ey cOs O, where 6 is a uniform between

0 and 2w, with fy(x) = 2;, 0 < x < 2m. Furthermore, for
mathematical convenience, we will take g(ry cy) = ri ¢, Thus,
gs.i becomes

Py
o

cell cell 2T o
Gs.i _1_/ / / Py s(r? oy 12, =25 ly, v c08 6) 2

2hsTx T
NS T dOdr, dry. (22)
Rcell<1 —¢€ ﬂ)LARCEH)

Let P; 4 be the overall misdetection probability of x € ®.
Similar to the previous analysis, it iS necessary to con-
sider probability of no cooperating node (p1). Thus, an 4 18
composed of three events: (1) x misdetects beacon and no
cooperating node exists, (2) x and x,, both misdetect beacon,
and (3) x misdetects the beacon and x., detects it but x mis-
detects the control signal from x.,. Considering these three
events, we can write

and = Pja(x) (e_”)“‘Rzelz + (1 ok R(e”>
X (Pmd(xcv) + (1 — Pmd(xcv))qs,i)). (23)

2) Random CU to PU-Transmitter Scheme: Let the ran-
domly selected CU be x;, its distance from v be r, ,,, and its
distance from x be ry . We assume that R, < min(Rcei, Re).
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If no such CU exists within a distance of R, of v, no
cooperation occurs. The probability of it is pp = e *sRE

The probability that x,, misdetects the beacon from v is
obtained next. We denote this probability as P,,q(x,), and the
small scale channel gain and path loss gain between v and
Xpy respectively as |hv’,\,|2 and g(ry ). The received beacon
power at x,, (Pr ) is given by P = Pb,p|hv,,vl2g(rv,rv). We
can now write P,,z(x;,) as

P (xry) = Pr[Pb,p|hv,rv|28(rvw) < Pth]
Py

e Prr 2 (R Lo
:1_———/ e Prrl™ 1t
R RZJi
_Pu
_y oy 2 (PR (24)
- R o =i\p, )

We will now derive the probability that x misdetects the
secondary control signal from x,, (denoted by ¢s;), when-
ever a secondary control signal is transmitted. The small
scale channel gain and path loss gain between x and x,, are
respectively denoted as IhMV|2 and g(ry ). Similar to the
previous scheme, we will use g(ry ) = ry ¢ for mathemat-
ical convenience. Using the cosine rule, ry, is written as

Py = \/r%,rv + 12, = 2ry 1y, cos 0. Thus, gy, is written as

Gs.i = Pr| Poslhon 21, < Pu]

o

R R 2 - =

cell ¢ T =

=1 _/ / / e Pb,s(VE’W+r§’t,72rx<vrvwcos@) 2
0 0 0

rx,vrv,rvdedrv,rvdrx,v- (25)

TR R2

ceell

The final misdetection probability of x (denoted as P> ) 18
comprised of 3 terms as the previous scheme (Nearest CU to
PU-transmitter scheme). Thus, P; 4 is obtained as

Py = Pua(®) (e‘“fR? + (1 — e‘“ng)
X (Pma(xn) + (1 — Pmd(xrv))qs’i)) 26)

This scheme can be generalized where a cooperates with up
to M CUs within a distance of R. from the PU-transmitter.

V. Py ANALYSIS

For completeness, we will conduct an analysis of the false
alarm probability Py. First, we will analyze Py for the different
local detection schemes for PU-receiver and PU-transmitter
beacons.

A. Py for Local Detection Schemes

1) Aggregating Beacon Power: A false alarm occurs when
the CU detects the presence of a beacon when none are
present. In this scenario, the received power is purely com-
posed of noise. Thus

Pr=w, 27)

where w = N\((0, 62), and o2 is the noise variance (it should
be noted that because a narrowband channel is used for bea-
cons and control signals, o2 is very small). Let Pr(x) be
the probability of falsely detecting PU beacons by the CU
x € @, in its local detection phase. Py can be written as
Pr =Pr[Pg > Py]. As such

P,
Pr(x) = Q(;”“)

and Q(-) is the Q function.

2) Separately Sensing Primary Beacons: When separately
detecting primary beacons, a false alarm can occur even if a
single stream from a PU is detected in error. Thus, we have

N
Pr(x) = E[1 — (Pr[Pr < PuD"] = E[l - (1 - Q(?’)) }

(29)

(28)

After averaging with respect to N,

RZA,;Q(P”').

Py =1- (30)

3) Closest PU-Receiver Selection: Pr(x) for this scenario
is identical to (28), and Py (x) = Q(%).

4) PU-Transmitter Beacons: As each CU (x € ®;) listens
to the beacon of the primary transmitter of its own cell, Pr(x)
is simply written similar to (28) as Pr(x) = Q(%).

B. Py After Co-Operation

Using the local false alarm probabilities derived above, we
now derive the final false alarm probability after co-operation
for the different schemes.

1) PU-Receiver Beacons (Nearest Scheme): For this
scheme, false alarm occurs even if one of the following
cases occur: 1) x falsely detect beacons, 2) x properly detects
beacons, the nearest neighbour x* properly detects, but x
improperly detects the control channel, and 3) x properly
detects beacons, the nearest neighbour x* falsely detects, and
x detects the control channel. After combining these events,
we can write P} as

P} = Pr(x) + (1 = Pr(0) ((1 — Pr)) Pr(x) + Pr(x)(1

— 4s.i))-

€1y

It should be noted that the probability of falsely detecting the
control channel also follows (28), and that g, ; follows (11).

2) PU-Receiver Beacons (Multiple Random Scheme): In
this scheme, even a single false alarm from one of the co-
operating nodes triggers a false alarm after combination. Let
p be the probability that there is no false alarm from a co-
operating node x,. p can be written as p = (1 — Pr(x))(1 —
Pr(x)) + Pr(x)(gs,:). The final false alarm probability can thus
be written as P]% =1—-(1- Pf(x))pk, for a given k(< M).
Averaging with respect to k (1) results in

I'(M, 7 AsR2p)

P% =1- (1 - Pf(x)) (e_”)‘ng(l—P) Fon
T(M,7aRY)\ 4
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3) PU-Receiver Beacons (Best Received Power Scheme):
The final false alarm probability Py for this scheme fol-
lows (31) with g,,; following (17).

4) PU-Transmitter Beacons (Nearest CU to PU-Transmitter
Scheme): The final Py for this scheme follows (31) with g ;
following (22).

5) PU-Transmitter Beacons (Random CU to PU-
Transmitter Scheme): The final Py for this scheme also
follows (31) with g ; following (25).

VI. PRIMARY SYSTEM PERFORMANCE

The misdetection of beacons by a set of CUs will cause
interference, which will degrade the received SINR, y, ,, at
PU-receiver y € ®,. Thus, let I be the aggregate interference
from the CUs, Pgr, be the received primary signal power
aty € ®,, and crnz be the noise power spectral density at
the PU-receiver. We assume that different PU-transmitters use
orthogonal codes, and do not pose significant interference to
PU-receivers within other cells. Pg ), is written as Pr, =
Pp|hv’y|2g(rv,y), where P), |hy,y| and 1,y are respectively the
PU transmit power, channel power gain and distance between
the PU-transmitter v and y. We can thus write the SINR as
Yy = ﬁ—(’;”z. An outage occurs whenever y, < yy, where yy
is a threshold. Note that we are more interested in the SINR
falling below a threshold for the primary signals as opposed
to the received signal falling below a threshold used for bea-
con detection. The primary signals would be transmitting data
whereas the beacon signals only indicate the channel occupa-
tion for which the received signal level was sufficient. Thus,
the outage probability of y, may be written as

POut,y = PI'[]/y < Vth]-
We can write

Pplhv,y|2g(rv,y)

P x) = Pr
Out,y/l,rv,y( ) |: I+O’nz

< )’th:|

I 2

£ Pr|:|hv,y|2 < M:I
Ppg(rvo’)

(_ yu(I+02) )
—1—¢ Ppg(rvy)

Pouty/1r,, (x) can be further averaged with respect to I as

YihO, 3

-5 _ Vih
Poujjr,,(x) =1 — e< Pr g(r”))Ez |:e [(”pﬂ”w)) :|

<7 Vth‘fy% )
=1—c\ 5w M,( ) (33)

Equation (33) provides the outage probability of node y given
ry,y 1s known. However, if averaging over all PU-receivers is
needed, we need the PDF of r, ,, which is the distance from
a fixed point to a random point from @, which can be shown

Vih
Ppg (r v,y)
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to be Lin(Rce;). Thus, the average outage can be expressed as

(_ Vthanz )
Py
e

Vih

Poury(x) =1 — TMI<P—I>
cell p
2
YthOy,

Reeil t <_P 70()

_/ 2\ M1< ytha)dt. (34)
1 Rcell Ppt

To evaluate this, the MGF of the aggregate interference at y
(Mj(s)) needs to be obtained. However, the exact expressions
for interference is a function of each individual cooperating
scheme, and thus complex. But, for completion, we suggest the
following approximate approach. M;(s) is written as M;(s) =
Ele™*1]. Let v,y = |lx —y|| for any interfering CU x € &y,
which is distributed as Lin(R,). Note that similar to Section III,
we do not consider the interference from x whenever ry, >
R.. When P,,4(x) is the final misdetection probability of x €
®; with CBS, the Coloring theorem [24] suggests that the
intensity of the interfering CUs is Ppq(x)As. Mj(s) is thus
obtained as

M(s) = enREP,m,(x)A_v (M (s)—1) 7 (35)

where M (s) is the MGF of the interference from x. It is given
by M (s) = E[e_SPé"’lW'zg(’x’)')], where Py is the CU transmit
power, and |A,. y|2 and g(ry,y) are respectively the small scale
channel gain and the path loss gain between y and x. My (s)
is derived as

2—al __ 1

1 (0.¢] o Re
(Z(—sps)k +y 2(—sPs)lﬁ). (36)

M. (s) = —
R k=0 =0

e

VII. NUMERICAL RESULTS

We will provide numerical results on the total misdetection
and false alarm probabilities for the different cooperation and
local primary beacon detection schemes. We used MATLAB
for the simulation, with 10* topologies, and 10* transmissions
for each topology; thus 108 simulations for each plot point.
Note that because simulation results match with the theoretical
results, we have not used separate marker styles.

A. Beacons Emitted by PU-Receiver Nodes

We will first investigate the case of PU-receiver bea-
cons. The parameters are R, = 1500, R, = 500, o 3,
Py ¢ = —40dBm, and P, = —50dBm. P}, has been set 10dB
lower than Pj, ¢ because it makes sense that the energy of a
PU-receiver node should not be used excessively for beacon
signaling. Moreover, Py, is chosen as —110dBm, which is
the minimum signal reception thresholds for several mobile
standards [54].

Fig. 3 plots the total misdetection probability P,y
(egs. (14), (18), and (12)) and the false alarm probability P,
with respect to the CU detection threshold (Py,). While the
performance improvement due to CBS is slight for higher
Py, it is significant when Py, is small. For example, when
P, = —120dBm and using multiple random cooperation with
10 nodes, P,,q decreases by a 10* fold. This decrease is even
higher for best received power cooperation when separately
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Fig. 3. Py, and Py for PU-receiver beacons as a function of Py, for different
cooperation schemes. hp = 0.0001, o2 = 10*10, As = 0.0001, and M = 10.

o17 detecting all PU-receiver beacons. Furthermore, the latter
18 performs better than sensing the beacon from the closest PU-
919 receiver. However, as mentioned before, this comes at the cost
20 of additional complexity and resources. It is also interesting
21 to note that while the nearest scheme performs better than
22 the multiple random scheme when Py is higher, the con-
023 verse is true for lower Py,. Moreover, while the best received
924 power cooperation scheme always has better performance
o5 than the nearest scheme, the difference is only slight when
o6 detecting the closest PU-receiver’s beacon. Contrary to the
27 misdetection probability, the false alarm probability is very
o2 high for low Py, values and drops sharply as Py, increases.
o9 As expected, co-operation slightly increases the false alarm
ss0 probability. The multiple random scheme with PU-receiver
st beacons has the worst performance because this scheme takes
ez input from multiple CUs; even a single false alarm from
oz one CU makes the final decision a false alarm. Moreover,
s« the nearest and best received power co-operation schemes
o35 show almost identical performance with respect to the false
36 alarm probability. It should also be noted that as unlicensed
a7 users, CUs should err in the side of false alarm rather than
s3s misdetection.

The behaviour of P,,; for the multiple random scheme

a0 (eq. (14)) is investigated in Fig. 4 under different values of
er M and primary node density A,. For both separate and closest

922 methods of primary beacon detection, the misdetection prob-

w3 ability approaches 1 when A, is low. Increasing the number

ssa Of cooperating nodes M does not help significantly. However,

ws wWhen A, increases to 1073, increasing M has some effect.

se Furthermore, the performance gap between these two methods

47 becomes apparent. Moreover, all curves flatten out indicating

s that the effect of Ay becomes negligible beyond —40 dB.

939
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Fig. 4. P, for PU-receiver beacons as a function of CU receiver density
As for multiple random cooperation. Py, = —110dBm.
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Fig. 5. Pyq and Py as a function of Py, for PU-transmitter beacons. Ay =

0.0001, Reeyy = 1000, Re = 500, o> = 10710 and P}, ,, = —20dBm.

B. Beacons Emitted by PU-Transmitter Nodes

We now focus on nearest CU-to-PU and random CU-to-
PU schemes (eqs. (23) and (26)). Parameter values of o = 3
and Pp;, = —20dBm are used. The latter reflects the fact
that the PU-transmitters can manage high power levels. Fig. 5
shows how P,,; and Py of the two CBS schemes varies with
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Fig. 6. P,y for PU-transmitter beacons as a function of R..;. R. = 100,

Ppp = —20dBm, Py g = —30dBm, and Py, = —110dBm.

the detection threshold Py,. The effect of cooperation is more
pronounced for low Py, values in terms of misdetection. The
impact of the control channel is also seen. For example, a
10dB increase in the control power Pj g results in order
of magnitude reduction of misdetection. For both P, val-
ues, the nearest CU to PU-transmitter scheme has a slightly
lower misdetection probability compared with the random
CU to PU-transmitter scheme. In terms of false alarm, co-
operation slightly increases Py, and both co-operation schemes
show very similar performance. When Py, increases beyond
—100 dBm, there is a sudden drop in the false alarm probabil-
ity. Furthermore, as expected, when the control channel power
increases, the false alarm probability is slightly higher as erro-
neous information is more readily received from co-operating
devices.

In Fig. 6, we study the impact of the cell size; P,g
(egs. (23) and (26)) versus cell radius R,y is plotted. The most
important insight from this graph is that the effect of coopera-
tion decreases as cell radius increases when other parameters
are kept constant, and that both CBS schemes converge in
performance. This is due to a high R outweighing the
effect from other parameters, and the overall performance gain
diminishing. With a high R. and a low cooperation radius
R, the distance from the given CU to its cooperating node
is high irrespective of the cooperation scheme causing sim-
ilar secondary control channel misdetection probabilities. As
expected, increasing the CU node spatial density A decreases
P,.q. This is especially important for the nearest CU to PU-
transmitter scheme. For the random CU to PU-transmitter
scheme, increasing A ensures that there is a CU available for
cooperation within R.. The effect of increasing Ay are mainly
seen for lower cell radius values. Furthermore, the nearest CU
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Fig. 7. P4 for PU-transmitter beacons as a function of R, for random

cooperation. Ree;p = 1000, Pp ;, = —20dBm, and Py, = —110dBm.

to PU-transmitter scheme shows a slightly better performance
than the random CU to PU-transmitter scheme for both Ag
values. However, the performance increase is higher when
Ay = 1073,

The effect of the cooperation radius R, on the misdetection
for the random CU to PU-transmitter scheme (26) is investi-
gated in Fig. 7 for various levels of control signal power, P s.
A best-case cooperation radius can be observed, which ensures
the lowest misdetection probability. When the cooperation
radius approaches 0, random cooperation approaches con-
verge no cooperation as expected. However, as R, increases,
the misdetection probability drops steeply to the best-case
value. Furthermore, it is observed that the steepness of this
reduction increases with the control signal power. Subsequent
increases in R, up to R .; only result in a gradual increase in
misdetection.

VIII. CONCLUSION

This paper investigated the overall misdetection and false
alarm probabilities of an interweave CU using several coop-
erative beacon sensing strategies. We captured the spatial
randomness of PU and CU nodes via independent PPPs. The
propagation effects included path loss and Rayleigh fading.
Moreover, beacons emitted by both PU-receivers and PU-
transmitters were considered. For the former, when sensing
beacons emitted by the closest PU-receiver, multiple ran-
dom CBS performs better when the reception threshold Py,
is lower; e.g., misdetection decreases by 10* fold for thresh-
olds as low as —120dBm. However, the best received power
scheme works slightly better for higher Py. Moreover, the
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spatial density of PU-receiver nodes varies inversely with
detection performance. Furthermore, the best received power
scheme outperforms the nearest and multiple random cooper-
ation schemes significantly when CUs sense primary beacons
separately. When PU-transmitters send the beacons, a 10dB
increase in Pp ¢ decreases the misdetection probability by 10
fold for both cooperation schemes. Furthermore, the effect
of cooperation decreases for higher cell radii, and there
exists a best case cooperation distance R, which provides the
lowest misdetection probability for random cooperation. For
PU-transmitter beacons, nearest cooperation provides slightly
better results than random cooperation. In addition, it was seen
that co-operation slightly increases the false alarm probability.
Future research ideas extending this work include considering
spatial and temporal correlation, considering other detection
rules at the CU, and investigating the energy efficiency of
cooperation schemes for CR networks.

APPENDIX
PROOF OF EQUATION (15)

The density function associated with a PPP in R? can be
transformed to polar coordinates using the Mapping theo-
rem [24] (This is used to convert the 2-D PPP to a 1-D PPP).
Thus, the density of the 1-D PPP of CUs with respect to x
(Ar,1(r)) can be obtained as

2
Ara(r) = / As rp1d6 =2 Agrry, 0 <) <oo. (37)
0

The received power at a CU x from a cooperating CU at dis-
tance r is given by Pr—%|h|?, where P is the transmit power
and |h|? is the channel gain between a cooperating CU and x.
Our first objective is to use the Mapping theorem to obtain a
new equivalent PPP which generates a received power identi-
cal to what is generated by the above PPP with intensity A, i,
but with a path loss exponent of 1. The intensity function of
the new PPP A, 2(r) is derived as [53]

2

2 hgr
Ara(r) = T 0 <rrp < o0. (38)
In the next step, we use the Marking theorem [24] and the
Mapping theorem to obtain a new PPP which generates the
identical received power, but with a path loss exponent of 1
and no fading. The intensity function of the new PPP A 5, (r)

can be derived as [53]
har) = Eyp 102 (realhi?) |, 0 < s <00 (39)

When the fading is modelled as Rayleigh, (39) can be
simplified as

2 2
2r . 51 2\ a
Asn(r) = 7)“’},/1 Ey,p2 (|hi| ) ,0<r<oo
T 2 2
= —Agd Tl =+1),0<rg, <00, (40)
o ’ o

which is equation (15). It should be noted that the limits of r
do not change because the CUs are distributed in a 2-D field.
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