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Abstract: This paper investigates the impact of using directional antennas and beamforming
schemes on the connectivity of cognitive radio ad hoc networks (CRAHNs). Specifically, considering
that secondary users use two kinds of directional antennas, i.e., uniform linear array (ULA) and
uniform circular array (UCA) antennas, and two different beamforming schemes, i.e., randomized
beamforming and center-directed to communicate with each other, we study the connectivity of all
combination pairs of directional antennas and beamforming schemes and compare their performances
to those of omnidirectional antennas. The results obtained in this paper show that, compared
with omnidirectional transmission, beamforming transmission only benefits the connectivity when
the density of secondary user is moderate. Moreover, the combination of UCA and randomized
beamforming scheme gives the highest path connectivity in all evaluating scenarios. Finally,
the number of antenna elements and degree of path loss greatly affect path connectivity in CRAHNs.

Keywords: cognitive radio ad hoc networks; directional antenna; uniform linear array antenna;
uniform circular array antenna; beamforming scheme; path connectivity

1. Introduction

Recent technological advances have results in the development of wireless ad hoc networks.
These networks are composed of devices that are self-organizing and can be deployed without
infrastructure support. Due to the proliferation of wireless devices, the industrial, scientific,
and medical (ISM) bands are getting congested. Therefore, the efficiency of spectrum usage has
become a major concern. To maximize the benefit of usable radio spectrum, spectrum management is
needed. However, recent studies highlight that a large percentage of licensed band remains unused
because those spectrum bands are allocated through static assignment policies but only used in
bounded regions or over a limited period of time. To deal with such bandwidth scarcity and inefficient
bandwidth usage, the concept of cognitive radio (CR) has been recognized in [1] as an effective method.
Specifically, in a CR network, a secondary network is overlaid with a primary network, secondary
users (SUs) detect and utilize temporarily unused frequency bands of primary users (PUs) without
causing interference to primary users.

Connectivity is a fundamental property of ad hoc networks (AHNs). The connectivity of CRAHNs
is different and more challenging compared with conventional AHNs because secondary users have

Sensors 2017, 17, 690; doi:10.3390/s17040690 www.mdpi.com/journal/sensors

http://www.mdpi.com/journal/sensors
http://www.mdpi.com
http://www.mdpi.com/journal/sensors


Sensors 2017, 17, 690 2 of 14

to opportunistically utilize the licensed spectrum band of primary users. There have been extensive
studies on the connectivity of conventional AHNs [2–6]. Particularly, for nodes with omnidirectional
antennas and disk transmission range r0, the authors in [2] present a framework for calculation
of stochastic connectivity of wireless multi-hop AHNs. Then, the impact of critical transmission
range, i.e., the minimum common value of the nodes’ transmitting range that produces a connected
communication graph, on connectivity of AHNs in the presence of node mobility, is studied in [3].
For a more accurate modeling of the wireless channel, the connectivity of AHNs under the effects of
log-normal shadowing, Rayleigh fading, and Nakagami-m fading is analyzed in [4–6], respectively. It is
shown that fading environment helps to increase the connectivity of AHNs. Topological connectivity of
AHNs, where wireless nodes deploy directional antennas, is examined in [7–11]. The authors conclude
that the application of the beamforming antenna leads to significant improvement in the multi-hop
connectivity of AHNs.

Recently, researchers have been attracted to investigating the connectivity of CRAHNs. In [12],
the authors introduce a metric called algebraic connectivity. Firstly, a connection graph of CRAHNs
is built. Then, the second smallest eigenvalue of the Laplacian of this graph is used to evaluate the
influence degree of PUs on the communication probability among SUs. Local connectivity, i.e., node
degree and isolation probability of SU with Gaussian noise and path loss model are investigated in [13]
by employing stochastic geometry and probability theory. Using percolation theory, the authors in [14]
give the lower and upper limits of the percolation area within which the secondary network percolates
while the outage probability of PU is kept below a tolerable threshold. The analysis of connectivity
of CRAHNs in non-shadowing and log-normal shadow fading environment is presented in [15,16],
respectively. In these works, it is assumed that all PUs and SUs are equipped with ominidirectional
antennas. Although the effect of beamforming on the connectivity of AHNs was studied in the
literature [7–11] and the applications of using directional antennas in AHNs and CRAHNs are
presented in [17–19], to the best of our knowledge, no works on evaluating the connectivity of
CRAHNs with beamforming have been carried out.

Figure 1 shows how the directional antenna affects the network connectivity and make
comparisons with the scenario in which omnidirectional antenna is used in the cognitive environment.
Specifically, the difference in the possibility of a wireless link establishment between two SUs
when they are equipped with omnidirectional antennas and directional antennas are illustrated in
Figure 1a,b, respectively. As we can see in Figure 1a, SU1 is not allowed to transmit packets to SU2

because SU1 interferes with PU. Moreover, due to using omnidirectional antenna in both SUs, the
transmission and reception antenna gains in the SU1–SU2 direction are not high enough to create a
wireless connection between these two SUs. However, in Figure 1b, where both SU1 and SU2 use
directional antennas, SU1 can operate normally thanks to the antenna gain of SU1 in the SU1–PU
direction is very small. In addition, SU1 can communicate with SU2 because the main beam of SU1

antenna stares at SU2, making the signal attenuation of wireless link SU1–SU2 lower than a threshold.

(b)(a)

SU2

SU1

SU2

PU PU

SU1

Figure 1. Difference in the network connectivity of CRAHNs with (a) omidirectional antenna and
(b) directional antenna.

This observation motivates us to evaluate whether beamforming always benefits the connectivity
of CRAHNs like the case of AHNs. If not, then when, how, and why the usage of directional antennas



Sensors 2017, 17, 690 3 of 14

and beamforming schemes increases or decreases the connectivity of CRAHNs by comparing it to the
CRAHNs with ominidirectional antennas.

The main contributions of this paper are:

1. We examine the combined influence of different antenna types and beamforming schemes on the
path connectivity of CRAHNs. Particularly, we consider how SUs equipped with two popular
directional antennas, i.e., uniform linear array (UCA) and uniform circular array (UCA) antennas,
communicate with each other by using two simple and efficient beamforming schemes, i.e.,
randomized beamforming and center directed beamforming. Especially, we show that, in contrast
to AHNs, using beamforming in CRAHNs does not always improve network connectivity. To be
more specific, in all evaluating scenarios, only the UCA antenna gives higher path connectivity
than omnidirectional antennas.

2. We show that the influence of beamforming on path connectivity greatly depends on the degree
of channel path loss. Specifically, when path loss exponent α = 3, path connectivity remains stable,
but the maximum values are lower than that when α = 2.

3. We find that the number of antenna elements of directional antennas significantly affects path
connectivity. For each type of directional antenna, the number of antenna elements, at which the
highest path connectivity is obtained, is different.

The results in this paper provide insights into how beamforming changes the connectivity
characteristics of CRAHNs under path loss and Rayleigh fading and helps network designers to
select the appropriate directional antenna and beamforming scheme in order to maximize network
performance of CRAHNs.

The rest of this paper is organized as follows. Section 2 introduces the system model including
antenna model, network model, and wireless link used in this paper. Section 3 presents the
characteristics of two different beamforming schemes and our motivations behind the investigation of
the influence of beamforming on the communication probability among SUs in CRAHNs. The results
and discussions are presented in Section 4. Finally, the paper is concluded in Section 5.

2. System Model

2.1. Antenna Model

In this paper, we consider two directional antennas, i.e. Uniform Linear Array (ULA) and Uniform
Circular Array (UCA) antennas. The ULA comprises of antenna elements separated a distance of ∆
along the line, whereas in UCA, the antenna elements are arranged on a circle with radius of r.

Since each single element is ominidirectional antenna, Es(θ, φ) = E0, where Es(.) refers to the
far-zone electric field of each antenna element, θ is the polar angle and φ is the azimuth angle in polar
coordinates, respectively.

For an array antenna, its far-zone electric field is calculated by multiplying the electric field of
single element by the array factor of that array, that is,

E(array) = [ES(θ, φ)]× [AF(θ, φ)]. (1)

Then, the gain of an array antenna can be expressed as a function of its array factor, namely

G(θ, φ) =
|AF(θ, φ)|2

1
4π

∫ 2π
0

∫ π
0 |AF(θ, φ)|2 sin θdθdφ

, (2)

where AF(θ, φ) is the array factor of array antenna.
The array factor of ULA antenna is given by [20,21]

AF(θ, φ) =
M

∑
m=1

ej(m−1)ψ, (3)
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where M represents the number of antenna elements, ψ = k∆ cos φ + β, k = 2π/λ is the wave number,
and ∆ and β are the distance and phase excitation difference between antenna elements.

Since the physical center of the ULA antenna is often chosen as the reference point when
calculating its array factor; thus, Equation (3) becomes

AF(θ, φ) =
sin(M

2 ψ)

sin( 1
2 ψ)

. (4)

By plugging Equation (4) into Equation (2), we can obtain the antenna gain of ULA for different
values of antenna elements M and azimuthal angle φ.

The array factor of UCA is expressed as [20,21]

AF(θ, φ) =
M

∑
m=1

Imej[kr sin θ cos(φ−φm)+αm ], (5)

where r is the radius of the circle formed by the antenna elements, φm = 2πm/M, Im, and αm refers to
the angular position, amplitude excitation, and phase excitation of m-th element, respectively.

To have the peak of main beam stare at (θ0, φ0) direction, the phase excitation of the m-th element
is selected such that

αm = −kr sin θ0 cos(φ0 − φm). (6)

Consequently, the array factor of UCA antenna can be rewritten as

AF(θ, φ) =
M

∑
m=1

I0ekr[j sin θ cos(φ−φm)−sin θ0 cos(φ0−φm)]. (7)

Similarly, by substituting Equation (7) into Equation (2), the gain of the UCA antenna can be
calculated for different values of antenna elements M and azimuthal angle φ.

In this paper, since the connectivity of two dimensional CRAHNs is studied, we only consider the
azimuthal plane by setting θ = θ0 = π/2.

The gain patterns of ULA and UCA antennas are plotted in Figures 2 and 3, respectively, as the
numbers of antenna elements and main beam directions are varied. As we can see in Figure 2, the gain
pattern of ULA has two main beams and the peak values of main beams are independent of their
directions, i.e., they are always equal to the number of antenna elements M. Moreover, the beam width
reduces as the number of antennas gets higher. In contrast, the gain pattern of the UCA has only a
single main beam, whose width is almost independent of its direction and the peak is not equal to M.
These features will result in the differences in connection probability among SUs in CRAHNs when
these two directional antennas are employed. We will discuss these differences in detail in Section 4.
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Figure 2. Gain patterns of ULA as the numbers of antenna elements and main beam directions
are varied.
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Figure 3. Gain patterns of UCA as the numbers of antenna elements and main beam directions
are varied.
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2.2. Network Model

In this paper, we assume that PUs use omnidirectional antennas while SUs are equipped with
one of two kinds of directional antennas, i.e., uniform linear array (ULA) and uniform circular array
antennas as in Figure 4. These directional antennas were widely used in evaluating the connectivity of
conventional ad hoc networks with beamforming [7,8]. All PUs and SUs share one licensed spectrum
band and are randomly located in the network area of a× a according to the Poisson point process.
The operation of PUs on a licensed spectrum band is associated with ON and OFF states where the
number of times, x, that PU occupies a licensed spectrum in a time unit is determined by Poisson
distribution with active rate λP i.e.,

PX(x) =
λx

P
x!

e−λP . (8)

The communications between a specific SU and other SUs occur when all of its neighboring PUs
are in the OFF state, i.e., the overlay transmission mode [15,16].

e(SU1,PU2)

a

SU3

SU1

SU2

PU2

PU1

a
e(SU2,PU1)

e(SU2,PU2)

e(SU1,SU2)e(SU1,PU1)DN

Primary User (PU)

Secondary User (SU)
SN

DN

Source Node

Destination Node

SN

Figure 4. The network model of CRAHNs where SUs employ directional antennas and PUs use
omnidirectional antennas.

2.3. Wireless Link Model

The wireless link between two nodes are described as follows. One node transmits signal with
power Pt that is received by the other node with power Pr. We assume that large scale path loss
and small scale Rayleigh fading contribute to the fluctuation in signal power. Specifically, path loss
decreases the signal power by a path loss exponent α of the environment (e.g., α ≈ 2 represents free
space, and α ≈ 2.7 to 5 represents urban area). Whereas, Rayleigh fading channel affects the probability
density function of received signal amplitude, which is expressed as [22]

fU(u) =
2u
Ω

exp
(
−u2

Ω

)
, (9)

where u is Rayleigh distributed random variable and E(u2) = Ω is the average value of received
signal power.

Hence, the received power Pr under the combined impacts of large scale path loss, small scale
Rayleigh fading, and antenna gains is given by [22,23]

Pr = u2 1
dα

GtGrPt. (10)

It should be noticed that when nodes are equipped with directional antennas, the antenna gains
of transmitter Gt and receiver Gr are random variables instead of Gt = Gr = 1 when omnidirectional
antennas are used.
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From Equation (10), the signal power attenuation is given by

γ(d) =
Pt

Pr
=

dα

u2GtGr
, (11)

and is expressed in the unit of dB as

γ(d)dB = 10log10

(
Pt

Pr

)
= α10log10 (d)− 10log10

(
u2GtGr

)
. (12)

Thus, when the signal power attenuation between two nodes separated at a distance d is less than
a specific threshold γth, i.e., γ(d) ≤ γth, they are connected via a wireless link.

3. The Impact of Beamforming on the Connectivity of Cognitive Radio Ad Hoc Networks

We study the influence of directional antenna and beamforming schemes on the path connectivity
between two random SUs in CRAHNs. Two aforementioned array antennas are used in two
beamforming schemes to evaluate in what conditions beamforming schemes benefit the connectivity
of CRAHNs.

Figure 5 illustrates the two beamforming schemes, i.e., randomized beamforming and center-
directed beamforming, used to examine the communication possibilities among SUs in CRAHNs.
The features of these schemes are briefly described as follows.

• Randomized beamforming: This beamforming scheme is considered as the simplest one, i.e.,
each node chooses the direction of its main beam from [0, 2π] based on uniform random
distribution, and completely independent of other nodes.

• Center-directed beamforming: According to this beamforming scheme, it is required that
all nodes know the center of network area. Then, they point their main beams toward the
network center.

Because of no additional signaling for the information of neighboring location and beam direction,
these beamforming schemes are efficient in CRAHNs where the routing and spectrum sensing process
already employ a lot of control messages. Investigating the effects of the randomized beamforming
scheme and the center-directed beamforming scheme on the connectivity of ad hoc networks is
presented in [7,8], respectively.

We are interested in the questions: does a directional antenna always benefit the connectivity of
CRAHNs? What kinds of antennas and beamforming schemes benefit the connectivity of CRAHNs?
Moreover, since the number of antenna elements remarkably changes the antenna gain pattern, we also
investigate the optimal number of antenna elements that provides the highest connectivity.

Primary User (PU)Secondary User (SU)

(a) (b)

Figure 5. Illustration of two beamforming schemes used to evaluate the connectivity of CRAHNs:
(a) randomized beamforming; (b) center-directed beamforming.

4. Experimental Results and Discussions

In this section, we conduct Monte Carlo simulation by running MATLAB (R2016a, MathWorks
Inc., Natick, MA, USA) codes on a computer to investigate the effect of beamforming on the path
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connectivity in CRAHNs. Similar to previous works [12–16], we model CRAHNs as random graphs.
Initially, a square area with size a× a is created. Next, NS secondary users and NP primary users
are randomly placed in this square area by using the Poisson point process. The active state of each
PU is determined by Poisson distribution with active rate λP. The communication links among
nodes are affected by large scale path loss, small scale Rayleigh fading, and antenna gains. For each
network topology, new random locations of PUs and SUs and random active states of PUs are used.
The simulation results are obtained by averaging the connectivity outcomes of 10,000 network topology
trials. Simulation time varies from 0.9 h to 8.7 h, depending on the settings of node density and antenna
type used in each evaluating scenario. To measure the level of connectivity, we consider the path
connectivity Ppath. It is defined as the probability that two randomly selected SUs in CRAHNs are
connected via a multi-hop path or direct link and is calculated as the statistical average percentage of
connected path as [24]

Ppath =
# connected paths

# network topology trials
. (13)

We will compare the connectivity performance Ppath of four combinations of directional antennas
and beamforming schemes (i.e., ULA-random, ULA-center, UCA-random, and UCA-center) under the
effect of node density, the configuration of directional antenna, the average active rate of primary user,
and path loss level. Path connectivity of CRAHNs with omnidirectional antenna (corresponds to the
number of antenna elements M = 1) is also investigated. We aim to intensively study how the path
connectivity is affected under various combinations of these network parameters. Similar evaluating
scenarios can be found in [8] for AHNs and in [16] for CRAHNs.

4.1. Effect of SU Density

Figure 6 shows path connectivity versus SU density with different combinations of antenna
types and beamforming schemes compared with omnidirectional antennas. We can see that, for a
low number of SUs, i.e., NS ≤ 50, the path connectivity is low, and there is no significant difference
between the two directional antenna types and omnidirectional antennas because the node density is
not high enough to ensure that an SU can always find at least one neighboring SU to communicate
with, regardless of antenna types and beamforming schemes. As the number of SUs gets higher, the
levels of path connectivity of all five scenarios significantly increase. UCA-random mostly outperforms
omnidirectional antennas. However, ULA-center, ULA-random, and UCA-center only give higher
path connectivity when NS ≤ 100, NS ≤ 170, and NS ≤ 200, respectively. The reasons can be explained
as follows. Compared with random beamforming scheme, the center beamforming scheme may not be
good for networks where nodes are uniformly distributed because the main beams of all nodes stare at
the network center, resulting in less connections among many nodes which are far from the network
center. Regarding to directional antennas, UCA is more suitable for cognitive environment because
its gain pattern consists of only one main beam whose peak gain is high and beamwidth is stable
while side beams are very small. Thus, SU with UCA can avoid interfering with PUs more efficiently.
In contrast, the gain pattern of ULA has two main beams where the angle between them is two times
that of the main beam angle. To prevent interference with PUs, there are more possibilities that SUs
with ULAs are not allowed to communicate with each other. When NS > 170, path connectivity
of an omnidirectional antenna is almost equal to that of UCA-random because the number of SUs
is high enough so that any SU has many neighboring SUs. Even if some of its neighbors are not
allowed to communicate because of active PUs, there are still a lot of other available SUs that enable
the establishment of communication links. Thus, the benefit of UCA-random on path connectivity is
insignificant in a dense network. Since ULA-center is constituted by two unfavorable components
for a cognitive environment as mentioned above, i.e., ULA antenna and center-directed beamforming
scheme, it gives much lower path connectivity compared with the others.
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Figure 6. Path connectivity corresponding to different kinds of antennas and beamforming schemes as
a function of the number of SUs; a = 500 m, M = 6, NP = 3, λP= 0.1, α = 3, γth = 50 dB.

4.2. Effect of PU Density

Figure 7 shows path connectivity versus node density of PU when different combinations of
antenna types and beamforming schemes are used. Network size, a, and number of SUs, NS, are fixed
at 500 m and 200, respectively, while the number of PUs, NP, in the network increases from 1 to 10.
When there are more PUs in the network area, from the viewpoint of spatial spectrum occupation,
the available network area for routing among SUs is reduced. Consequently, the degrees of path
connectivity of all five scenarios are reduced. However, the UCA-random still outperforms the others,
i.e., 0.73 compared to 0.65, 0.59, and 0.26 of UCA-center, ULA-random, and ULA-center, respectively,
when NP = 10.
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Figure 7. Path connectivity corresponding to different kinds of antennas and beamforming schemes as
a function of the number of PUs; a = 500 m, M = 6, NS = 200, λP= 0.5, α = 3, γth = 50 dB.
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4.3. Effect of the Average Active Rate of PU

The effect of the average active rate of PU, λP, on path connectivity is depicted in Figure 8.
The average active of PU range varies from 0 to 1 to reflect low and high occupation of licensed channel.
We should mention that when λP= 0, i.e., there is no influence of the primary network on the secondary
network, CRAHNs can be considered as standalone AHNs. As shown in Figure 8, similar to the impact
of PU density, increase in the average active rate of PU also reduces the available network area for
routing among SUs, and, thus, results in the decrease in successful path establishment probability.
Particularly, in this evaluating scenario, when λP rises from 0 to 1, path connectivity corresponding to
UCA-random, UCA-center, ULA-random, ULA-center, and Omni reduces from 0.91, 0.83, 0.75, 0.35,
and 0.81 to 0.79, 0.72, 0.66, 0.29, and 0.68, respectively. From these obtained results, it can be seen that
ULA antenna gives lower path connectivity than omnidirectional antenna in the whole range of λP.
Especially, in the case of ULA-center, path connectivity is remarkably low. The UCA outperforms other
antennas. Again, the combination of UCA antenna and randomized beamforming scheme provides
the highest path connectivity. In addition, the gap in path connectivity correlating with UCA-random
is significant compared with other combinations of directional antenna and beamforming scheme.
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Figure 8. Path connectivity corresponding to different kinds of antennas and beamforming schemes as
a function of the average active rate of PU; a = 500 m, M = 6, NS = 200, NP = 3, α = 3, γth = 50 dB.

4.4. Effect of the Configuration of Directional Antenna

As observed in Figures 2 and 3, the number of antenna elements, M, of directional antennas
greatly affects their gain patterns, which definitely influences the overall network connectivity. Figure 9
shows the relation of path connectivity when M increases from 1 to 10. It should be noted that M = 1
corresponds to the omnidirectional antenna. As can be seen in Figure 9, path connectivity is greatly
varied as the number of antenna elements changes. When M ≤ 3, the levels of path connectivity
of UCA-random and UCA-center are lower than ULA-random because, when M is small, the gain
pattern of UCA has more high-gain side beams compared with ULA. ULA-center has the lowest path
connectivity because, with two symmetric main beams of ULA, using the centralized beamforming
scheme may remarkably create a high possibility of interfering with PUs. As M increases, the gain
pattern of UCA now consists of only one high-gain main beam and considerably small-gain side beams,
which is efficient in cognitive networks. Generally, UCA-random yields better path connectivity than
the others, and reaches the highest value of 0.94 when M = 5.
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Figure 9. Path connectivity corresponding to different kinds of antennas and beamforming schemes as
a function of the number of antenna elements; a = 500 m, NS = 200, NP = 3, λP= 0.1, α = 3, γth = 50 dB.

4.5. Effect of Path Loss

We now evaluate the combined effect of beamforming and the degree of path loss on path
connectivity in CRAHNs. From Figure 10, we can see that path loss exponent α remarkably impacts
the connectivity. When α = 3, the differences in path connectivities of ULA-center, UCA-random,
and omnidirectional antenna are noticeable. The reasons why when α = 3, UCA-random provides the
highest path connectivity while ULA-center gives the lowest are explained in the scenario evaluating
the effect of SU density. In contrast, when α = 2, the differences in path connectivity of ULA-center,
UCA-random, and omnidirectional antenna are insignificant. It should be noticed that the path
connectivity when α = 2 is approximately 0.79 even at a low number of SUs, i.e., NS = 50, compared
with that of 0.05 when α = 3. Since lower path loss exponent results in higher received power,
the wireless connectivity among SUs is considerably increased. However, at the same time, the
interference from SUs to PUs also increased. This will prohibit SUs from communicating with other
SUs. Due to these reciprocal effects, path connectivity when α = 2 in all beamforming scenarios remains
stable but lower than that when α = 3 even when more SUs are put in the networks. Regardless of path
loss exponent α, UCA-random still gives higher path connectivity compared with ULA-center and
omnidirectional antenna.
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Figure 10. Path connectivity corresponding to different kinds of antennas and beamforming schemes
as a function of the number of SUs with path loss exponent α = 2 and 3, a = 500, M = 6, NS = 200,
NP = 3, λP= 0.1, γth = 50 dB.

5. Conclusions

We have studied the effects of different combinations of directional antennas and beamforming
schemes on the path connectivity between two arbitrary SUs in CRAHNs. Particularly, two directional
antennas, i.e., ULA and UCA, and two beamforming schemes, i.e., randomized beamforming and
center-directed beamforming, are employed. The results on path connectivity of beamforming
scenarios are compared with those of omnidirectional antenna to evaluate in what conditions
beamforming increases or decreases path connectivity between two arbitrary SUs in CRAHNs.
We discover some important and interesting features which can be summarized as follows. First, using
beamforming transmission for SUs only shows noticeable benefits in terms of path connectivity of
a secondary network when SU density is moderate. Second, the combination of UCA antenna and
randomized beamforming provides the highest connectivity compared with others. Third, the number
of antenna elements and degree of path loss greatly influence the path connectivity. The results in
this paper give insights on how beamforming affects path connectivity in CRAHNs. An important
feature is that using any kind of directional antennas does not always provide higher path connectivity
compared with ominidirectional antennas. Thus, this paper can help network designers select proper
directional antenna configuration and beamforming schemes to achieve the highest path connectivity
in CRAHNs. Carrying out our real experiments to measure the path connectivity and comparing
the measured results with the simulation results obtained in this paper are considered part of our
future work.

Acknowledgments: This work was supported by the National Research Foundation of Korea (NRF) grant funded
by the Korea government (MSIP) (No. NRF-2015R1A2A2A03004152).

Author Contributions: The main contributions of Le The Dung and Tran Dinh Hieu were to create the main
ideas and execute performance evaluation by extensive simulation while Seong-Gon Choi, Byung-Seo Kim,
and Beongku An worked as the advisors to discuss, create, and advise the main ideas and performance
evaluations together.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2017, 17, 690 13 of 14

References

1. Akyildiz, I.F.; Lee, W.Y.; Chowdhury, K.R. CRAHNs: Cognitive radio ad hoc networks. Ad Hoc Netw. 2009, 7,
810–836.

2. Bettstetter, C. On the Connectivity of Ad Hoc Networks. Comput. J. 2004, 47, 432–447.
3. Santi, P. The Critical Transmitting Range for Connectivity in Mobile Ad Hoc Networks. IEEE Trans.

Mob. Comput. 2005, 4, 310–317.
4. Bettstetter, C.; Hartmann, C. Connectivity of Wireless Multihop Networks in a Shadow Fading Environment.

Wirel. Netw. 2005, 11, 571–579.
5. Zhou, X.; Durrani, S.; Jones, H.M. Connectivity of Ad Hoc Networks: Is Fading Good or Bad? In Proceedings

of the 2nd International Conference on Signal Processing and Communication Systems (ICSPCS 2008),
Gold Coast, Australia, 15–17 December 2008; pp. 1–5.

6. Xu, B.; Zhu, A. Analysis of Connectivity in Ad Hoc Network with Nakagami-m Fading. In Proceedings of
the 2014 International Conference on Information Science, Electronics and Electrical Engineering (ISEEE),
Sapporo, Japan, 26–28 April 2014; pp. 1609–1612.

7. Bettstetter, C.; Hartmann, C.; Moser, C. How Does Randomized Beamforming Improve the Connectivity of
Ad Hoc Networks? In Proceedings of the 2005 IEEE International Conference on Communications (ICC 2005),
Seoul, Korea, 16–20 May 2005; Volume 6, pp. 3380–3385.

8. Zhou, X.; Durrani, S.; Jones, H.M. Connectivity Analysis of Wireless Ad Hoc Networks with Beamforming.
IEEE Trans. Veh. Technol. 2009, 58, 5247–5257.

9. Astudillo, G.; Kadoch, M. Impact of Directional Antennas on Link Probability and Connectivity in Wireless
Ad-Hoc Networks. In Proceedings of the 2015 3rd International Conference on Future Internet of Things
and Cloud (FiCloud), Rome, Italy, 24–26 August 2015; pp. 218–224.

10. Georgiou, O.; Wang, S.; Bocus, M.Z.; Dettmann, C.P.; Coon, J.C. Directional Antennas Improves the
Link-Connectivity of Interference Limited Ad Hoc Networks. In Proceedings of the 2015 IEEE 26th Annual
International Symposium on Personal, Indoor, and Mobile Radio Communications (PIMRC), Hong Kong,
China, 30 August–1 September 2015; pp. 1311–1316.

11. Georgiou, O.; Nguyen, C. Multihop Connectivity of Ad Hoc Neteworks with Randomly Oriented Directional
Antennas. IEEE Wirel. Commun. Lett. 2015, 4, 369–372.

12. Abbagnale, A.; Cuomo, F. Leveraging the Algebraic Connectivity of a Cognitive Network for Routing Design.
IEEE Trans. Mob. Comput. 2012, 11, 1163–1178.

13. Zhai, D.; Sheng, M.; Wang, X.; Zhang, Y. Local Connectivity of Cognitive Radio Ad Hoc Networks.
In Proceedings of the 2014 IEEE Global Communications Conference (GLOBECOM’14), Austin, TX, USA,
8–12 December 2014; pp. 1078–1083.

14. Liu, D.; Liu, E.; Ren, Y.; Zhang, Z.; Wang, R.; Liu, F. Bounds on Secondary User Connectivity in Cognitive
Radio Networks. IEEE Commun. Lett. 2015, 19, 617–620.

15. Dung, L.T.; An, B. On the Analysis of Network Connectivity in Cognitive Radio Ad-Hoc Networks.
In Proceedings of the 2014 International Symposium on Computer, Consumer and Control (IS3C 2014),
Taichung, Taiwan, 10–12 June 2014; pp. 1087–1090.

16. Dung, L.T.; An, B. Connectivity Analysis of Cognitive Radio Ad-hoc Networks with Shadow Fading.
KSII Trans. Internet Inf. Syst. 2015, 9, 3335–3356.

17. Winters, J.H. Smart antenna techniques and their applications to wireless ad hoc networks. IEEE Wirel.
Commun. 2006, 13, 77–83.

18. Anamalamudi, S.; Jin, M.; Kim, J. Hybrid CCC based AODV Routing Protocol for Cognitive Radio Ad-hoc
Networks with Directional Antennas. In Proceedings of the 2015 Seventh International Conference on
Ubiquitous and Future Networks (ICUFN 2015), Sapporo, Japan, 7–10 July 2015; pp. 40–45.

19. Dai, Y.; Wu, J.; Zhao, Y. Boundary Helps: Reliable Route Selection With Directional Antennas in Cognitive
Radio Networks. IEEE Trans. Veh. Technol. 2015, 64, 4135–4143.

20. Kraus, J.D. Antennas, McGraw-Hill: New York, NY, USA, 1988.
21. Balanis, C.A. Antenna Theory: Analysis and Design, 3rd ed., Wiley-Interscience: Hoboken, NJ, USA, 2005.
22. Rappaport, T. Wireless Communications: Principles and Practice, 2nd ed., Prentice-Hall, Inc.: Upper Saddle River,

NJ, USA, 2002.



Sensors 2017, 17, 690 14 of 14

23. Govindan, K.; Zeng, K.; Mohapatra, P. Probability Density of the Received Power in Mobile Networks.
IEEE Trans. Wirel. Commun. 2011, 10, 3613–3619.

24. Dung, L.T.; An, B. A Simulation Approach for Analysis of Multi-hop Connectivity in Cognitive Radio
Ad-hoc Networks. In Proceedings of the 2015 International Conference on Information Networking (ICOIN),
Siem Reap, Cambodia, 12–14 January 2015; pp. 386–387.

c© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	System Model
	Antenna Model
	Network Model
	Wireless Link Model

	The Impact of Beamforming on the Connectivity of Cognitive Radio Ad Hoc Networks
	Experimental Results and Discussions
	Effect of SU Density
	Effect of PU Density
	Effect of the Average Active Rate of PU
	Effect of the Configuration of Directional Antenna
	Effect of Path Loss

	Conclusions

