Suwas et al. / IJAIR

Vol. 2 Issue 7

ISSN: 2278-7844

Secured Optimal Multiband Joint Detection
Framework for Cognitive Radio Networks

Suwas Karki, I Santhi Prabha?

}(M.Tech-C&C), Department of ECE, ?Professor, Department of ECE,
University College of Engineering, INTUK, Kakinada, India

'karkisuwas@gmail.com, ‘santiprabha@yahoo.com

Abstract — Spectrum sensing is an essential functionality
that enables radios to detect spectral holes and to
opportunistically use the under-utilized frequency bands
without causing harmful interference to legacy (primary)
networks. In this paper, the novel optimal multiband
spectrum sensing framework referred as multiband
sensing time adaptive joint detection is introduced which
improves the overall secondary user performance while
protecting the primary network, keeping the harmful
interference below a desired low level and protecting the
spectrum from the malicious attackers. Simulation results
show that the proposed multiband spectrum sensing
schemes can considerably improve system performance.
An efficient iterative algorithm which solves the
optimization problem with much lower complexity
compared to other numerical methods is presented. The
algorithm is evaluated via simulation and is shown to
obtain the optimal solution in less number of iteration.

Keywords - Cognitive radio, cooperative sensing,
hypothesis testing, multiband sensing-time-adaptive joint
detection, optimization, periodic sensing, spectrum
sensing, throughput maximization, multiband sensing.

I INTRODUCTION

fixed (static) spectrum allocation policies to operate in

certain time frames, over certain frequency bands, and
within certain geographical regions. This regulation results in
situations in which some radio bands are overcrowded while
other bands remain moderately or rarely occupied. Over time,
due to the ever-growing need for wireless communications
and lack of unlicensed frequency resources, this fixed
spectrum assignment policy has led to the spectrum scarcity
problem. In order to realize efficient spectrum utilization, the
static spectrum access must be replaced by dynamic spectrum
access (DSA) [1]. The key technology behind the dynamic
spectrum access is cognitive radio (CR), which has recently
been proposed to revolutionize the wireless communication
systems [2]. Since a cognitive radio network is designed to be
aware of its surroundings, monitoring the primary user
activities and sensing the spectrum is a critical task which

TRADITIONAL wireless networks are regulated by
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must be accomplished. Also because of the dynamic nature of
CR, the network is more vulnerable to be compromised. One
serious threat is the primary user emulation attack (PUEA), in
which the attacker sends out signal similar to that of primary
users during the spectrum sensing period such that the
secondary users will not use the spectrum even if there is no
primary user. In order to utilize the available spectrum
efficiently such type of issues must be avoided.

Effective spectrum sensing needs to identify suitable
transmission opportunities without compromising the integrity
of the primary network [3]. Generally, spectrum sensing
techniques can be classified into three broad categories:
energy detection [4], matched filtering (coherent) detection
[5], and cyclostationary feature detection [6]. Energy detection
has been shown to be optimal if the cognitive devices have no
a priori information about the features of the primary signals
except local noise statistics [7]. Since energy detection is
simple and able to determine spectrum-occupancy information
quickly, it is adopted as the building block for constructing the
proposed wideband spectrum sensing framework.

A. Related Work

All of the above mentioned spectrum sensing strategies
has been previously restricted to sensing narrowband
channels. So there are limited prior works, when it comes to
wide-band spectrum sensing. An early approach was to have a
tunable narrowband band pass filter to sense a number of
channels, one at a time [9]. In [10], [11], the authors have
suggested using a wavelet transformation for sensing different
frequency bands simultaneously. However, none of the
aforementioned strategies have considered sensing multiple

narrowband channels jointly, which is essential for
implementing a most effective secondary network.
Consequently, through a different approach, a novel

“multiband joint detection” (MJD) framework for wideband
sensing was proposed in [12] where the decisions are jointly
made over multiple frequency bands.

More specifically, in the MJD framework [12], a bank of
multiple narrowband detectors are optimized to improve the
aggregate opportunistic throughput of a cognitive radio
system while limiting the interference to the primary
communication system. It is important to sense the channel
periodically in order to vacate spectrum when a primary user
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reappears [13] - [17], however this feature is missing in the
MJD framework. In addition, due to the wireless channel
fluctuations and fading effects, it is essential to dynamically
balance the quality and speed of sensing through an adaptive
selection of the sensing time, which is assumed to be fixed in
MJD.

B. Proposed Work

The major contribution of this work is three folds. First,
for wideband spectrum sensing, an optimal framework is
presented, known as multiband sensing-time-adaptive joint
detection (MSJD). By adding periodic sensing to the system
used in [12] and considering the aforementioned design
concerns, the opportunistic throughput of secondary user can
be maximized while keeping the interference to primary user
to a reasonably low level.

Second, an efficient algorithm which computes the
optimal sensing parameters quickly within the MSJD
framework is proposed. Generally speaking, this paper
demonstrates a practical and useful platform for designing a
wideband spectrum sensing framework, as well as an efficient
algorithm for the framework whose implementation is
remarkably time and cost-effective.

Third, authorization of access is considered in the system
for the security purpose. Each node has to supply access code
before accessing the spectrum which is only known to the
authentic nodes and the system. Only nodes with the valid
access code are allowed to use the available spectrum

The remainder of the paper is organized as follows. In
section |1, the basic system models are presented. In section
I11, the wideband spectrum sensing framework is introduced.
The theoretical results are given in section IV leading to the
presentation of the proposed algorithm for solving the given
framework in section V. In Section VI, authentication system
is presented. Numerically evaluation of the framework and the
algorithm are presented in section VII and finally conclusions
are drawn in Section VIII.

. CHANNEL SENSING

In this section, the general model for channel sensing and the
periodic sensing model are presented.

A.  System Model

Consider a primary communication system (e.g.,
multicarrier modulation based) operating over a wideband
channel that is divided into N non overlapping narrowband
sub bands and assume that J no. of primary user share this
spectrum [12].

The detection problem on sub band N is modeled using
binary hypothesis testing in which selection between a
hypothesis Hyx (“0”), which represents the absence of primary
signals, and an alternative hypothesis H;yx (“1”), which
represents the presence of primary signals is done.
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B. Periodic Sensing

Once a secondary user detects an opportunity for transmission

it may tune its transmission parameters to access the channel.
Yet, it should continue sensing the spectrum every t seconds
in order to vacate the channel if the primary user reappears.
This is due to the fact that sensing a channel and transmitting
in the same channel cannot be done simultaneously. The
sensing period t determines the maximum time that the
secondary user disregards the primary user activity and may
impose harmful interference on the legacy network. Therefore,
the choice of t forces a delay on the primary transmission and
hence a degradation of the quality of service (QoS). On the
other hand, a larger value of t increases the secondary
system’s opportunity to access the underutilized spectrum.
The selection of t should depend on the type of the primary
service and should be set by the regulator.

Fig. 1 represents the frame structure considered for the
periodic spectrum sensing. Each frame consists of one sensing
slot T and one data transmission slot T — . For a given sensing
time t, the number of samples used for sensing of one sub
channel is M = tf; where f; is the sensing sampling frequency
in all sub channels.

Frame 1 | Frame 2 ‘ ---------- ‘ Frame J |

N

™~

T T-1
Fig. 1. Periodic spectrum sensing.

I1. MULTIBAND JOINT DETECTION

In this section, the multiband sensing-time-adaptive joint
detection framework is proposed, within which the detection
thresholds {e,}¥_, and the sensing time T will be found.

A. Problem Formulation

For the single primary user case, J=1. The objective of the
proposed joint spectrum sensing framework is to jointly
optimize the threshold vector € and the sensing time t so as to
maximize the available throughput of the secondary user
while keeping the weighted interference with primary users
below a desired level. Mathematically, the optimization
problem can be stated as

max. R(e,1) (P1)

€T

st (e <g, j=l........... N @))]
Pn(et) <ok k=l....... N 2
Pi(e, 1) <P k=1........ N (3)
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where R is available throughput[18], ox and Py are the
minimum requirements of each sub channel and & is
maximum tolerable aggregate interference on primary
network.
In order to make the analysis easier, the problem is

reformulate as

min. Ryiss(€,7) (P2)
&,T
where,

Rumiss(€,7) = r[P(e,0)(1- ©/T)+v/T] 4)
is the opportunistic data rate loss due to inherent sensing
impairment.

B. Convex Optimization

In general, it is difficult to find the global solution for problem
(P2) since both objective and constraint functions are non
convex, so a suboptimal solution is indicated for many cases.
However, it is observed that this problem can be considered in
the convex optimization category under some practical
conditions [18]. Consequently, following results can be
presented to take advantage of the convexity of (P2). From
[18] and [19], the constraints of problem (P2) are convex
given as
0 <o <Q (1N3) (5a)
0 <P<Q (113) (5b)
for k=1,2.....N. Although the constraints are shown to be
convex, the objective function is still non convex. To prove
the convexity of the objective function, we use the following
result [18]
©UT<0.5 (6)
Under the conditions in (5) and (6), both the objective and
constraint functions are convex, which implies that finding the
global maximum is possible. Hence, some efficient numerical
algorithms such as the interior-point methods [19] can be used
to find the optimal solution.

V. THEORETICAL ANALYSIS

In this section, some analytical results for solving the original
problem (P1) are presented. The results are further exploited
for presentation of the low-complexity algorithm.

A. Constant t

Here, the case where 7 is a predetermined value and unrelated
to the optimization process is considered. Thus, the original
problem (P1) can be simplified as

N

min. Riss (£) = ) 1 pf* (2) (P3)
k=1
s.t |j(8) < éj, J =1, J (7)
Ekmin < & < Emaxs K= 1,2....N (8)
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where,
- { 2'}’;[- + 1
Ermax = Ty [NIT'?A{I — ) i +1 (9)
VT

is the max detection threshold and

¢ G, 1]

VT
is the minimum tolerable threshold value. Note that the main
difference between (P2) and (P3) is that the nonlinear
constraints (2) and (3) are transformed to the linear constraint
(8). In [12], it has been shown that the problem (P3) is a
convex optimization problem. Therefore, it is possible to find
the global optimal solution using numerical methods such as
the interior-point methods. However, an iterative algorithm is
proposed which computes the optimal threshold vector in less
number of iterations.

Ek,rr.ii'! = O

(10)

B. Dual Problem

In order to further explore the optimization problem (P3), the
advantage of the Lagrangian duality properties are exploited,
presented in [19]. The Lagrangian of the problem (P2) is
defined as

L(S,Xl,KZ,K3):I’TPf(£)+ M (I(e)-&)+ )VZT(S - Smax)"")“ST (~& * €min)

(11)
where A0 = [P M and Az = [P AN are
nonnegative Lagrangian dual variables associated with the
constraint function. Accordingly, the Lagrangian dual function
is defined as

g(kl,kz,kg) =inf. L(E,?\l,xZ,)@,)
€
Recall that the dual function is a lower bound on the optimal
solution of (P3), p’, which is achieved by the primal optimal
variable ¢’. Consequently, the dual optimization problem is
defined as

(12)

max. g(kl,kz,kg)

St M>0,2>0,23>0 (13)
which is formulated to reduce the gap between the optimal
solution p’ and the Lagrangian function g(is,Az,A3). Denote the
optimal solution of the dual problem (13) as d’ which is
achievable by the optimal dual variables A;,A, and Az i.e. d’=
g(M,h2,h3). Since the original problem (P3) is convex and
Slater’s condition is satisfied, strong duality holds for this
problem which means that the duality gap p’- d’ is zero [19]
and consequently, any primal and dual optimal variables ¢,
A\ and A3 must satisfy the Karush- Kuhn- Tucker(KKT)
conditions[18]. On the other hand, given the fact that the
primal problem is convex, satisfying the KKT conditions is
sufficient for finding the primal and dual optimal points. That
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is, any primal and dual variables ¢, A’,A’, and 1’3 set which
satisfies the KKT conditions

() <2 (14a)
Semin< € < Ekmaw K= 1,2,.....N (14b)
}\41’ > 0’ }\Q’ > 0’ }\‘33 > 0 (140)
M (1) - £) =0 (L4d)
2 (€ mm) =0, k=1,2,.......N (14e)
A (et emin) =0, k=12, N (141)
VL (e, X1, X5, 1’3 =0 (149)

is the optimal solution and results in zero duality gap.
Generally, there is no conventional method for solving KKT
conditions and only a few special cases result in a closed-form
solution. In our problem, since the KKT conditions (14a) and
(14g) are nonlinear equations, finding a closed-form solution
is extremely difficult and thus, a numerical algorithm is
indicated.

V. LOW COMPLEXITY ALGORITHM

In this section, first, assuming that the sensing time t is
constant which restricts the multiband joint detection
framework, we present an efficient algorithm for calculating
the optimal threshold vector €. Then, taking advantage of the
algorithm, we propose another efficient algorithm for solving
the original multiband sensing-time-adaptive joint detection
framework in which ¢ and t are both optimization variables.

A. Multiband Joint Detection

Here, the aim is to find the optimal primal and dual
parameters €, A’;, A’» and A’z by satisfying the KKT
conditions given in (14). It is assumed that (14b) is valid even
if the equality is removed. This assumption may not be
generally valid and some of the thresholds must assume the
boundary values in order to satisfy all the KKT conditions.
However, for the interim, the results are presented based on
the aforementioned assumption and the boundary thresholds
are dealt in [18]. Based on above assumptions and after few
substitutions and simplifications [18], the expression for
detection threshold ¢’ can be written as

oo e+ 11 Aew VT
£ = Og|5+ | V& —log (#)_,_}r_h]
= ¥i Tfs i) 2y + 1) 1

\
(15)

which is a closed-form function of ;. Having such a function
enables us to substitute (15) into the KKT condition (14a) and
obtain the optimal ;. Note that (14a) is an equality condition

and can easily be solved using various fast and efficient
numerical root-finding methods such as the Newton-Raphson
method, fixed point iteration method, etc. Once 4; is obtained,

the detection thresholds {&;}"-; are accordingly obtained.

B. Multiband Sensing-Timing-Adaptive Joint Detection
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In this section, an algorithm which computes the optimal
detection threshold vector € and sensing time t as given in
(P2) is presented. The basic idea is that, instead of jointly
optimizing the optimization variables, they are optimized in a
disjoint two-stage algorithm. In the first stage of the
algorithm, the sensing time t is assumed as a constant value.
Therefore, the original problem is reformulated as the one
stated in (P3). In the second stage, the sensing time t based on
the information obtained from the previous stage is updated.
Iteration is used in the algorithm in order to refine the
information used in each stage.

Some information from the previous stage is needed to
implement stage 2. For this purpose specifically probabilities
of missed detection is exploited. There are four main
parameters which are effective in determining probabilities of
missed detection P, (e,t). These parameters are the achievable
throughput ry the interference cost cy, the channel SNR v, and
the sensing time t. This is an intuitive result which can be
easily extracted from the objective and constraint functions in
the problem (P1).

It is observed that the parameters are channel dependent
value and can vary in each sub channel but the sensing time t
is a global value and is the same in each sub channel.
Therefore, it can intuitively conclude that the channel
depended parameters are more effective in determining
sensing time t. On the other hand, it is seen that these so
called channel-dependent parameters are fixed values and
depend only on the system model. Thus, the computed missed
detection probabilities in the first stage will remain almost
unchanged even if the sensing time t changes in the next
iteration. This information is used to implement the second
stage of the algorithm. Accordingly, in the second stage, the
probabilities of missed detection are assumed to be fixed at
the values P’ obtained from the first stage. Thus, the
probability of false alarm can be written as

P;j () =g (-J (zv, + o t(1-EF) + -;'Tf_r?a-) (16)
Accordingly, the optimization problem is converted to

min Ry @ = B (1-D 5% @ +5) @9

st Pi(t) <B (17)

which has been proved to be convex if 0 < 3, < 0.5. Since the
only optimization variable is t, the problem can be rewritten
as

Min. Rpiss(T) (P5)
s.t. T> argmax{ W t@ T (N)min} (18)
in which,
k L - T3 - iy
Tmin =7 107 @)~ I+ 10 (-] 9)
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is the minimum required sensing time at sub channel obtained
from (16). The optimization problem (P5) can easily be solved
by taking the derivative of the objective function and setting it
to zero in order to obtain the optimal value of t. The
calculated value of t is the optimal solution if it satisfies
constraint (18), otherwise the boundary value given in (18) is
chosen. After solving the problem (P5), the first stage is
repeated based on the updated value of t until the solution is
accurate enough. However, required numbers of iterations are
very small.

VI. AUTHENTICATION SYSTEM

The dynamical spectrum access mechanism, particularly the
spectrum sensing mechanism, in CR also incurs vulnerabilities
for the communication system. One serious threat is the
primary user emulation attack (PUEA), in which the attacker
sends out signal similar to that of primary users during the

Vol. 2 Issue 7

Distributed Spectrum Sensing

Sensor Sensing data
é - collector
Sensor  Sensing Final spectrum
Primary results sensing result
signal

transmitter
Sensor

Signals with the

same characteristics
as primary signals

Adversaries

Primary-User Emulation attack: An
attacker emulates the characteristics
of a primary signal transmitter

spectrum sensing period such that the secondary users will not
use the spectrum even if there is no primary user, since it is
difficult to distinguish the signals from primary users and the
attacker.

Fig. 2. Primary Emulation Attack (PUEA) [21]

To prevent such issues, secret access codes are being
shared between authentic nodes and the system via secured
channel using any existing cryptography techniques. Only
nodes with valid access code are allowed to use the spectrum
whereas others are rejected.

VII. SIMULATION RESULTS
In this section, computer simulation results are presented to
verify the effectiveness of our proposed work. Consider a
single primary user communication (i.e., J = 1) over a wide
band spectrum where the wideband channel is equally divided
into six sub bands. For each sub band k, we assume an
achievable throughput rate r, if used by CRs and a cost
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coefficient ¢, indicating the penalty if the primary signal is
interfered with by secondary users, also y, denote the received
SNR. Furthermore, in each sub channel k, we assume a
minimum primary user protection level of 90%, i.e., ox =
0.land an opportunity detection margin of By = 0.2.  For
simplicity it is assumed that the noise power level is 6% = 1
and the maximum time for which the secondary network is
unaware of the primary activity (i.e.T) is chosen such that f,T
=3000.

k 1 2 3 4 5 6

0 0.21 | 1.30 | 2.52 | 3.24 | 4.35 | 5.271
n(kbps) | 207 | 306 | 485 | 600 | 711 | 808

C 3.94 | 5.68 | 6.81 | 7.91 | 9.01 | 10.07

Table 1: Parameter set used for simulation
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g. 3. The available opportunistic throughput for cognitive radio transmission
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A. Example 1: Multiband Sensing-Time-Adaptive Joint
Detection Framework

In this example, multiband sensing-time adaptive joint
detection (MSJD) framework is evaluated. To make a fair
comparison, two schemes are considered here. First, a
multiband joint detection (MJD) framework [12] with the
same constraints and the number of samples M = tf; =150 is
examined. Recall that the MJD framework maximizes
the available secondary throughput by a joint optimization of
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the detection thresholds. Second, an algorithm which searches
uniform thresholds to maximize the available throughput
within the same framework is studied. In order to evaluate the
performance, the simulation parameters are randomly
generated like in [18] such as the channel condition,
opportunistic throughput, and interference cost. One typical
parameter set used for simulation is given in Table 1.

Fig. 3 plots the maximum available throughput for
cognitive radio transmission versus the aggregate interference
in the primary network. It is evident in the figure that our
proposed framework achieves a performance superior to the
other approaches. Two main observations are notable here.
First, other than the detection thresholds, the sensing time is a
critical parameter which should be dynamically assigned due
to the channel fluctuations and fading effects. Second, in order
to adjust a intelligent tradeoff between the available
throughput and interference to the primary user, we need a
unified approach which optimizes all of these parameters.
These considerations are well adopted in the framework.

Opportunistic Throughtput Vs Initial Mo of Samples

Oppurtunistic Throughputikbps)

—&— Opt algorithm-MSJD-1st Itr
—&— Opt algorithm-MSJD-2nd Itr
I I

|
0.06

50 I i
0.01 0.02 0.03 0.04 0.05
Initial Number of Samples

0.07

Fig. 4. The available opportunistic throughput for cognitive radio transmission
versus the initial number of samples defined in Algorithm.

B. Example 2:
Algorithm

Low Complexity Wideband Sensing

This example studies the low-complexity algorithms which
are proposed for solving both the MSJD and MJD framework
where the detection threshold vector ¢ is optimized when the
sensing time t is a predetermined value which better suits the
MJD framework. Considering the design concerns presented
in the MSJD framework, an efficient iterative algorithm is
developed which computes the optimal values of both the
detection threshold vector € and sensing time .

© 2013 UAIR. ALL RIGHTS RESERVED

Vol. 2 Issue 7

ISSN: 2278-7844

Fig. 3 plots the maximum available throughput for
cognitive radio transmission versus the aggregate interference
in the primary network. As depicted in the figure, the optimal
solutions can easily be achieved by the proposed algorithms. It
should also be noted that only two iterations are used for
implementing Algorithm which verifies that the required
number of iterations is very small. In fig 4, the maximum
available throughput for the cognitive transmission is plotted
versus the initial number of samples (initial sensing time)
given in Algorithm. It is evident in the figure that it is
obtained the optimal solution by running at most two
iterations. This is another validation of the small number of
iterations required using Algorithm.

C. Example 3: Authentication System

This example studies the authentication system to prevent
primary user emulation attack (PUEA) [20]. In order to utilize
the spectrum as primary user, every node has to come up with
correct access code. Those nodes that are able to provide
correct codes are given chance to access the available
spectrum. In fig. 5 only node at slot 1 and 3 are able to

Power Spectral Density
5

Powerfrequency (dB/Hz)

0 i i | | |
0
Frequency (kHz)

provide correct access code and hence allowed to utilize the
spectrum.

Fig.5. Power spectral density of spectrum with primary users
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Power Spectral Density
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50 i i i | i
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Frequency (kHz)

Fig.6. Power spectral density of spectrum after inserting secondary users

in respective slots. All other nodes at remaining slots are not
able to provide correct access code and hence are rejected. So
slot 2, 4 and 5 are empty slots and available for secondary
user opportunistically transmission. Now when secondary
users come to utilize available spectrum then it is allotted
available empty slots in first come first serve basis. In fig. 7,
slot 2 is assigned to newly arrive secondary user.
VIII. CONCLUSION

In this paper, optimal multiband sensing-time-adaptive joint
detection (MSJD) framework was proposed for wideband
spectrum sensing in CR networks. The basic strategy was to
take into account the detection of primary users jointly across
a bank of narrowband sub bands rather than considering only
one single band at a time. The joint detection problem was
formulated into a class of optimization problems to improve
the spectral efficiency and reduce the interference. By
exploiting the hidden convexity in the seemingly non convex
problem formulations, the optimal solution was obtained
under practical conditions. Moreover, an algorithm was
proposed which solved the formulated optimization problem
in less no of iteration. The proposed spectrum sensing
algorithms have been examined numerically and have been
shown to perform well. Also with the addition of the
authorization of access in the system, the spectrum can be
protected from the malicious intruders.

REFERENCES

[1] Q. Zhao and B. M. Sadler, “A survery of dynamic
spectrum access,” vol. 24, no. 3, pp. 79-89, May 2007.

© 2013 UAIR. ALL RIGHTS RESERVED

Vol. 2 Issue 7

ISSN: 2278-7844

[2] S. Haykin, “Cognitive radio: Brain-empowered wireless
communications,” |EEE J. Sel. Areas Commun., vol. 23,
no. 2, pp. 201-220, Feb. 2005

[3] D. Cabric, S. M. Mishra, and R. Brodersen,
“Implementation issues in spectrum sensing for cognitive
radios,” in Proc. 38th Asilomar Conf. Signals, Syst.
Comput., Pacific Grove, CA, Nov. 2004, vol. 1, pp. 772—
776.

[4] H. Urkowitz, “Energy detection of unknown deterministic
signals,” vol.55, pp. 523-531, Apr. 1967.

[51] S. M. Kay,” Fundamental of Statistical Signal
Processing: Detection Theory.” Englewood Cliffs, NJ:
Prentice-Hall, 1998.

[6] S. Enserink and D. Cochran, “A4 cyclostationary feature
detector,” in Proc. 28th Asilomar Conf. Signals, Syst.
Comput., Pacific Grove, CA, Nov. 1994, vol. 2, pp. 806—
810.

[7] A. Sahai, N. Hoven, and R. Tandra, “Some fundamental
limits on cognitive radio,” in Proc. 42nd Allerton Conf.
Commun., Control, Comput., Oct. 2004, vol. 7, no. 4, pp.
131-136.

[8] Y. Zeng and Y.-C. Liang, “Eigenvalue-based spectrum
sensing algorithms for cognitive radio,” |EEE Trans.
Commun., vol. 57, no. 6, pp. 1784-1793, Jun. 2009.

[9] A. Sahai and D. Cabric, “A tutorial on spectrum sensing:
Fundamental limits and practical challenges,” in Proc.
IEEE Int. Symposium on New Frontier in Dynamic
Spectrum Access Networks (DySPAN), Baltimore, MD,
Nov. 2005.

[10] Y. Hur, J. Park, W. Woo, K. Lim, C. Lee, H. S. Kim,
and J. Laskar, “A wideband analog multi-resolution
spectrum sensing technique for cognitive radio
systems,” in Proc. |IEEE Int. Symp. on Circuits and
Systems (ISCAS), Island of Kos, Greece, May 2006, pp.
4090-4093.

[11] Z. Tian and G. B. Giannakis, “4 wavelet approach to
wideband spectrum sensing for cognitive radios,” in
Proc. 1st Int. Conf. on Cognitive Radio Oriented
Wireless Networks and Communications
(CROWNCOM), Mykonos, Greece, June 2006.

[12] Z.Quan, S. Cui, A. H. Sayed, and H. V. Poor, “Optimal
multiband joint detection for spectrum sensing in

cognitive radio networks,” 1EEE Trans. Signal Process.,
vol. 57, no. 3, pp. 1128-1140, Mar. 2009.

[13] A. Ghasemiand E. S. Sousa, “Optimization of spectrum
sensing for opportunistic spectrum access in cognitive
radio networks,” in Proc. IEEE Consumer Commun.
Netw. Conf. (CCNC), Las Vegas, NV, Jan. 2007, pp.
1022-1026.

[14] Y. C. Liang, Y. Zeng, E. Peh, and A. T. Hoang,
“Sensing-throughput  tradeoff for cognitive radio
networks,” |IEEE Trans. Wireless Commun., vol. 7, no. 4,
pp. 1326-1337, Apr. 2008.

[15] Y. Pei, Y.-C. Liang, K. Teh, and K. Li, “How much
time is needed for wideband spectrum sensing?” |EEE

321



Suwas et al. / IJAIR Vol. 2 Issue 7

Trans. Wireless Commun., vol. 8, no. 11, pp. 5466-5471,
Nov. 2009.

[16] R. Fan and H. Jiang, “Optimal multi-channel
cooperative sensing in cognitive radio networks,” |EEE
Trans. Wireless Commun., vol. 9, no. 3, pp. 1128-1138,
Mar. 2010.

[17]1J. Ma, X. Zhou, and G. Y. Li, “Probability-based
periodic  spectrum  sensing  during  secondary
communication,” |EEE Trans. Commun., vol. 58, no. 4,
pp. 1291-1301, Apr. 2010.

[18] Pedram Paysarvi-Hoseini and Norman C. Beaulieu,
“Optimal Wideband Spectrum Sensing Framework for
Cognitive Radio Systems” |EEE Trans. Signal
Processing, vol. 59, no. 3, March 2011.

[19] S. Boyd and L. Vandenberghe, Convex Optimization.
Cambridge, U.K.: Cambridge Univ. Press, 2003.

[20] Wassim El-Hajj, Haidar Safa and Mohsen Guizani
“Survey of Security Issues in Cognitive Radio Networks”,
March 2011.

[21] A.M. Wyglinski, M. Nekovee and Y. T. Hou "Cognitive
Radio Communications and Networks”, Elsevier,
December 2009.

© 2013 UAIR. ALL RIGHTS RESERVED

ISSN: 2278-7844

322



