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ABSTRACT

Cognitive radio is an enabling technology to solve the
spectrum scarcity problem in wireless communication. This
is based on the concept of opportunistic spectrum access.
Spectrum sensing is one of the most important functions in
cognitive radio (CR) implementation. In this paper, we
propose a multiple energy detectors (MEDs) based scheme
with improved detection performance at low signal to noise
ratio (SNR). We consider a framework of CR networks in
which each CR node is equipped with MEDs and each energy
detector with single antenna. An analytical model is
developed for performance evaluation in terms of probability
of false alarm Py, and probability of detection P4. Numerical
results obtained in Rayleigh fading channel show that the
proposed scheme performs better as compared to conventional
energy detector (ED). The proposed scheme is further
extended for cooperative detection, which further yield better
detection performance. Optimal number of CR users involved
in cooperative spectrum sensing is also investigated to reduce
overheads and system complexity.
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1. INTRODUCTION

In wireless communication, frequency spectrum is a limited
resource. Moreover, due to fixed spectrum allocation scheme
its utilization is poor making the scarcity more severe. In
accordance to a report by Spectrum Policy Task Force of
FCC, the spectrum is under or scarcely utilized and this
situation is due to the static allocation of the spectrum [1-3].
Thus, to overcome the spectrum deficiencies and the
inefficient utilization of the allocated frequencies [4], it is
necessary to introduce new communication models through
which frequency spectrum can be efficiently utilized,
whenever the white space hole is available. Resolving this
problem, the idea of Dynamic Spectrum Access (DSA) has
been developed [5]. The opportunistic access of the frequency
spectrum is realized through cognitive radio (CR). [6,7]. For a
given purpose, CR arises as a tempting solution to the spectral
congestion problem by introducing opportunistic usage of the
frequency bands that are not heavily occupied by licensed
users as depicted in Figure 1. CR is characterized by the fact
that it can adapt, according to the environment, by changing
its transmitting parameters, such as modulation, frequency,
frame format, etc. [8]. In CR, Spectrum sensing is one of the
most important functions. To detect the spectrum, there are
three basics spectrum sensing techniques, named as Matched
filter detection, Energy detection and cyclostationary feature
detection. Matched filter and cyclostationary feature
techniques requiring both source signal and noise power
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information, while energy detection [9] methods requiring
only noise power information. Ease of implementation, ED
preferred for spectrum sensing in CR [10]. Meanwhile, it also
brings a severe challenge, i.e. the presence of single ED in CR
which arise the question over CR reliability and performance.
In this scenario reliability concerts with system redundancy or
system is how much loyal. The motivation of this research
paper is to provide reliable system with improved spectrum
sensing performance.
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Figure 1. Spectrum usage

A key challenge in cognitive radio networks is the
unreliability of CR which affects its performance also. In this
paper, we propose an analytical model called Multiple Energy
Detectors (MEDs) to overcome this problem, & derive an
analytical formula in terms of Probability of false alarm Py,
Probability of detects alarm Py, & Probability of miss
detection P, which shows improvement in performance. This
propose analytical model is based on the concept of SIMO
(single input multiple outputs) which is taken from [11], Here
we assume that PU is using single antenna to transmit BPSK
modulated signal over Rayleigh fading channel and CR
containing multiple antennas, and each antenna equipped with
individual single energy detectors, also assuming that channel
information is known, The purpose of using multiple antennas
are to mitigate fading & shadowing effects in wireless
channel, But there is one limitation, the presence of single ED
in each CR. Suppose, CR having single ED (currently used in
CR), and somehow this ED gets fail, in this situation CR
cannot communicate, though rest of all the things are fine. It
shows that the working lifetime of CR is depending upon
lifetime of ED. Failure of ED is one of the reasons for CR
failure, which is a serious problem in CR networks. Thus to
overcome this limitation we have introduced the idea of
Multiple Energy Detectors (MEDs). In MEDs, suppose one
ED gets fail then the rest of the process will not be affected
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because of redundancy. According to this proposed MEDs
concept CR cannot fail until all EDs fail, and the chances of
failure of all EDs are very less. Therefore, these MEDs are
responsible for reducing the chances of CR failure. Even
though it increases the system complexity but at other end we
are able to enhance reliability, improve performance,
processing speed, and can achieve a robust ED which
performance will not be degraded due to noise uncertainty.

Further, to prevent hidden primary user problems [12-14] in
order to improve sensing detection, we used MEDs in
cooperation among the CRs [15]. In [16], a cooperation based
spectrum sensing scheme is proposed to detect the PU with an
optimal linear combination of the received energies from the
cooperating CRs in a fusion center (FC). The cooperative
spectrum sensing scheme provides better immunity to fading,
noise uncertainty, and shadowing [17, 18].

Finally, discussed an analytical formulation, How to
optimized number of cooperative CRs for detecting the
spectrum hole, in terms of probability of false P; and
probability of detection alarm Py, by reducing system
complexity in form of number of overheads.

The rest of the paper is organized as follows: Section Il
presents spectrum sensing methodologies. Section 11l
describes the proposed analytical model for energy detector.
Section IV presents improving sensing detection scheme.
Section V describes Optimization of number of cooperative
CR’s. Section VI presents the numerical results and analysis.
Finally, Section VII concludes the paper.

2. SPECTRUM SENSING
METHODOLOGIES

CRs utilize unused channel of PU’s signal and spectrum
sensing mechanism allows them to determine the presence of
a PU while in transmitter detection based technique, CR
determines signal strength generated from the PU. In this
method, the locations of the primary receivers are not known
to the CRs as there is no signaling between the PUs and the
CRs. To detect the PU signal, we have used following
hypothesis for received signal:

_(wm), H 1
x(n) = {s(n)h(n) +wn), HS )

In the testing, x(n) shows signal received by each CR user.
s(n) is the PU licensed signal, w(n) ~ N (0, o,2) is additive
white Gaussian Noise with zero mean and variance o2 h(n)
denotes the Rayleigh fading channel gain of the sensing
channel between the PU and the CR user. Hy and H; are the
sensing states for absence and presence of signal respectively.
Ho is the null hypothesis which indicates that PU has not
occupied channel and Hj is the alternative hypothesis. We can
define it in following cases for the detected signal.

» Declaring H; under Hy hypothesis which leads to
Probability of False Alarm (Py).

» Declaring H; under H; hypothesis which leads to
Probability of Detection (Py).

» Declaring Hy under H; hypothesis which leads to
Probability of Missing (P.,).

3. PROPOSED ANALYTICAL MODEL
FOR ENERGY DETECTOR

In our approach, we assume, CR utilizing energy detector for
spectrum sensing with multiple antennas. This arrangement is
referred to as Multiple Energy Detectors (MEDs).
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Arrangement of multiple EDs, where each ED having single
antenna provide promising solution as to improve bit error
rate, reducing multipath and shadowing effects of the wireless
channel, making the process fast, and improve system
reliability. Proposed arrangement is based on Square Law
combining (SLC) receive diversity scheme, where input
received signal multiplies with the conjugate of channel gain
before signal received by Square Law devices (SLD) in order
to improve detection capability [19].
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Figure 2. Proposed Multiple Energy Detectors Diagram

In the Figure 2, there is one PU contains single antenna, and
one CR contains N, number of EDs and each ED having
single antennas, hence there are also N, number of antennas.
Transmitted BPSK modulated signal from PU, received by
each individual antenna of CR, assuming, channel is Rayleigh
fading channel & have perfect channel knowledge. Hence,
received signal is multiplied by the complex conjugate of each
channel’s channel gain and sent to the individual EDs. The
output of each ED is combined or added in the form of vector
addition, and compared with a threshold to take an appropriate
decision.

Suppose, x;(K) is the received signal at jth antenna for kth data
stream, h;* is the complex conjugate of channel gain for the
same " antenna which is assumed to be Rayleigh fading
channel, N is total number of symbol length to be sensed by
CR and N, is number of antennas. Hence, the overall output of
MEDs as follows:

NT
MED,, = z Ej, ©)
=1
N
Where,Ej = Z |x; (k) x h;|?, 4
k=1

) )

Ny N
MED,, =) lz 13, (K) x B} |2
=1 Lk=1

It is seen from figure 2 that individual EDs are allocated to
individual antennas. Now we sum the statistics coming from
multiple detectors and compare it with a threshold. If the
symbol length is assumed to be N and number of antenna used
is N, then there will be N x N, received data at the output to
compare with a threshold. Hence the distribution of the output
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becomes central chi square distribution with N x N, degree of
freedom which can be formulated as follows:

f—x
w(Nex3-1)¢ <22,-”=2(h3)263»)

(ZJ-N:rl(hf)z Gﬁ,)(ZXNr) 2(7N><Nr)r (% N X Nr)

)

fg,(x) =

x>0, (6)

Now, the Probability of False Alarm for the MEDs can be
calculated by the given equations

Pr = Pr (H{| Hy)
To find the false alarm probability P, we set a threshold &
integrate the pdf offz, (x) under Hy hypothesis from threshold

to infinity as follows:

Py = Pr{fg,(x) > 4| Ho}, %)

P = [ fatodx, ®
A

From (6) and (8), the probability of false alarm can be written
as

(=
[ (Vg1 <22§-Vfl(hi)zﬂi>

Pf = (N N ) . dx,
P (e e) T e (g x )

€)

Solving equation (9), the final expression for probability of
false alarm for MEDs which is derived in Appendix | as

N A
r (NrX7), m
P, = , 10
f (<) Y

Where, N = Symbol length

N; = Number of Antennas.

A = Threshold value.

h; = Complex conjugate of Channel Gain.

02 = Variance of AWGN.

E,
SNR (y) = —=.
) 207
Th _b
en, gy, = 2y

I'(, ) = Upper incomplete gamma function.
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Figure 3. Probability of False Alarm Probability Vs SNR
with N, =2, N =10 and 4 = 0.5 with BPSK and Rayleigh
fading channel

Now, the Probability of Detection Py for MEDs can be
determined with the help of probability density function
(PDF) of f,(y), PDF can be expressed as follows [20]:

(N-2)
y o\ T _(ay Javy
) =207 \axy e (%5 )1¥—1(7>' (11)
&=ww>mm=fmww (12)
A

From (11) and (12), the probability of detection alarm can be
written as

% Ww-2)
1 y P _(aY+Y) Jayy
Pi=| — 202 — 13
d !20_2 (aXY) e \20 I%_1< e dy (13)

Solving equation (13), the final expression as follows

P;=1-T [N, (%)], (14)

Where, a2 = (a2 + d&). hence the probability of detection
alarm P4 will be

yl
Pi=1- I‘[N, (—(%2) o7 >] (15)

Moreover, when there are N, number of antennas and channel
gain is hj*, P4 expression for MEDs will be
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pd=1—r(er—), g
27\ 25 (h)" (03 + 02)

(16)

o = Variance of Signal.
o2 = Variance of Noise.
I,() = v -order modified Bessel function of the first kind.

E
o} =

E}, = Energy per bit.

Ny
02 = —.

2

I'(, ) = Lower incomplete gamma function.
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Figure 4. Probability of Detection Alarm Vs SNR with N,

=2,N=10and 4 = 0.5 with BPSK and Rayleigh fading
channel

Now, the probability of miss detection for MEDs can be
calculated as follows

By, = Pr (Hol Hy)
B, =1-Pr{y(n) > A|H}, an
P =(1—Py), (18)

The probability of miss detection for MEDs can be calculated
using equation (16) and (18), can be written as follows

N) A

P,=T (Nr X — 5
27\ 220 ()" (02 + a2)

(19)
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Figure 5. Probability of Miss Detection Vs SNR with N, =
2, N =10and 2 = 0.5 with BPSK and Rayleigh fading
channel

It can be seen from equation (10), (16), & (19) that for N,=1
and Z?’;l(h}‘)zzl, P;, Pg, and P, gives an expression for
Conventional ED. In above mentioned approach, we
discussed proposed MEDs model with an analytical
formulation and shown that MEDs improved the performance
of CR at low SNR as compare to conventional ED. Now, to
improve sensing detection, we are using cooperative spectrum
sensing technique with MEDs.

4. IMPROVING SENSING DETECTION
SCHEME

The performance of spectrum sensing is limited by
hidden primary user problems [12-14], noise uncertainty,
Multipath fading and Shadowing [21]. To overcome these
problems cooperative spectrum sensing has been utilized
which gives better result at lower SNRs. Here, cooperative
spectrum sensing technique with MEDs is used in order to
improve sensing detection, i.e. sense the signal at lower
SNRs. In cooperative spectrum sensing, the decision of each
CR is forwarded to a fusion center (FC), which takes final
decision about the presence of the PU. For taking final
decision, we used Hard Decision Combining Rule (majority
rule) in which each CR send one bit data to FC to take a
global decision against presence or absence of PU. It
minimizes the probability of false alarm and missed detection
and improves probability of detection alarm.

To determine an optimal number of cooperative CRs we
have analyzed a mathematical expression in terms of
probabilities, which is discussed later. Figure 6, showing
Cooperative Spectrum Sensing with MEDs.

14



)

/
/ CR-1
/

Reporting Phase

/
I \
Sensing Phase
/ /é_\,
/ ((E

Fusion Center
(FC)

e
1 CR-2

CR-N

Figure 6. Cooperative Spectrum Sensing with MEDs

In Figure 6, we consider a system consisting of U number of
CRs, one PU and one FC. It is assumed that FC and PU
contains a single antenna and each CR contains N, number of
antennas. There are two hypothesis #; and #; in the i'" CR for
the detection of the spectrum hole:

yi(t) = wit), Ho (20)
Yi(t) = si(t) x hi(t) + wi(V), Hy (21)

where 7= 1, 2....N, at each CR, s;(t) ~ N'(0, o2 ), where &2 is
the average transmitted power of the PU, denotes a zero mean
Gaussian signal transmitted by the PU, and w;(t) ~ M(0, 6,,°)
is additive white Gaussian noise (AWGN) with zero mean and
o2 variance. The variance of the signal received at each CR
under 4 will be (6 + o,2). It is assumed that each CR
contains MEDs.

N N
MEDs,/, = Z [Z I (K) X h]-*|2], (22)
i=1 Lk=1

Non-cooperative sensing scheme, many CRs exist in a
cognitive radio network makes independent decision
regarding the presence or absence of PU. We consider a
cooperative scheme in which each CR sends its final local
decision b, in the form of 0 or 1 to the FC through an Error
free reporting channel.

The FC combines these binary decisions b; to find the

presence or absence of the PU as follows:

U

D=>"b, (23)
i=1

1A

Where, D is the sum of the all local decisions from the CRs.
The FC uses a majority rule for deciding the presence or
absence of the PU. As per the majority decision rule if D is
greater or equal to n then signal is detected and if D is smaller
than n then signal is not detected. Here n is number of
cooperative CRs, out of the total number of CRs U. The
mathematical expression of hypothesis can be written as
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D<n, Ho (24)
D=>n, H, (25)
The probability of false alarm (Pg) of the FC for cooperative

spectrum sensing can be calculate from equation (7), (24) &
(25) as follows [22]

U
o= (V)pa-p)"" (26)
l=n

Here the values of Psare taken from (10).

" |- Mutiple Energy Detector
-5 Cooperative Mutiple Energy Detector

=,

Probability of False Alarm

R L e e e
2049 875 543241049 87 65543240
SNR (db)

Figure 7. Probability of False Alarm Vs SNR withn =2, U
=10, N; =2, N =10 and 4 = 0.5 with BPSK and Rayleigh

fading channel

The probability of detection alarm (Pp) of the FC can be
obtained from (12), (24) & (25) as follows [22]:

U
= () et - P, @7)

I=n

Here the values of Py are taken from (16).
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Figure 8. Probability of Detection Alarm Vs SNR with n =
2,U=10,N,=2,N=10and 4 = 0.5 with BPSK and
Rayleigh fading channel

The probability of missed detection (Py) of the FC can be
obtained from (17), (24) & (25) as follows:
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Figure 9. Probability of Miss Detection Vs SNR with n = 2,
U =10, N, =2, N=10and A = 0.5 with BPSK and Rayleigh
fading channel

5. OPTIMIZATION OF NUMBER OF
COOPERATIVE CR’S

Cognitive network with very large number of cooperative CRs
has more computational complexities like more overheads ()
[23] and large delays are incurred in deciding the presence of
the spectrum hole. Therefore, it is expedient to find an
optimized number of CRs which significantly contribute in
deciding the presence of the PU. The condition to obtain an
optimal number of cooperative CRs is derived in Appendix Il
as [22]

(1—P)

_UX]DW 2
" R x (1= (30)

(I—P) X Pf

In

In Equation (30), n is the optimal number of cooperative CRs
out of U total number of CRs. P; and Py are the probability of
false alarm, probability of detection alarm respectively. Thus,
it is shown that the probabilities like P; & P4 are playing an
important role in order to obtain optimal number of
cooperative CRs.

Now, discussing two cases regarding how to obtain an optimal
number of cooperative CR’s based on P; and P4 and P, as
shown in Appendix II.

e Case 1- If,
A) Pr=P, (BD
OR,
B) P+PB,=1, (32)
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Then, to detect the spectrum hole, require number of
cooperative CR users will be equal to total number of CRs i.e.
n=uU.

e  Case 2- If,
A) Pr=Py, (33)
OR,
B.)) P+Pi=1, (34)

Then, to detect the spectrum hole, require number of
cooperative CR users will be equal to the half of total number
of CRsi.e. n=U/2.
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Figure 10. Number of Overheads Vs Total number of CR
Users with f; = 10 kHz, t =1 msec, SNR=5dB,N,=1,n=
2,3,4and 21=0.3

It can be seen from figure 11 that when overheads are
increasing, probability of detection is decreasing, for different
values of SNR performance of probability of detection alarm
varies with respect to overheads. When value of SNR is more,
improvement in probability of detection can be seen.
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Figure 11. Probability of Detection Alarm Vs Total
number of CR Users at SNR=-5dB,0dB & +5dB, U =
10,N,=2,N=10,2=0.3,n=5, and f; = 0.1 kHz with
BPSK and Rayleigh fading channel
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It can be seen from figure 12 that the probability of miss
detection is increasing with respect to overheads for different
values of SNR. When SNR is increasing, probability of miss
detection improves with respect to overhead.
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Figure 12. Probability of Miss detection Vs Total number

of CRUsersat SNR=-5dB,0dB & +5dB, U =10, N, =

2,N=10,2=0.3,n=5, and f; = 0.1 kHz with BPSK and
Rayleigh fading channel

It can be seen from figure 13 that when overheads are
increasing, probability of false alarm is increasing. For the
higher value of SNR, probability of false alarm improves with
respect to overhead as compare to low SNR value.

; f
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Figure 13. Probability of False alarm Vs Total number of
CRUsersatSNR=-5dB,0dB & +5dB,U=10,N,=2,N
=10,2=0.3,n=5, and f; = 0.1 kHz with BPSK and
Rayleigh fading channel

6. NUMERICAL RESULTS AND
DISCUSSION

Figure 2 shows the diagram of proposed MEDs, which shows
improved detection performance. Figures 3-5 show, the
probability of false alarm versus SNR plot, the probability of
detection alarm versus SNR plot, & probability of miss
detection versus SNR plot respectively. We assumed symbol
length N = 10, the number of antenna used in CR N, =2, /1 =
0.5, modulation scheme is BPSK and channel is Rayleigh

 [Esw=5a].
X SR 68
| SR
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channel. It can be seen from figure 3 that, for the given range
of SNR - 15 dB to 20 dB, MEDs gives better false alarm
probability (Ps), varies below 1 and at last reaches 10, for
SNR range - 15 dB to 0 dB as compare to conventional ED.
Figure 4 shows, the probability of detection alarm for the
given range of SNR - 35 dB to 20 dB, here MEDs is detection
signal at - 10 dB which is faster than conventional ED. Figure
5 shows, the probability of miss detection for the given range
of SNR - 20 dB to 20 dB, miss detection probability (Py) is
approximately 107 at — 7 dB for MEDs which is very less
from P, point of view, while conventional ED reaches 107 at
15 dB. The results show that proposed MEDs outperforms the
conventional ED.

Further, we have improved sensing detection using
cooperative sensing scheme as shown in figure 6. Figures 7-9
shows, the probability of false alarm versus SNR plot,
probability of detection alarm versus SNR plot, & probability
of miss detection versus SNR plot respectively, where we
have assumed that N = 10, Number of cooperative CRs n is
taken as 2, total number of CRs U = 10, N, = 2, 1 = 0.5,
modulation is BPSK and channel is Rayleigh channel. Figure
7 shows, the probability of false alarm for the given range of
SNR - 20 dB to 0 dB, cooperative MEDs gives better false
alarm probability (Pf) which varies below 0.1 and at last
reaches approximately 107 for SNR range - 20 dB to - 4.5 dB
as compare to MEDs. Figure 8 shows, the probability of
detection alarm for the range of - 16 dB to - 6 dB, cooperative
MEDs is detection signal at - 11 dB which is faster than
MEDs. Figure 9 shows, the probability of miss detection for
the range of - 20 dB to 0 dB, miss detection probability (Py,) is
approximately 107 at - 9.2 dB for cooperative MEDs while
MEDs reaches 107 at - 4 dB. The results show that MEDs
with  cooperative sensing scheme is enhancing the
performance of proposed MEDs.

In Figure 10, we have plotted overheads versus total number
of CRs graph for different number of cooperative CRs,
assumed n = 2, 3, & 4, N, =2, 2 = 0.3, Sampling frequency f
= 10 kHz, time slot length t = 1 msec, and SNR =5 dB. If n =
2, it can be seen from figure 10 that the number of overheads
varies with the number of CR users, like U = 7, number of
overheads (@) are 0.1 or 10 %. While U = 14, a reaches
maximum 1 or 100 %.

Similarly, for n = 3 and 4, « is increasing with respect to U.
After analyzed figure 10, it may be concluded that when the
number of CRs increase, overheads also increase. These
overheads are responsible for congestion and complexity
which should be as less as possible. Equation (30), we
discussed how to optimize the number of cooperative CR’s in
order to minimize number of overheads. Equation (31) &
(32), if Py = Py, & P; + P, = 1, means P; & Py are
equiprobable, To sense the spectrum hole, number of
cooperative CRs are equal to total number of CRs. While in
Equation (33) & (34), Pi= Py, & P; + Py =1, means P; & Py,
are equiprobable, Thus, to sense the spectrum hole and take a
final decision, only half of the total number of CRs are
require. As discussed more number of CRs are responsible for
more overheads, thus using second case we are able to reduce
number of overheads as well as system complexity.
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Figures 11-13 show, the probability of detection alarm versus
number of overheads, the probability of miss detection versus
number of overheads, & probability of false alarm versus
number of overheads plot in terms of SNRs like — 5 dB, 0 dB,
& + 5 dB respectively. We assumed U = 10, N, =2, N =10, A
=0.3,n =5, and f; = 0.1 kHz. It can be seen from figure 11
that, when overheads are increasing, probability of detection
is decreasing, for 0 % overhead, probability of detection is
maximum 1 for all three SNRs like - 5 dB, 0 dB, & + 5 dB.
When overheads are 10 %, value of probability of detection is
0.05 for - 5 dB, 0.42 for 0 dB, and 0.81 for + 5 dB SNR. It
shows that probability of detection alarm can improve via
increasing value of SNR. In figure 12, when overheads are
increasing, probability of miss detection is increasing, when
overhead is 0 %, probability of miss detection is minimum 0
for all three SNRs. When overhead is 0.1 %, probability of
miss detection is 0.95 for - 5 dB, 0.58 for 0 dB, and 0.19 for +
5 dB SNR. Further increasing overheads, probability of miss
detection alarm reaches to 1 for all three SNRs. Thus the
probability of miss detection can improves when value of
SNR increases. Figure 13 shows that the probability of false
alarm is increasing with respect to overheads, when overhead
is 0 %, probability of false alarm is minimum 0O for all three
SNRs. For 0.1 % overhead, probability of false alarm is 0.05
for - 5 dB, 0.01 for 0 dB, and 0 for + 5 dB SNR. Further
increasing overheads, probability of miss detection alarm
reaches to 1 at different values of SNR at different overhead
levels like, overheads are 30 % for - 5 dB SNR, overheads are
40 % for 0 dB SNR, overheads are 70 % for + 5 dB SNR to
reach probability of false alarm 1. Thus improvement in
probability of false alarm can be happened when value of
SNR will increase.

7. CONCLUSION

To improve the spectrum sensing performance of CR
networks we have presented an Improved Spectrum Sensing
technique using Multiple Energy Detectors for Cognitive
Radio Networks. Performance is measured in terms of
probability of detection and probability of false alarm for
given SNR. Numerical results showed that the value of false
alarm probability for MEDs was measured less than 1 at - 15
dB SNR, & it detected signal at - 10 dB, which was low SNR,
as shown in fig 3, & 4 respectively. Further, the proposed
scheme was utilized in cooperative spectrum sensing to
further mitigate the effect of fading, and hidden terminal
problem in wireless channel. Cooperative MEDs, improved
sensing, where false alarm probability was below 107 at - 20
dB, & it was detecting signal at - 11 dB, as shown in fig 7, &
8 respectively. Hence, using cooperative MEDs we were able
to achieve robust spectrum sensing at low SNR. Furthermore,
optimal number of CR users was also investigated for
minimizing the overheads & system complexity due to
multiple users. To obtain optimal number of cooperative CRs,
we discussed how probabilities Py and P; were playing an
important role. Thus we showed, how probability of detection,
probability of miss detection, and probability of false alarm
are related to overheads in terms of SNR. In future, adaptive

International Journal of Computer Applications (0975 — 8887)
Volume 62— No.4, January 2013

threshold to improve the performance of energy detector
system will be focused.
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10. APPENDIX I
10.1 Proof of equation (10)

(o x
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Receiver will detect False Alarm when,
Py = Pr{fg,(x) > A| Ho}, ]

P = [ fatdx, ®
A

%
v x(NTX%‘l)e <2 E}v:l(h;)za‘f)
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(37)
The expression for Gamma Function is as follows
M(x,a) = [ (©)@ Vet dt, (38)

Now, comparing between equations (37) and (38),

(N XN) & A
a= v — X = Ni*z
2 szil(hf) a5

Putting the value of a & x in Equation (38), the final
expression of probability of false alarm for MEDs as follows
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11. APPENDIX II

11.1 Proof of equations (30), (31), (32), (33)
& (34)

Total Error rate is Z, which is the sum of probability of false
alarm and probability of miss detection, i.e.

7 = (Pr+Py), (40)
U
o= (V)pa-p)"™ (26)
l=n
U
Pu=1- > (V)a-poed™, (29)

U
- Y () a- )
I=n

(41D

U = Total number of CR users.
n = Total number of Cooperative CR users.

To obtain an optimal number of CRs. Differentiating equation
(41) with respect to number of cooperative CR users (n) as
follows

U
dZz _ d U w-n
- =%<Z(Z)P;(1—Pf) +1

l=n v
- Y (¢)a-rm)

l=n
(42)
Now Putting, = = 0 43
ow Putting, - =0, (43)
dz _ (v W-n) W=n) ,(n)
%z(z)[(l—f’m)(m”m P— (1-p) VR =0,

(44)

(D]a-ro@p™ = (1-p)""p"] =0, @5)

[ -pO®RY™ = (1-2) B =0, @6)
[(1 - B®RY™ = (1- )™, (47)
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m
(1 - Pm)(n) Pf

= = =’ (48)
(1 _ Pf)(U n) P—,;U n)
Taking logarithm on both sides,
™
1-p )™ P
In (—m()u_n)] = [ﬁ] (49)
(1-7) P

In(1 - P,)™ —1In(1 - Pf)(u_n)

=mP™ -mpY™,  (50)

nxXIn(l—-B,) — U —-n) xln(l —Pf)
=nxInPr— (U —n) xInp,,
(51

nxIn(l—PB,) —UxIn(1—P;)+nxIn(1l-Pf)
=nXInPr—UXInP, +n

xInP,, (52)
nxIn(1-PB,)+nxIn(1—P)—nxInpP,—n
X In Py
=UxIn(1—-P;) —UXInp,
(53)

n[In(1 - B,) +In(1 - P;)—InP, —In Pf]
=U[In(1-P;)—InB, |,
(54)
n[{In(1 = B,) +In(1 - P )} —{InP, +InPs 1
=U[In(1—-P;) —InPy],
(55)

n[{In(1 — P,) x (1= P¢)} = {In B, x Py}]

=U[ln(1;7mPf), (56)

n*ln[(l—pm)x(1—Pf) =u><1n[@],

Py X Py
(57)
Final relation between n is U is as follows
(1-F)
f
U X In B ]
n= , (58)
| (1-Py) x(1-Pf)
n Pn X P;
As,Py+ P, =1
OR, Py, = (1 —Py), (59)
(1-F)
U X In W
n=s——7m—————=, 30)
Py x (1—Pf)
In|m—<—%
(A —Py) X Py
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Now, discussing two cases related to total number of CR users
U and number of cooperative CRs n in terms of probability of
false alarm Py, and probability of detection alarm Py.

e Case 1- If,
A) Pr=P, (€29)
OR,
B) Pr+Py=1, (32)
(1-p)
n= M (30)
n Pyx(1-Pp)|’
(1—-Py) X P
(1-F)
n:len[(1 P) )
P (1-pr)]’
A-P)xPs
(1 Pf)]
e (c57) oD
NS
a-py
n="U, (62)

The numbers of cooperative CR users are equal to total
number of CR.

e  Case 2- If,
A) Pr=Py, (33)
OR,
B) P+Pi=1 (34)
(1-F)
U X In a= Pd)
n=e—m————/ —— (30)
Pyx(1-P;)]’
In|2 1)
(A—P) x P
(1-#)
~ U X ln [m} o
n_l [(1—Pf)x(1—1>f)’ (63)
A-T+P)XPs
U xIn (1(; I)Df)]
n= [(1 Py x(1- Pf)] ’ (64
(Pf) X Pr
U X ln (1(; I)Jf)]
ne———24 (65)
In (1 _Pf)
(PF)?
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UXln (1(; I)Jf)
66
la=nF 0
(Pr)
UxIn ( (; I)Jf)
n= —( — Pf) (67)
2 X In @)
U
n= E ) (68)

The numbers of cooperative CR users are equal to the half of
total number of CR.
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