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Abstract Cognitive radio (CR) technology is viewed as a
novel approach for maximizing the utilization of the ra-
dio electromagnetic spectrum. Spectrum sensing methods
are often used for finding free channels to be used by CR.
Recently, Orthogonal Frequency Division Multiplexing sys-
tem (OFDM) has been suggested as a candidate technology
for multicarrier-based CR systems. However, one problem
that appears in OFDM systems is the high Peak to Average
Power Ratio (PAPR). In this paper, the effect of PAPR reduc-
tion of the primary signal on the performance of the multi-
band joint detection for wideband spectrum sensing and the
profit of the primary user will be investigated. Moreover, the
optimal solutions for the multi-band joint detection for the
non-cooperative and cooperative schemes will be analyzed
by considering the primary user’s PAPR reduction. Also, the
wideband cooperative spectrum sensing to improve the sig-
nal detection with high reduction in the PAPR will be sug-
gested. Simulation results show that the PAPR reduction de-
creases the total price of the primary user and the aggregate
opportunistic throughput of the secondary user. The coop-
erative scheme is effective in improving the performance in
terms of the aggregate opportunistic throughput with PAPR
reduction.
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1 Introduction

The number of wireless applications have been growing over
the last decade. Most of the frequency spectrum has already
been licensed by government agencies, such as Federal
Communications Commission (FCC). Therefore, there is
an apparent spectrum scarcity for new wireless applications
and services. CR [1-3] has been considered as a key mech-
anism in addressing the problem of spectrum scarcity [4-6]
in wireless communication systems. Spectrum sensing [7, 8]
is the most important task among others for establishing the
CRs because they need to sense the spectrum and decide to
use the spectrum band if a spectrum hole exists, which is
described in detail in [9—12]. In addition, they need to sense
the spectrum periodically to sense the primary user reap-
pearance.

Actually, because of the attractive features of OFDM sys-
tems, it has been successfully used in numerous wireless
standards and technologies. It plays an important role in
realizing the cognitive radio concept as well by providing
a proven, scalable, and adaptive technology for the air in-
terface [13]. The challenges of OFDM based CR can be
grouped into three categories which are described in details
in [14]. One of these categories is related to PAPR reduc-
tion and the effect of this reduction on the spectrum sensing.
The problem of reducing PAPR occurring in cognitive radio
has been studied before [15-19]. Qingwen in [15] proposed
new adaptive algorithm with low complexity. This new
adaptive algorithm is based on combining between adaptive
PAPR reduction technology and power adjustment. Selec-
tive Mapping Method (SLM) is another technique to reduce
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PAPR in CR [16]. PTS is also proposed in [17] to achieve
this reduction.A technique combining subcarriers precod-
ing with tone reservation was proposed to reduce peak-to-
average power ratio in [18]. An adaptive PAPR reduction
technique to effectively reducing PAPR problem was pro-
posed in [19], the algorithm adaptively decides upon com-
puting between linear combination approach and subcarrier
phase adjustment or a combination of both and implemented
by FPGA.

In this paper, we take another point of view for studying
the effect of PAPR. We assume the reduction has already
been made by using any method. The important problem
tackled in this paper is that the effect of PAPR reduction
of the primary signal on the performance of the multiband
joint detection for wideband spectrum sensing and the profit
of the primary user. We study the new problem of PAPR
reduction effect with multi-band joint detection. We formu-
late the problem as an optimization one and obtain an opti-
mal solution for wideband spectrum sensing by taking into
consideration the effect of PAPR reduction. Moreover, hard
decision combing based cooperative spectrum sensing will
be applied to improve the aggregate opportunistic through-
put of cognitive radios and the profit of the primary user
with minimum interference to the primary communication
systems. An energy based detection [12] by the secondary
users is assumed throughout the paper due to its simplic-
ity. In addition, it does not need any prior information about
the primary users’ signals. Therefore, it has been thoroughly
studied both in local spectrum sensing [9-12] and coopera-
tive spectrum sensing [20-23].

The rest of this paper is organized as follows. In Sect. 2,
the system model is briefly introduced. In Sect. 3, Energy
detection scheme for wideband OFDM will be explained.
Optimization of joint detection with PAPR reduction will be
formulated in Sect. 4. In Sect. 5, the cooperative joint detec-
tion considering the effect of PAPR reduction will be inves-
tigated. In Sect. 6, the optimization problem with respect to
the profit of primary user will be formulated. Finally, Con-
clusions are made in Sect. 7.

2 System model

We consider an OFDM system with K subchannels. When
a secondary user is sensing each subchannel k, there are two
hypotheses Hop x and Hj x for the k-th subchannel which are
absent or present:

i 1)

Hi Xy + Wy,
V=
Wk, Hox

where X represents the primary transmitted signal at sub-
channel k. Wy gives the received noise in frequency domain
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and Hj denotes the discrete frequency response of the wide-
band channel.

There are two probabilities of interest which are used for
spectrum sensing: probability of detection (Pp), which de-
fines under hypothesis Hj, the probability of the algorithm
correctly detecting the presence of primary signal; and prob-
ability of false alarm (Pfr), which defines under hypothe-
sis Hy, the probability of the algorithm falsely declaring the
presence of primary signal. From the Primary User’s (PU’s)
perspective, if the probability of detection is high, the re-
ceived protection will be better. From the secondary user’s
perspective, however, if the probability of false alarm is low,
there are more chances from which the secondary users can
use the frequency bands when they are available. Obviously,
for a good detection algorithm, the probability of detection
should be as high as possible while the probability of false
alarm should be as low as possible.

3 Energy detection scheme for wideband OFDM

In energy detection approach, the radio frequency energy in
each subchannel k is measured to determine if the channel
is occupied or empty. A decision statistic of the energy de-
tector for each subchannel k, is given by [23],

M

Ti= Y [Ye(m)|? @

m=1

where M denotes the number of collected samples.

If the noise term w(#) is assumed to be Circularly Sym-
metric Complex Gaussian (CSCG) by using central limit
theorem, the probability density function (PDF) of the test
statistics T under Hpj; can be approximated by a Gaus-
sian distribution with mean E(T;) = Mcr,f} and variance
Var(Ty) = 2Ma$. Then, the probability of false alarm P]]S
denotes by [24]:

PX(u) = Pr(Ty > 2/ H, )—Q(w) 3)
'+ (M) =Pr(Tk > A/ Ho k) = 22l

where Q(.)Zis the Q-function that is defined as Q(x) =
ﬁ f xoo e~ !"dt. ) is the detection threshold for each sub-
channel and o2 is the variance of the noise.

Under hypothesis Hj ; for selected threshold Ay, the
probability of detection for transmitted signal with variance

o2 is described by:
Py (i) = Pr(Tic > i/ Hy k)

B ( M — M(og + | Hil* Pr) )
V2M (02 +2|Hi|*02)02

“

where Py: The power of transmitted signal.
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4 Optimization of joint detection with PAPR reduction

The objective of this optimization problem is to find the op-
timal detection threshold for each subchannel to maximize
the aggregate opportunistic throughput under a constraint of
a maximum aggregate interference over the primary users,
which is described as Zle I (Ax), over the primary users.
Therefore, the optimization problem can be formulated as:

K
Max Z Ri(Ak)
k=1
K
s.t. Z L) <e (5)
k=1

)hmin,k <M= )hmax,k

where Ry and [; represent the opportunistic throughput on
each subchannel k and the Interference to the primary user
on each subchannel k, respectively.

RiOw) =7 (1 = PF(10)

In which 7gives the achievable throughput on each sub-
channel k.

(1= PF(0)
denotes the probability that subchannel & is empty.
TkO) = g (1 = Py ()

where g; denotes the value of interference from the cogni-
tive users with PU.

The last constraint determines the upper and lower
bounds on the thresholds of each subchannel. Those bounds
can be obtained by setting a limit on the total of 1 — P’; and

P; for each subchannel k such that
Py>p and 1-Pf>a (6)

Where the values of oy and Sj are ranged from 0.5 and 1

[25] to make the optimization problem convex where these

values are practical values for cognitive radio networks.
For the constraint Pdk > Bk, by using (4) and (5), we get:

)"k < )\max,k
where

Amaxk = M(02 + |H|* Py papr)

+ aw\/ZM(rrl% +2|Hi 2Py parr) Q7 (B (7)

Py papr=§.Py

where £ is the Scaling Factor (SF) < 1. It is defined in
[26, 27] which is selected depending on the value of the
PAPR reduction that depends on the linear region of the
power amplifier.

®

o
Il
h-N <Y

0: The PAPR value when PAPR reduction method is ap-
plied.

p: The PAPR value when no PAPR reduction method is
applied.

For the constraint 1 — P; > o by using (3) and (5), we
get:

Ak = Amin,k
where 9)

Amin, k £ Ui[M + 2MQ_1(1 - O{k)]
4.1 Simulation results

One primary user with K = 8 subchannels will be assumed.
Only one cognitive user will be assumed. The main param-
eters, that are used, are listed in Table 1. The channel condi-
tion between the primary user and the cognitive user, the op-
portunistic throughput over each subchannel, and the inter-
ference of each subchannel will be generated randomly us-
ing Matlab program. Now, the effect of PAPR reduction on
the performance of the multiband joint detection for wide-
band spectrum sensing will be investigated, where the effect
of PAPR reduction on the throughput that depends on the
probability of false alarm and the interference that depends
on the probability of miss detection will be studied.

Figure 1 shows the maximum aggregate opportunistic
throughput versus aggregate interference for three cases that
are without PAPR reduction method and with PAPR reduc-
tion method at SF = 0.95 and 0.9. The maximum aggre-
gate opportunistic throughput in Fig. 1 is obtained using the
optimal values of the threshold A;. The optimal values of
lambda’s are obtained by using trust-region-reflective algo-
rithm, which is selected due to its simpler and faster than
another algorithm such as Active set algorithm using quasi-
Newton approximation. Actually, all these algorithms give

Table 1 Simulation parameters

The number of subchannel, K 8

The number of collected samples, M 100

The Scaling Factor (SF) 1,0.95,0.9
The power of transmitted signal, Py 1

The variance of the noise, rrl%, 1

Br 0.9

o 0.8
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Fig. 1 Maximum aggregate opportunistic throughput vs. the con-
straint on the aggregate interference for different SF of PAPR

approximately the same results. For example at aggregate
interference = 0.2, the optimal values of the threshold with-
out PAPR by trust-region-reflective algorithms using con-
strained nonlinear optimization in Matlab are:

AP =112.5535, A9 =132.9482,

AT =121.1619, 3" =128.8863,

AP =127.5614  Ag =118.5905,

A =131.0587, g’ =112.8901

The optimal values of the threshold with PAPR at SF = 0.95
are:

AP =111.9023, A9 =130.1315,

2P = 117.8743, A = 1259993,

2 =124.6457, 2" =115.0818,

At =128.2411, g =111.9023

Moreover, from this figure, it is clear that if SF value de-
creases, the aggregate throughput of the secondary user is
degraded because the probability of false alarm (miss de-
tection for the vacant band) increases with decreasing SF.
Figure 2 shows the probability of false alarm Py for the
different cases of PAPR reduction (SF = 0.9 and 0.95) and
without PAPR reduction case when limiting the interference
on primary user to ¢ = 0.22.

Based on the previous simulation results, the reduction of
the degradation on the aggregate throughput of the cognitive
user can be achieved by the following:

1. The cooperation is used to reduce the effect of PAPR re-
duction.
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Fig. 2 The probability of false alarm for each subchannel k for differ-
ent values of SF and ¢ =0.22

2. The primary user has an incentive to select the low value
of the PAPR reduction where it can get more profit (as a
price from the cognitive users due to leasing the spectrum
band).

We will discuss the two suggestions in the following sec-
tions.

5 Cooperative joint detection considering the effect of
reduction of PAPR

Figure 3 shows a cognitive radio network composed of N
cognitive radios (secondary users) and a common receiver.
The common receiver is introduced as a base station (BS)
which manages the cognitive radio network and all associ-
ated N cognitive radios. Each cognitive radio performs lo-
cal spectrum sensing independently. Cooperative spectrum
sensing has been shown to greatly increase the probability
of detecting of PU [20-22].

In cooperative spectrum sensing, local spectrum sensing
information from multiple CRs are combined for PU detec-
tion. In centralized CR network, a common receiver plays a
key role in collecting the local spectrum sensing information
and detecting spectrum holes.

Cooperative spectrum sensing based on decision fusion
can be summarized as follows:

e Each secondary user i, for i =1, ..., N, performs spec-
trum sensing individually, i.e., energy detection with a re-
sult of Y;. Furthermore, each secondary user has identi-
cal threshold values which are assumed. The secondary
users will report its local decision A; according to 7;.
A; € {0, 1} will be used to denote the information that
the fusion center receives from the ith secondary users.
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Common |
receiver |

Fig. 3 System model of cooperative spectrum sensing

Where, {0} indicates that the CR infers the absence of the
PU and {1} indicates that the CR infers the presence of
the PU.

e The fusion center makes a final decision according to de-
cision fusion, that is defined by:

1 YL a4=D

FD = (10)

0 Otherwise

The case of D = 1 corresponds to OR rule and the case of
D = N corresponds to AND rule.

The optimization problem for cooperative sensing is the
same as (5). In the following we obtain the optimal thresh-
old for each subchannel k to jointly maximize the aggregate
opportunistic throughput while PAPR reduction is taken into
consideration.

5.1 Using AND rule

The probability of false alarm and probability of detection
of the final decision for AND rule are given by [28]:

N
P}‘(xk) = ]_[P]’gl. (11)

i=1

N
Py =]]Psi (12)

i=1

where P; ; and Pkl. are the false alarm probability and de-

tection probability of the ith secondary user for k£ subchan-
nel, respectively. These are given by:

. M — Mo?
P i (ki) =Pr(Tk,i > Ai/Hox) = Q 2\/— (13)

Pj,i(lk,i) =Pr(Ty,; > Ai/Hix)

( Mei — M (02 + |Hy i > Py) )
V2M (02 +2|Hy ;|20

(14)

where Ay ; gives the detection threshold for each subchannel
at i secondary user.

The false alarm probability of the ith secondary user for
k subchannel is given by:

P, =/ PEOw)

For the optimization problem in (5), and the limit on the
total 1 — P; and P"j for each subchannel k in (6), the lower
bound on the thresholds for each user i for each subchannel
k is obtained from (13) and (15) as:

5)

Aki = Amin,k,i
Amin ki 2 02 [M +~V2M O (V1T —ap)]

Similarity for Pg’l‘ , the detection probability of the ith sec-
ondary user for k subchannel is given by:

Pj;= | Pi0x)

By using (5), (6), (14), and (17), we get the upper bound on
the thresholds of each subchannel k as:

(16)

a7

Ak,i < Amax k,i
A 2 2
Amax.k,i = M (o, + |Hy.i|” Pc.pAPR)

2 4 2|Hy i 2Py parr) Q" (V/Br)
(18)

+ aw\/ZM(o

5.2 Using OR rule

The probability of false alarm and probability of detection
of the final decision for OR rule are given by:

N
Pro =1-T](1-P}))

i=1

19)

N
Py =1- ]_[(1 —P};)
i=1
Similarity for AND rule, from (19) and (20), the false alarm
probability and detection probability of the ith secondary
user for subchannel k are given by:

(20)

Pii=1— 31— Pf;(xk) 1)
PY,=1—{1— Pk (22)

Therefore, the lower and upper bound on the thresholds of
each subchannel k are obtained as:

Akyi = Amin,k,i
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Fig. 4 The aggregate opportunistic throughputs vs. the constraint on

the aggregate interference for cooperative and non cooperative scheme
with PAPR reduction (SF = 0.9) and without PAPR reduction, OR rule

where (23)
Amink,i Z02[M +vV2M Q7 (1 — Vap)].

)\k,i < )Lmax,k,i
where
Amax ki = M(og + |Hyil* Pr.papr) (24)

+0uy[2M (03 + 2 Hii 2 Pr.par)
x 07 (1= V11— )
5.3 Simulation results

The same assumptions and parameters used in the previous
section will be used in the following sections in despite that
the number of cooperative users are equal to 2. Now, the
cooperative spectrum sensing scheme and non cooperative
scheme will be investigated. Also, in following simulation
results, the improvement in the performance of the multi-
band joint detection for wideband spectrum sensing using
cooperative scheme to sense the primary signal will be ex-
plained when PAPR reduction is applied. The effect of coop-
erative scheme on the throughput that depends on the proba-
bility of false alarm and the Interference that depends on the
probability of miss detection will be studied.

Figure 4 shows the improvement in the aggregate oppor-
tunistic throughput with cooperative scheme for OR rule.
From this figure, the performance comparison of coopera-
tive and non cooperative scheme is shown without PAPR
reduction and with PAPR reduction at SF = 0.9. From these
results, it is clear that the aggregate opportunistic through-
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Subchannel , k
Fig. 5 The probability of false alarm for each subchannel k for coop-

erative and non cooperative scheme with PAPR reduction (SF = 0.9)
and without PAPR reduction for € = 0.22, OR rule
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N

o

Fig. 6 The probability of miss detection for each subchannel & for co-
operative and non cooperative scheme with PAPR reduction (SF = 0.9)
and without PAPR reduction for ¢ =0.22, OR rule

put for cooperative scheme is better than without coopera-
tive scheme in all cases of the PAPR reduction, even if we
use cooperative scheme with SF = 0.9. It is still better than
non cooperative scheme in case of without PAPR reduction.

Figures 5 and 6, show the probability of false alarm Py
and the probability of miss detection P, with the PAPR
reduction method (SF = 0.9) and without PAPR reduction
method for cooperative scheme and non cooperative scheme
when the interference on primary user is limited to a value
equals to 0.22. We conclude that Py is smaller in case of co-
operative scheme than the non cooperative scheme. More-
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Fig. 8 The probability of false alarm for each subchannel & for coop-
erative and non cooperative scheme with PAPR reduction (SF = 0.9)
and without PAPR reduction for ¢ = 0.22, AND rule

over, the value of P,, is not exceeding 1 — S = 0.1 for all
cases in Fig. 6, to save the primary user from interference
while maximizing the throughput. OR rule is used with co-
operative scheme in Figs. 4, 5, and 6. AND rule is used with
cooperative scheme in Figs. 7, 8, and 9.

Figure 7 shows the improvement in the aggregate op-
portunistic throughput with cooperative scheme for AND
rule. From this figure, we conclude that the aggregate op-
portunistic throughput for cooperative scheme using AND
rule is better than non cooperative scheme in all cases of
the PAPR reduction. Figures 8 and 9 show Py and P, for
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Fig.9 The probability of miss detection for each subchannel k for co-
operative and non cooperative scheme with PAPR reduction (SF = 0.9)
and without PAPR reduction for ¢ = 0.22, AND rule
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Fig. 10 The aggregate opportunistic throughputs vs. the constraint on
the aggregate interference for different number of cooperative users
and non cooperative scheme with PAPR reduction (SF = 0.9)

the PAPR reduction method (SF = 0.9) and without PAPR
reduction method with cooperative scheme and non coop-
erative scheme using AND rule when the interference on
primary user is limited to value equal 0.22. From these fig-
ures, we conclude that the improvement using OR rule with
cooperative scheme is better than the case when using AND
rule. Because the OR rule is very conservative for the CRs
to access the licensed band. As such, the chance of causing
interference to the PU is minimized.

Figures 10 and 11 show the performance of the system
for using different number of cooperative users compared
with non cooperative users.
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Fig. 11 The probability of false alarm for each subchannel & for dif-
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Figure 11 The probability of false alarm for each sub-
channel k for different number of cooperative users and non
cooperative scheme with PAPR reduction (SF = 0.9).

6 Optimization problem considering the profit of
primary user

The incentive of the primary user to choose small value in

PAPR reduction is to get certain price with minimum inter-

ference.
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Subchannel , k

Fig. 13 The probability of miss detection for each subchannel k for
different values of SF and r = 16.2

The optimization problem for minimizing the aggregate
interference constraint to limit the charge price can be for-
mulated as:

Min }:@@w

K
st. Y PROw)=r (25)
k=1

)\min,k =< )\k < )Lmax,k

where PRy (M) = vi(1 — P; (Mx)) and vy gives the charge
price of each subchannel k.

6.1 Simulation Results

Figure 12 shows the minimum aggregate interference for
different values of the total price for the cases that are
without PAPR reduction method and with PAPR reduction
method for SF = 0.95 and SF = 0.9. We randomly gener-
ate the channel condition between the primary user and the
cognitive user, the price over each subchannel, and the inter-
ference of each subchannel. From this figure, we conclude
that when the SF decreases, the aggregate interference to
the primary user increases because the probability of miss
detection increases with decreasing SF as shown in Fig. 13
when limiting the total price to r = 16.2 that is paid to pri-
mary user.

7 Conclusions

In this paper, the effect of PAPR reduction on the wide-
band spectrum sensing was studied which is not clarified
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until now. Moreover, the optimization problem for the multi-
band joint detection for the non-cooperative and coopera-
tive schemes was analyzed by considering the primary user’s
PAPR reduction. The optimal solutions for multi-band joint
detection were suggested under peak power reduction of the
primary user. The wideband cooperation spectrum sensing
to improve the signal detection with high reduction in the
PAPR was proposed. From simulation results, the PAPR re-
duction decreased the total price of the primary user and the
aggregate opportunistic throughput of the secondary user.
Moreover, the cooperative scheme is effective in improv-
ing the performance in terms of the aggregate opportunistic
throughput with PAPR reduction.
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