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Adaptive Spectrum Sensing for Throughput
Maximization of Cognitive Radio Networks in Fading

Channels
Tae Won Ban, Junsu Kim, and Bang Chul Jung, Member, KIMICS

Abstract— In this paper, we investigate an adaptive
cognitive radio (CR) scheme where a sensing duration and a
detection threshold for spectrum sensing are adaptively
determined according to the channel condition in a fading
channel. We optimize the sensing duration and detection
threshold of a secondary user to maximize the performance of
the secondary user guaranteeing a primary user’s secure
communication. In addition, we analyze the effect of channel
fading on the optimization of the sensing duration and
detection threshold. Our numerical results show that the
performance of the adaptive CR scheme can be drastically
improved if a secondary user can take the advantage of
channel information between primary and secondary users.

Index Terms— Spectrum sensing, cognitive radio, throughput,
Rayleigh fading channel

I. INTRODUCTION

IN a cognitive radio (CR) system, there exists a
tradeoff between sensing reliability and resource
utilization [1-3]. Ghasemi and Sousa [1] showed that
there exists an optimum sensing duration to maximize the
spectral efficiency of a secondary system. Sensing
duration to maximize a secondary user’s throughput
minimizing the interfering duration was investigated in
[2]. Liang et al. [3] also studied the optimal sensing
duration to maximize the achievable throughput of a
secondary network. In spite of many previous studies, the
effect of channel fading was not well investigated
although the performance of a CR system can be
dramatically improved if we exploit the channel state
information in fading channels. In addition, the previous
studies relied on the Gaussian approximation of a test
statistics.

Based on these motivations, we investigate an adaptive
CR scheme which maximizes the throughput in Rayleigh
fading channel by using the exact distribution of the test
statistics. We determine the optimal spectrum sensing
duration and detection threshold values to maximize a
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secondary user’s throughput efficiency and adapt the
values to varying channel condition.

The rest of this paper is organized as follows: In
Section 2, we describe a slot structure for CR system and
energy detector for spectrum sensing. Then, we propose
an adaptive CR scheme and analyze the performance
considering the Rayleigh fading channel in Section 3. The
numerical results are presented in Section 4.

Finally, conclusions are drawn in Section 5.

- — Slot (K) B _

< Sensing (V) —»= — Data Transmission or Idle (K-N) >

Primary is idle or active

i-th symbol

Fig. 1. Slot structure.

II. SYSTEM MODEL

2.1 Cognitive Radio Slot Structure
Fig. 1 shows a slot structure of the CR system.

A secondary user can opportunistically utilize a primary
user’s spectrum since it shares a spectrum dedicated to the
primary user. Thus, the secondary user can transmit its
data only when the primary user does not occupy its
spectrum. In order to identify the presence of the primary
user, the secondary user attempts to sense the primary
user’s spectrum. In this paper, we assume that a primary
system is time-slotted, one slot is composed of K symbols,
and a secondary user consumes N symbols to sense a
primary user’s spectrum. Accordingly, the secondary user
can use the remaining K — N symbols to transmit its data
if the primary user is idle.

2.2 Energy Detector

To identify the presence of a primary user’s
transmission in a given spectrum band, a non-coherent
energy detector is employed because a secondary user is
assumed to have no prior knowledge of primary signals
which a primary user transmits to its receiver [4]. We
assume that a secondary user’s sampling rate is the same
as the symbol rate of a primary user so that one sample
can be obtained for one primary symbol. Then, a spectrum
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sensing can be modeled as a binary hypothesis as follows:

(i) = n(i) ]f()Primary user is idle
g = hpx(i)-ﬂ- n(i) H Primary user is active

where y is a received signal by a secondary user, X is a
transmit signal of the primary user and satisfies

E, = EDxF}, h,is a channel gain from the primary

user to the secondary user, n is an additive white Gaussian
noise (AWGN), and i denotes a sampling index. In
addition, 7 is a complex Gaussian random variable with

zero mean and variance N ,

CN(O,NO) , and hp also follows a complex

which is denoted by

. . 2) .
Gaussian random variable~ CN (0,6;] since we

consider a Rayleigh fading channel. In a slow fading

channel, A " remains constant over one slot period but is

independent and identically distributed (i.i.d.) across slot
periods [5]. Then, we define a test statistic T to

differentiate o and H1 asT = %Z%DJ(Z)F .

If 7 is smaller than a pre-determined detection
threshold £, the primary user is declared to be idle.
Otherwise, the primary user is declared to be active. The
probabilities of detection, and false alarm, which are
denoted by Pa, and Pr, respectively, are defined as
P,=Pr[T = ¢|#,|] and P;=Pr [T = ¢|#,|]

III. ADAPTIVE COGNITIVE RADIO
SCHEME

3.1 Problem Formulation
In a CR system, a secondary user’s detection
probability should be strictly regulated to be greater than a

given target value Pain order to protect the primary
user’s communications since misseddetections of a
secondary user may cause harmful interference to a
primary user. Moreover, there exists a fundamental
tradeoff between reliability of spectrum sensing and
resource utilization at the secondary user [3]. Thus, we
need to optimize both the sensing duration N and the
threshold for the hypothesis test { to maximize the

secondary user’s performance while maintaining the
performance requirement of the primary users by

satisfying the requirement Pa. In order to measure the
secondary user’s performance, we define the secondary
user’s throughput efficiency as the ratio of the secondary
user’s throughput during data transmission period to the
secondary user’s average throughput [1].

For given sensing duration and threshold values, the
throughput efficiency of a secondary user can be
described as

(1)

N)
K

P(NvC)Il—Pf(N,O(l——

Therefore, the adaptive cognitive radio scheme can be
formulated as

max pre— [l,m p(iv, C)
st. Py(N,¢) = P, (2)

The optimum value of N , which is denoted as N ’ ,is a
solution of the following equation as

N'=arg max p(NV, (), (3)

NeE (1, K]

Where ¢ (N)is a detection threshold satisfying the
requirement in (2) for a given value of N . Therefore,

once N is obtained, the throughput efficiency of the
secondary user becomes

p=pWN",¢), (4)

Where ¢ " denotes the detection threshold value for N .
To maximize the throughput and find a corresponding
optimal sensing duration N " and threshold ¢ '

adaptively, we need to know the false alarm and detection
probabilities.

The definition of false alarm probability can be
expressed as

P(N,()= P [izmm 2 (5)

I
0i=1 ‘7\0

NER . .
Where % Z%|n(l)| is a chi-square distributed random

variable with a degree of freedom 2N denoted by
X % of which cumulative distribution function (CDF) is

. ANS)
given by FX%(X) = Tzvz) [6], where ['(-)and ~(-,°)

denote gamma and lower incomplete gamma functions,
respectively. Then, (5) can be rewritten as

N

)
N
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Where ['(-,-) denotes an upper incomplete gamma

function. In the following subsections, we formulate the
detection probability in a slow fading environment to
design the adaptive CR schemes in both scenarios which
are the case when the channel information is available and
vice versa.

3.2 Proposed Adaptive CR scheme With Channel
Information
The detection probability of the secondary user

2
conditioned on a given |hp| can be obtained as
. 2w , Ao 2N
P(I(Nv<”h1»|z) = Pr l—zwlﬁ(ﬁ + n’(z)|2 > —C]’ (6)
N) i=1 jv()

2

Where Niz_ﬂl‘hpx(i)+n(i)‘ is a mnon-central chi-
0 =

square distributed random variable with a degree of

2
) 2NE ‘h ‘
freedom 2N and a non-centrality parameter % ,

0
which is denoted by X; N [%J [7]. The closed-form

cumulative distribution function (CDF) of non-central
chi-square distributed random variables can be obtained
only when the degree of freedom is an even integer [6].
Since 2N is an even integer, (6) can be rewritten as

2NEp|hp|*
N

R/(N, C||h11|2) = QV( » 'V 2ch7 (7)

Where O, (-,-) denotes a generalized Marcum’s ()

function.
The detection threshold value ¢ can be obtained from

(7) for a given value of N and the detection probability

requirement Pa. Then, the optimal value of N can be
found from (3) and its corresponding throughput

*

. ‘2 is also obtained from (4). Finally, the
P

efficiency
unconditioned optimal throughput efficiency is derived by
2
averaging over ‘hp‘ as p*=E , {p* 2}.
Il L Il

The secondary user can estimate the channel
information by exploiting the pilot channel of the primary
system [8]. For this operation, the CR user requires prior
knowledge about the primary system’s pilot channel. For
example, if the primary system is a digital TV system, e.g.
according to the digital video broadcasting-terrestrial
(DVB-T) or the advanced television systems committee
(ATSC) standards, the secondary user can be configured
to use the corresponding pilot patterns of the primary

system to estimate the channel information. This may
increase operational complexity and reduce spectral
efficiency. However, the complexity can be minimized in
slow fading environments taking into account in this
paper. Moreover, as will be seen in numerical results, it is
possible to obtain a significant performance gain
compared to the conventional scheme which does not
utilize the channel information.

3.3 Conventional CR Scheme Without Channel
Information
Since the conventional CR scheme does not exploit the
channel information contrary to the proposed scheme, the

detection probability requirement Pa should be satisfied
in average sense.
Therefore, the average detection probability can obtained

. 2
by averaging (7) over |hp| as

PAN =1 In, P [P, (v, §||h'p|2J
N N

- o—— —NC = “\n
_  NopEpth, Noe 7 (2NV¢)
NobEp+ Nyi=1 2'n!
NoHEp¢
(I{l. n+1; )PPQJ. (8)
NopEp+ N,

Where (I)(~;~; ) denotes the confluent hypergeometric
function [9]. The detection threshold for given values of

N and Pa is calculated using (8). Then, the optimal

value of NN and its throughput also can be obtained as the
same procedure to the case with the channel information.
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Fig. 2. Throughput efficiency of a secondary user when
Pa=0.95.



254 Tae-Won Ban, ef al.: ADAPTIVE SPECTRUM SENSING FOR THROUGHPUT MAXIMIZATION OF COGNITIVE RADIO

Througphut Efficiency
o
o

0.1 b- —6— With Ch. Info.
; —8— Without Ch. Info.

1 i I 1 Il 1
-20 -15 -10 -5 0 5 10 15 20
Received SNR of Secondary User[dB]

Fig. 3. Throughput efficiency of a secondary user when
Pa=0.99.

IV. NUMERICAL RESULTS

In this section, we evaluate the performance of the
proposed adaptive CR scheme over the conventional CR
scheme in terms of throughput efficiency defined in (1).

In the following results, the noise variance No is
assumed to be 1 and then a transmit power value of a

primary user E pcan be directly translated into a transmit

power-to-noise ratio of a primary user without loss of
generality. In addition, the average channel gain value

G%which can capture the effect of path loss is also

assumed to be 1 so that an average transmit power-to-
noise ratio of a primary user can be translated into an
average received power-to-noise ratio of a secondary user.

Fig. 2 shows the optimal throughput efficiency of a
secondary user when the target detection probability of a

secondary user Pais 0.95. Solid line with circle markers
represents the throughput efficiency for the proposed
adaptive CR scheme with channel information and solid
line with rectangular markers denotes that for the
conventional CR scheme. It is shown that the throughput
efficiency of a secondary user increases as the strength of
signal to detect increases and the throughput efficiency of
the adaptive CR scheme can be greatly improved if the
secondary user can exploit the channel information from a
primary user. For obtaining the same level of the
throughput efficiency, the conventional scheme requires
maximally 5 dB. In other words, the proposed adaptive
CR scheme can significantly reduce the transmission
power while achieving the same throughput efficiency.
Fig. 3 also shows the optimal throughput efficiency of a

secondary user when Pais set to 0.99 and all other
parameters are the same as in Fig. 2. It is shown that the

throughput efficiency of both schemes decreases as Pa

increases. In order to satisfy more strict Pa value, a
secondary user should decrease its detection threshold
value and then its throughput decreases because of its
false alarm probability increases as the detection threshold
value decreases. It is also shown that the adaptive CR
scheme which exploits the channel information from a
primary user outperforms the adaptive CR scheme which
does not exploit the channel information in terms of the
throughput efficiency of a secondary user.

V. CONCLUSIONS

In this paper, we investigated adaptive CR systems
where the sensing duration and the detection threshold are
adaptively determined to maximize a secondary user’s
throughput efficiency in a slow fading channel. We
optimized the sensing duration and the hypothesis test
threshold values and adapted the values according to
varying channel states. Our numerical results show that
the benefits of an adaptive CR scheme can be
significantly improved if a secondary user can exploit a
channel information from the primary user to the
secondary user. In addition, our proposed scheme can
strictly protect he primary user from the secondary user
compared the conventional scheme because the proposed

scheme can always satisfy a given Pa constraint
regardless of channel conditions while the conventional

scheme can satisfy the P4 constraint in an average
sense. It should be noted that although the primary user
suffers from an extra burden to transmit a pilot for the
secondary user, the burden is not significant in a slow
fading channel.
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