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ABSTRACT

In this paper, the performance of a secondary user (SU) in an underlay cognitive radio (CR) network over a generalized-gamma (GG) fading channel in
terms of three performance metrics, namely, outage probability, ergodic capacity, and bit error rate (BER), is investigated. According to the underlay
approach, the transmit power of the SU should be limited to avoid interference to primary users (PUs). The performance metrics of the SU in the underlay
CR network are theoretically derived and also obtained with Monte Carlo simulations for a GG fading channel with different fading parameters. To
demonstrate the effect of limited power on the performance metrics, three different maximum transmit power levels (P_,), namely, 10, 20, and 30 dB,
are used. The simulation results lead to three conclusions: First, when high values are chosen for the fading parameters (q, ¢), the fading channel gets less
distorted and the performance metrics improve. The second conclusion is that the BER performance gets better as the limited power increases. The final

conclusion is that the BER performance of SUs improves as the interference power that PUs can tolerate increases..
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Introduction

Cognitive radio (CR) was proposed by Mitola afforded an opportunity for unlicensed users
to efficiently use the spectrum without any destructive effect on licensed users [1, 2]. A large
number of authors have been studying the CR concept to cope with the spectrum scarcity
problem due to the increasing demand for wireless communications and the use of new-gen-
eration communication systems [3, 4]. There are three different approaches in CR: underlay,
overlay, and interweave. In the underlay approach, while both licensed (primary) and unli-
censed (secondary) users simultaneously transmit their signals, the transmission power of sec-
ondary users (SUs) is limited within a predefined threshold. Therefore, they do not have any
disruptive effect on primary users (PUs). However, in the interweave approach, SUs need to
seek an opportunity to exploit the spectrum when it is not being utilized by PUs. Finally, in the
overlay approach, PUs and SUs behave as partners and PUs share their transmission parame-
ters (e.g., modulation settings) with SUs. This approach can be practical for an operator-aided
CR network, where all the SUs and PUs are serviced by the same operator.

Recently, the generalized-gamma (GG) fading channel, which covers a large number of well-
known fading channel models, has become popular, and many researchers have been study-
ing the wireless system performance over this type of channel [5-10]. In [5], in 2005, Aalo et
al. studied the bit error rate (BER) of modulation schemes in GG channels. Then, in 2009, Mal-
hotra et al. investigated the receiver performance over GG fading channels and derived the
analytical BER results for M-ary phase-shift keying (M-PSK) and M-ary quadrature amplitude
modulation (M-QAM) schemes using moment-generating function (MGF) approach and Padé
approximation technique [6]. Later, in 2011, Gazi derived the upper bounds for outage prob-
ability and MGF [7]. A cognitive relay network was studied in [8] and the outage probability
was derived for different tolerable interference levels. Additionally, in [9], outage probabili-
ty was studied for a dual-hop decode-and-forward relay over a GG fading channel. In 2015,
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physical layer security was studied over a GG fading channel in
[10]; further, the channels between the receiver and an eaves-
dropper, as well as that between the receiver and transmitter,
were characterized with different GG fading parameters. The
outage probability of a cognitive relay network under interfer-
ence constraints was studied in [11, 12]. A multiple-input mul-
tiple-output cognitive relay network, which uses an underlay
approach, was considered in [11], and the outage/error per-
formance analysis was presented by means of closed-form ex-
pressions over Rayleigh fading channels. The same scenario is
also analyzed over composite asymmetric multipath/shadow-
ing fading channels in [12]. Moreover, the outage performance
of cognitive DF relay networks for nonidentical independent
Rayleigh fading channels, nonidentical interference power
limits of PUs, and nonidentical maximum transmission power
limits of SUs have been analyzed in [13,14,15]. A similar work
is also presented in [16] involving cognitive AF relay networks.

In this paper, it is assumed that the CR network employs the
underlay approach; therefore, the transmit power of SUs is
limited to guarantee that SU transmission is not harmful to PU
transmission. The channels between the SU transmitter and SU
receiver, as well as those between the SU transmitter and PU
receiver, are modeled with GG fading distribution. Simulations
are performed for various values of the fading parameters of
the GG fading distribution. The contribution of this study is
the investigation of the effect of limited SU power on the BER
performance as well as on ergodic capacity over a GG fading
channel, which is not represented in earlier studies.

This paper is organized as follows. Section 2 describes the sys-
tem model under consideration. Section 3 presents the anal-
ysis of outage probability, ergodic capacity, and BER perfor-
mance. Section 4 provides the simulation results. Finally, the
paper concludes with Section 5.

System Model

The CR network model under consideration is shown in Figure
1. While the transmitter of the SU is denoted by SU,, the PU
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Figure 1. System model under consideration
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and SU receivers are denoted by PUx and SUs, respectively.
Each node has a single antenna. The transmit power of the SU,
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note the maximum tolerable interference level and maximum
transmit power level, respectively. he o, um represents the
fading channel information between SU, and PU,,.The trans-
mission channel is modeled as a GG random variable. The GG
distribution is given by [7, 10]
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P, is determined by ,where O, and Fu.. de-

where a denotes the fading parameter; ¢ and 7 represent
the normalized variance and a-root mean value of the chan-
nel envelope R, respectively. Finally, T = [i"c"dr is the well-
known gamma function. A GG fading channel can be trans-
formed into other distributions through the use of different
fading parameters and variance values. Table 1 lists the corre-
sponding distributions of a GG fading channel with different
aand ¢ values.

Because the fading channel is modeled as GG, the probability
density function and cumulative distribution function (CDF) of
the signal-to-noise ratio (SNR) is expressed as [10]
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where Y(@x) = [¢"t"dt is the lower incomplete gamma func-
tion, as defined in [17, Eq.(8.350/1)]. SNR is expressed as
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where b s denotes the fading channel information be-
tween SUzx and SUs« . Let x, denote the transmitted symbol
of the SU. The received signal at the SU receiver can be ex-
pressed as

y=Psh X, +ng, (5)

SU,TX—>SU,RX "'s

where n_denotes the complex additive white Gaussian noise
(AWGN) with zero mean and unit variance CN(0, No/2). Here the
interference of PU on the SU is neglected.

Table 1. Various a and ¢ values of a GG fading channel

a c? Corresponding Distributions
2 1 Rayleigh

2 c Nakagami-m

a/2 1 Weibull

a'Denotes a GG fading parameter
c’Represents the normalized variance of a GG channel envelope
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Performance Analysis

In this paper, the outage probability, ergodic capacity, and BER
for the SU are analyzed. These performance metrics are derived
for the considered scenario in GG channels.

Outage Probability

One of the important performance criteria is the outage prob-
ability. It can be easily obtained from

Vthr

B =pr=va)= [ f,()dy, (6)
0

where y, denotes the predefined threshold value. In GG fading
channels, the outage probability can be calculated by using the
CDF of SNR, which is given in Eq.(3). In [10], the lower incom-
plete gamma function is given in the form of Meijer's G-func-
tion [17,EQ.(9.301)] as
4 l-c
@
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By using Eq.(7), the outage probability can be calculated for GG
fading channels.

Ergodic Capacity
The well-known capacity equation is given in Eq.(8):

C= E[10g2(1 + V)] ’ (8)

where y represents the SNR value of the SU, which depends on
the random fading channel. By using Jensen’s inequality, the
upper bound of Eq.(8) can be expressed as

C<log,(1+7¥), )

where 7 represents the average SNR. By using Meijer’s G-func-
tion representation of /{/(y} in Eq.(7), 7 can be calculated as

7 =i(171f(y))dy =:!{1 J[c, c(%]m)

dy. (10)
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Figure 2. Outage probability vs. 9, for different P valuesovera
Rayleigh fading channel (a =2, a =2 c=1)

Figure 4. Outage probability vs. O, for different P valuesovera
Nakagami fading channel (a.=2, a =2 c=2)
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Figure 3. Outage probability vs. 9, for different P .. valuesovera
GG fading channel (a =1, a =1 c=1).

Figure 5. Capacity variation vs. 9, for different P values over a
Rayleigh fading channel (a =2, a =2, c=1)
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When the fading parameters are chosen as a =2, a =2, and c=1,
the GG fading channel turns into a Rayleigh channel, and there-
fore, the capacity can be calculated as

1 e

the modulation type and demodulation process. For BPSK
modulation and coherent detection, a=1 and b=0.5. The
average BER is obtained from [5]:

e
C=—o —dr _ !
w2l 0 B _agenasy, |(22)] oo, (13)
E 2Lk+1 kk/lay ﬂ K ﬂ
1> s Mk+]
The theoretical curve is only given for the Rayleigh fading case
(a=2, a=2, and c=1). For the other cases, the capacity results where
are obtained with Monte Carlo simulations. n+b-1
1- n=12K,!
Bit Error Rate Analysis S ’ (14)
1- n=I+11+2K 2]
In the system model under consideration, the average BER can
be calculated by averaging over the fading channel: and
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where F:(v) = zr,(b) denotes the conditional BER in the AWGN
channel [18, Eq.(8.100)]. Further, @ and b values depend on Moreover, ﬂ=F(c;(2)/a) and a/2=1/k.
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Figure 6. Capacity variation vs. Q, for different P values over a
GG fading channel (@=1,a=1,c=1)
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Simulation Results

In this section, the outage probability, capacity, and BER perfor-
mance of the SU in the underlay CR network are investigated.
In all the simulations, it is assumed that the SU’s modulation
type is BPSK, N, =1, and the tolerable interference-to-noise
ratio @, =9,/ Ny changes from 0 to 40 dB. However, the SU’s
power is limited to F... to avoid causing interference to the
PU. In the simulations, three different £... values are consid-
ered, namely, P__={10, 20, 30} dB. All the simulations are per-
formed by using Monte Carlo with 10¢ iterations (except for the
last one, which is obtained with 10 iterations) using MATLAB
(MathWorks, Natick, Massachusetts, U.S.A). The outage proba-
bility, capacity, and BER performance are investigated for var-
ious a values (a=1, 2, 3, and 6). To simplify the notation, the a
values of hg; v purx and hgyrx.surx are represented as a
and a_(a, a), respectively.

d

Outage probability, capacity, and BER performance are ob-
tained for different O, and F.. values. First, theoretical and
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Figure 10. Bit error probability for different fading parameters

simulation outage probability values are shown in Figure 2,
Figure 3, and Figure 4 for various channel fading parameters.
When the fading channel parameters are chosen as a =2, a =2,
and c=1 (Figure 2), the GG fading channel turns into a Rayleigh
fading channel. In addition, Figure 4 shows the outage proba-
bility over a Nakagami-m fading channel (a=2, a =2, and ¢=2).
In all these figures, the threshold value y,, is chosen as 10 dB.
It is clear that the theoretical results match very well with the
simulation curves. As the transmission power increases, the
outage probability improves. The worst outage probability is
obtained in Figure 3, because the channel fading effect is se-
vere as compared to those of the analyzed channels shown in
Figure 2 and Figure 4. The lowest outage probability value is
obtained as almost 1072 for the Rayleigh fading channel, while
this value is close to 10 for the Nakagami fading channel
when P =30dB.

Figure 5 shows the capacity variations for different £ values
in a Rayleigh fading channel (a =2, a,=2, and c=1). As shown
in the figure, for all the Fusx values, the capacity first increases
as QP increases and then it saturates when it reaches the pre-
defined threshold value. The theoretical capacity values per-
fectly match with the simulation results for all the Fux values.

Figure 6 and Figure 7 show the capacity performance of SUs
in different fading channels. Evidently, when the c value is 2
instead of 1, higher capacity values can be reached. Further,
when all the fading parameters are 1, the worst channel is ob-
tained. For example, when P, is selected as 30 dB, while the
capacity value equals 7 bps at 25 dB (Figure 6), the capacity
equals 8 bps at the same QP value (25 dB) (Figure 7).

Finally, the theoretical and simulation BER results are given for
different a fading channel parameters and various maximum
limited transmit power values. In all the simulation setups, the
simulated BER results perfectly match with the theoretical re-
sults. First, the channel parameters are chosen as a=2, a,=2,
and c=1 (Rayleigh fading), and the BER results are obtained
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Figure 11. Bit error probability for various a fading parameters
(P =30dB, c=1)

max

Figure 12. Bit error probability for various a fading parameters
(P =30dB, c=2)
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Figure 8. As expected, for F..x =30 dB, the BER performance
remarkably improves. All the BER curves perform almost the
same until 0, =104B ; then, the smallest Fux value (Fu =10 dB)
is saturated. At O, =184dB, the BER performance for P, =20 dB
is saturated. The BER value at this saturation point is 0.0024. For
F..x =30 dB, the curve outperforms Fux =10 and 20 dB. In Fig-
ures 9-11, it is assumed that ¢ =1 and a values are set to a ={1,
2, 3, 6} to evaluate the BER performance with various limited
SU transmit power (F,.) values. The dominant effect on BER de-
pends on the selection of P_ . In Figure 12, cis set to 2. Evident-
ly, as a increases, the BER performance significantly improves.
To determine the effect of c on the BER performance, Figure 11
and Figure 12 can be compared. Evidently, while the SNR gap
equals 12 dB at BER=10"2 when a=1, this gap equals 9 dB at
BER=1073.The SNR gap decreases with increasing a.

Conclusion

In this paper, the outage probability, ergodic capacity, and BER
performance of SUs over a GG fading channel in the underlay
CR system are investigated. The closed-form expressions are
also given, and the obtained results closely match with those
obtained from the simulations. Because of the limited trans-
mit power of SUs, the performance indicators, namely, outage
probability, BER, and ergodic capacity, saturate with the P__
value. When this limited power is increased, all the perfor-
mance metrics improve.
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