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Abstract In this paper, we have numerically computed

the channel capacity in fading environment under average

interference power constraint with two different adaptation

policies for the spectrum sharing in cognitive radio com-

munication systems such as power adaptation and rate and

power adaptation for multilevel quadrature amplitude

modulation format. However, the small scale fading effect

over the transmit power of the secondary transmitter is

explored. The rate and power of secondary transmitter is

varied based upon the sensing information and channel

state information of the secondary link. The channel

capacity is maximized for these two policies by consider-

ing the Lagrange optimization problem for average inter-

ference power constraint.

Keywords Cognitive radio � Spectrum sharing � Fading �
Adaptive modulation � Bit error rate � Channel state
information � Ergodic capacity

1 Introduction

With an explosive demand of the wireless broadband ser-

vices, the future wireless system will witness a rapid

growth of high data rate applications with very diverse

quality-of-services (QoS) requirements. To support such

applications under the limited resources and harsh wireless

channel conditions, the dynamic resource allocation which

achieves both the higher system spectral efficiency and

better QoS has been identified as one of the most promising

techniques. The wireless networks have been characterized

by the fixed spectrum allocation policy, where the gov-

ernmental agencies assign spectrum to the license holders

on a long term basis for large geographical regions [1].

However, according to the recent measurements made by

the Federal Communications Commission (FCC), a large

portion of the assigned spectrum is used sporadically

leading the fact that fixed spectrum allocation policy has

resulted in severe underutilization of several bands both in

temporal and spatial manner [2], that motivates for inves-

tigation of the cognitive radio network, which proposes

secondary access to the already-licensed spectrum as a

means to mitigate spectrum scarcity. It is a novel concept

in the wireless communications communities, which aims

to have more adaptable and aware communication device

that can make better use of the available natural resources

[3] and offers a solution to the spectral crowding problem

by introducing the opportunistic usage of the radio fre-

quency spectrum that are not heavily occupied by the

licensed users [4]. It improves the spectrum usage by

facilitating coordination between the licensees and sec-

ondary/cognitive users in the secondary spectrum markets

by allowing license exempt use of the licensed spectrum

with times or locations when it is unused or lightly used.

In general, for wireless communication systems, the

channel capacity is used as a basic performance measure-

ment tool for the analysis and design of new and more

efficient techniques to improve the spectral efficiency. The

adaptive power transmission scheme that achieves the

Shannon capacity under the fading environment is con-

sidered in [5] and average transmit power constraint along

with the availability of channel state information (CSI) at
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the cognitive transmitter was initially considered in [6].

Later, the power optimization problem with peak and

average transmit power constraints have been investigated

[7]. However, in the spectrum-sharing systems, CSI is used

at the secondary transmitter to adaptively adjust the

transmission resources [8, 9]. In [9], the knowledge of the

secondary link CSI and information about the channel

between the secondary transmitter (ST) and primary

receiver (PR) at the ST have been used to obtain the

optimal power transmission policy of the secondary user

(SU) under constraints on the peak and average received-

power at the primary receiver. Ghasem and Sousa [10]

have demonstrated that the secondary user may take

advantage in the fading environment between the primary

and secondary user by opportunistically transmitting with

high power when its signal, as received by the licensed

receiver, is deeply faded. One of the most efficient ways to

determine the spectrum occupancy is to sense the activity

of primary users operating in the secondary user’s range of

communication [11]. Practically, it is difficult for a sec-

ondary user to have direct access to the CSI pertaining to

the primary user link. Recent works on the spectrum-

sharing systems concentrated on sensing the primary

transmitter’s activity is based on the local processing at the

secondary user side [12]. In this context, the sensing ability

is provided by a sensing detector mounted on the secondary

user’s equipment, which scans the spectrum for specific

time [13]. The activity statistics of the primary user’s

signal in the shared spectrum is computed and, based on

the sensing information [14], the cognitive user has capa-

bility to determine the local presence of the primary

transmitter in a specific spectrum band. For instance, the

received signals at energy-based detector [15, 16] are used

to detect the presence of unknown primary transmitters.

However, using this sensing information obtained from the

spectrum sensor and considering that the secondary trans-

mitter does not have information about the state of its

corresponding channel, the power adaptation strategy that

maximizes the channel capacity of the secondary user’s

link is investigated in [17]. Rezki and Alouini [18] have

considered the limited/imperfect CSI at the secondary

transmitter and computed the Ergodic channel capacity.

Further, in [19] the power allocation for erroneous esti-

mated channel gain between the secondary user and pri-

mary base station is performed through the geometric

programming problem which is solved by Lagrange dual

decomposition. However, only underlay spectrum sharing

model is considered in [19]. Parsaeefard and Sharafat [20]

have considered the cognitive nodes as relay nodes and

illustrated the power and channel allocation strategy to the

cognitive users in the Rayleigh fading environment. In

[21], the rate loss constraint (RLC) is considered instead of

conventional interference power constraint in order to

protect the primary user, and the channel capacity of

cognitive user which utilizes primary users OFDM

(orthogonal frequency division multiplexing) subcarriers,

is maximized by RLC and cognitive user transmit power

constraint. However, in [18–21] the authors have computed

the channel capacity of the cognitive user without consid-

ering the channel sensing information available at sec-

ondary transmitter.

In this paper, we have emphasized on the cognitive radio

wireless communication system with maximum achievable

Ergodic channel capacity, considering single cognitive

user. In a collaborative communication framework, either

extra relay terminals assist the communication between

some dedicated sources and their corresponding destina-

tions and/or allow the users in a network to help each other

to achieve higher communication system capacity than the

single point-to-point communication between source and

destination [22, 23]. However, in this paper we have con-

sidered point-to-point communication between the cogni-

tive users without any kind of cooperation/collaboration

among them therefore, if more than one cognitive user’s

are competing to access the primary user’s same spectrum

hole, then due to probable inter cognitive user’s interfer-

ence the maximum achievable channel capacity is upper

bounded by only single cognitive user’s case. The proposed

spectrum-sharing system has a pair of primary transmitter

(PT) and primary receiver (PR) as well as a pair of sec-

ondary transmitter (ST) and secondary receiver (SR) as

shown in Fig. 1. The small-scale fading effects over the

transmit power of secondary transmitter in the proposed

system has been explored. However, in [24] such type of

system model is considered without the fading in the link

channel between the secondary transmitter and primary

receiver. We have investigated the Ergodic channel

capacity for the Nakagami-m fading channel in the sec-

ondary and primary links and the power of secondary

transmitter is controlled based on:

1. Sensing information about the primary user’s activity,

and

2. CSI of the secondary and primary link.

Further, the constraint on average interference at the

primary radio receiver is considered for the channel

capacity. Since the cognitive user is able to adapt any

modulation strategy, therefore it can change its modulation

strategy according to the fading environment and hence

both adaptation policies in the rate and power can estab-

lished [25], which is referred as the variable rate and power

transmission scheme. In this context, we have also con-

sidered the variable rate and power M-QAM transmission

strategy in the cognitive radio communication system

where the rate and power of the secondary transmitter is

adaptively controlled based on the availability of secondary
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user’s link CSI and the sensing information about the pri-

mary user’s activity. The remainder of the paper is orga-

nized as follows. Section 2 is concern with the spectrum

sharing system model. Section 3 discusses about the power

and rate adaptation policy for the Nakagami fading chan-

nels and in Sect. 4 the numerical simulation results of the

proposed spectrum sharing model is presented. Finally,

Sect. 5 concludes the work.

2 Spectrum sharing system

2.1 System model

This proposed spectrum-sharing system consist of a pair of

primary transmitter (PT) and primary receiver (PR) as well

as a pair of secondary transmitter (ST) and receiver (SR) as

shown in Fig. 1. In this scenario, the secondary user is

allowed to use the spectrum band assigned to the primary

user as long as the interference power imposed by sec-

ondary transmitter on the primary receiver is less than a

predefined threshold value that is the interference temper-

ature limit. We have considered that the primary user link

that is the channel between the primary transmitter and

primary receiver is a stationary block-fading channel.

According to the definition of block-fading, the channel

gain remains constant over some block length T and after

that time, the channel gain changes to a new independent

value based on its distribution [24].

The average transmit power of the primary transmitter is

assumed to be Pt and its average ON/active time is a or

average OFF/inactive time is �a ¼ 1� a [17]. In addition to

this, we have considered a discrete-time flat-fading channel

with perfect CSI at the receiver and transmitter of the

secondary user. As shown in Fig. 1, the secondary receiver

generates and estimates the channel power gain (ĉs)
between the secondary transmitter and secondary receiver.

We assume that the channel power gain is fed back to the

secondary transmitter error-free and without delay. Further,

the channel gain between the transmitter and receiver of

the secondary user, secondary transmitter and primary

receiver as well as between the primary transmitter and

secondary transmitter is given by
ffiffiffiffi

cs
p

,
ffiffiffiffifficp

p
, and

ffiffiffiffiffi

cm
p

,

respectively. However, the channel power gains cs, cp, and
cm are independent of each other. We have obtained the

cognitive radio communication system Ergodic channel

capacity by considering the distribution of cs and cp as the
Nakagami-m distribution. dm, ds and dp are the distances

between secondary transmitter to primary transmitter,

secondary transmitter to secondary receiver, and secondary

transmitter to primary receiver, respectively. Moreover, the

channel between the primary transmitter and secondary

receiver is considered additive white Gaussian noise

channel (AWGN), denoted as n and can be modeled as

zero-mean Gaussian random variable with variance N0B,

where N0 and B denote the noise power spectral density

and the signal bandwidth, respectively. x is the data

transmitted from secondary transmitter and x̂ is the esti-

mated transmitted data at secondary receiver as shown in

Fig. 1.

2.2 Spectrum sensing module

As shown in Fig. 1, the secondary transmitter is equipped

with a spectrum sensing detector whose function is to sense

the frequency band of primary user for secondary user’s

Fig. 1 The proposed spectrum-

sharing system model
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transmissions. However, based on the received signals, the

detector computes a single sensing metric denoted by n,
[16]. The sensing metric is the total primary signal power

in the number of independent signal samples [17]. We

consider the statistics of n conditioned on the primary user

being active or idle, are known prior to the secondary

transmitter. Using the energy detection method for sensing

information on the primary user being active or idle, the

sensing parameter n is modeled according to Chi square

probability distribution functions (pdfs) with m degrees of

freedom as discussed in [15], where m is related to the

number of samples used in the sensing period, N We define

the pdf of n given that the primary transmitter is active or

idle by, f1 nð Þ and f0 nð Þ, respectively that is the f1 nð Þ and

f0 nð Þ are conditional probability. According to [26, p. 941],

for a large number of m (e.g., C30), one can approximate

the Chi square distribution with a Gaussian pdf. Since the

number of observation samples can be large enough for the

approximation to be valid. We choose f1 nð Þ�N ðl1;d21Þ
and f0 nð Þ�N ðl0;d20Þ where (l1;d

2
1) and ðl0;d20Þ are given

by [12]. The probability distribution of n depends on [17]:

l1 ¼ N
Pt

d2m
þ 1

� �

d21 ¼ 2N
Pt

d2m
þ 1

� �2

; and

9

>

>

>

=

>

>

>

;

when PTis active

l0 ¼ N

d20 ¼ 2N

)

when PT is idle

9

>

>

>

>

>

>

>

>

>

>

=

>

>

>

>

>

>

>

>

>

>

;

ð1aÞ

and the probability distribution of n is given as [12]:

f0 nð Þ ¼ 1
ffiffiffiffiffiffiffiffiffiffi

2pd20

q exp
� n� l0ð Þ2

2d20

 !

f1 nð Þ ¼ 1
ffiffiffiffiffiffiffiffiffiffi

2pd21

q exp
� n� l1ð Þ2

2d21

 !

9

>

>

>

>

>

>

=

>

>

>

>

>

>

;

ð1bÞ

In this paper, we have used the energy detector for spec-

trum sensing due to its easy implementation and low

computational complexity as discussed in [15]. The other

sensing detectors can also be used for spectrum sensing

because, the authors main motive is to compute the sensing

metric n, which can represent the total signal power

observed or the correlation between the observed signal

and a known signal pattern [17]. However, the main dif-

ference lie in the number of samples required for the same

performance in different detectors and that depends on the

required signal-to-noise ratio [15]. In addition to this, the

secondary user transmission should be limited so that it

does not cause harmful interference to the primary.

Therefore a limit or constraint is set at PR called average

interference power constraint or simply interference con-

straint. When PU is active, ST cannot transmit power

which crosses the average interference power constraint at

the primary receiver, which is given as [24]:

Ecs;n;cp Pðcs;cp;nÞcpjPUisON
� �

�Qint; 8cs; cp;n ð2Þ

where the transmit power of SU is Pðcs;cp;nÞ and expec-

tation over the joint pdf of random variables cs; cp and n is

denoted by Ecs;n;cp �½ �. Qint is the interference limit set at PR

that is the maximum interference power, which it can tol-

erate without degrading its own performance. The con-

straint defined in (2) is used to compute the Ergodic

channel capacity. However, the average interference power

constraint is considered only because we have considered

that the licensed user performance is measured by the

average signal-to-noise ratio (SNR) and not by instanta-

neous SNR. Moreover, the Ergodic channel capacity under

the average received power constraint is, in general, higher

than that of the peak received power constraint due to the

more restrictive nature of the peak as opposed to the

average interference power constraint.

3 Rate and power adaptation policy for M-QAM

The data rate and power is a potential transmission

strategy, which adjust the transmit power and data rate of

cognitive radio systems to improve the spectrum effi-

ciency for utilizing the shared spectrum [24, 27–29].

Further, the data rate adaptation is a spectral efficient

technique and its adaptation can be achieved either

through the variation of the symbol time duration [30] or

by varying the constellation size [31]. However, the for-

mer method is spectral inefficient and requires variable-

bandwidth system design as discussed in [32]. The vari-

able data rate adaptation policy using varying constella-

tion size is fixed bandwidth and spectral efficient method

[32]. The Ergodic channel capacity under adaptation

policy of the variable data rate and power transmission

strategy in M-QAM signal constellation is considered

with the knowledge of CSI and spectrum-sensing infor-

mation at the secondary transmitter side, which satisfy the

predefined bit-error-rate (BER) requirements and adhering

to the constraints on the average interference power at the

primary user. In this case, the cognitive radio adapt the

transmit power according to the:

1. primary and secondary channel power gain cp and cs,
respectively,

2. primary user’s activity states n, subjected to the

average interference, and,

3. instantaneous bit-error-rate constraint Pb cs; nð Þ ¼ Pb.
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The Pb bound for each value of cs and n, which is given

as [24]:

Pb cs; nð Þ� 0:2 exp
�1:5

M � 1

Pðcs;cp;nÞcs
N0B

� �

ð3Þ

where M is the constellation size or the number of symbols

in the particular modulation format. Pðcs;cp;nÞ is the

transmit power of secondary transmitter. To satisfy the

conditions as discussed in (3), we can adjust the values of

M and Pðcs;cp;nÞ. However, Eq. (3) holds for M� 4 [24].

We can also write (3) by the following mathematical

expression:

Pb cs; nð Þ� 0:2exp
�1:5

M � 1
SNRss

� �

ð3aÞ

where SNRss is the signal-to-noise power ratio of the sec-

ondary transmitter to secondary receiver. For both adaptive

data rate and adaptive power transmission policy, Eq. (3)

should be satisfied for the following constraint on average

interference power:

Pðcs;cp;nÞcp
N0B

�Qint ð3bÞ

or

SNRsp �Qint

where SNRsp is the signal-to-noise power ratio of second-

ary transmitter to primary receiver. After some mathe-

matical manipulation of Eq. (3), we yields the following

maximum constellation size for a given Pb cs; nð Þ:

M cs; nð Þ ¼ 1þ K
Pðcs;cp;nÞcs

N0B

� �

ð3cÞ

Moreover, we can achieve the constellation size that is the

value of M in M-QAM modulation format for an arbitrary

chosen bit-error-rate, the average interference power and

the ratio of
cs
cp
and is given by the following expression:

M ¼ 1þ K
cs
cp

 !

Qint

M ¼ 2n ¼ 2
log2 1þK

cs
cp

� �

Qint

� �

ð4Þ

where

K ¼ �1:5

In 5Pbð Þ\1 ð5Þ

and n is the number of bits per symbol. However, for

M\4, suppose for BPSK the error rate is given in [32].

Therefore, the Ergodic channel capacity under average

interference power constraint and given Pb is:

Cer

B
¼ max

Pðcs;cp;nÞ

ZZ

log2 1þ
KcsPðcs;cp;nÞ

N0B

� �

fs csð ÞfpðcpÞ

� ðaf1 nð Þ þ �af0 nð ÞÞdcsdcp ð6Þ

With the constraint:
ZZ

cpPðcs;cp;nÞfs csð ÞfpðcpÞf1 nð Þdcsdcp �Qint ð7Þ

The transmitter power P cs;cp;n
	 


of cognitive transmitter is

the joint function of secondary channel gain, primary

channel gain and sensing metric. Asghari and Aissa [24]

have provided a mathematical expression for the channel

capacity of the secondary user’s link for power adaptation

policies under interference and peak power constraint with

the sensing pdf’s. However, the primary user’s link channel

power gain cp, which is presented in (6) was not considered

in [24]. Now, we have to maximize the Ergodic capacity of

the system as given by (6) and satisfy the constraint given

in (7). Therefore, to yield the optimal power allocation

P cs;cp;n
	 


, we form the Lagrangian multiplier, k [33] and

construct the following Lagrangian function:

L P cs;cp;n
	 


; k
	 


¼
ZZ

log2 1þ
KcsPðcs;cp;nÞ

N0B

� �

fs csð ÞfpðcpÞðaf1 nð Þ þ �af0 nð ÞÞdcsdcp

� k

�

ZZ

cpPðcs;cp;nÞfs csð ÞfpðcpÞ

f1 nð Þdcsdcp � Qint

�

ð8Þ

L P cs;cp;n
	 


; k
	 


is the concave function of Pðcs;cp;nÞ and

interference constraint defined in (7) is convex, therefore the

1st order condition that is the derivative of L P cs;cp;n
	 


; k
	 


w.r.tP cs;cp;n
	 


is sufficient KKT condition for the optimality

[34] and the sufficient condition allows us to obtain the

solution. Now, the optimization problem being convex (i.e.

this problem is a maximization problem with a concave cost

function and a convex set of constraints), there is a unique

solution. Hence, the solution given by the sufficient condi-

tion is the only solution and is given by:

oL P; kð Þ
oP

¼ 1

1þ KcsP cs;cp;nð Þ
N0B

Kcs
N0B

af1 nð Þ þ �af0 nð Þð Þfs csð Þfp cp
	 


� kcpf1 nð Þfs csð Þfp cp
	 


¼ 0

or

oLðP; kÞ
oP

¼ Kcs
N0Bþ KcsP cs;cp;n

	 
 af1 nð Þ þ �af0 nð Þð Þ

� kcpf1 nð Þ
¼ 0 ð9Þ

and
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P cs;cp;n
	 


¼
cl nð Þ
kcp

� N0B

csK
ð10aÞ

If we assume P cs;cp;n
	 


¼ 0 for some values of cs; cp; and
n, which take placed in the condition defined below and

after putting P cs;cp;n
	 


¼ 0 in (10a), we get:

cp
cs

[
cl nð ÞK
kN0B

ð10bÞ

Therefore, from (10a) and (10b), the power P cs;cp;n
	 


is

adapted to maximize the Ergodic channel capacity as

defined in (6), which is given as:

P cs;cp;n
	 


¼

cl nð Þ
kcp

� N0B

csK
;
cp
cs

�
cl nð ÞK
kN0B

0;
cp
cs

[
cl nð ÞK
kN0B

8

>

>

<

>

>

:

ð10cÞ

where

cl nð Þ ¼ aþ �a
f0 nð Þ
f1 nð Þ : ð11Þ

The optimal power allocation obtained by (10a) repre-

sents the more transmission power, which can be used

when cs increases and cp decreases and the average inter-

ference constraint at primary receiver is satisfied. This is

due to the primary user’s fading channel advantage which

has enhanced the cognitive user’s capacity. The sensing

decision is considered in Eq. (11) and it is observed that

when the conditional probability that the PU is idle (f0 nð Þ)
gets higher than that of being active (f1 nð Þ), then the value

of cl nð Þ has an ascending behavior and cl nð Þ[ 1 other-

wise, cl nð Þ\1. Therefore, as the conditional probability

distribution of the primary user being idle gets higher than

being active, cl nð Þ increases and, consequently, we can

increase the secondary user’s transmission power without

causing harmful interference to the primary receiver. Note

that when cl nð Þ ¼ 1, the secondary transmitter has no

information about the primary user activity. Accordingly, it

considers that the primary user is always active
f0 nð Þ
f1 nð Þ ¼ 1
� �

and continuously transmits with the same power level with

which it is already transmitting. For cl nð Þ, the values of

f0 nð Þ and f1 nð Þ should be taken at that value of n which is

computed by the sensing detector for a given detection and

false alarm probabilities. The higher value of n as com-

pared to threshold that is the energy computed in a par-

ticular time interval over a spectrum, indicates the presence

of PU signal and vice versa [17]. However, if we modify

probability of false alarm, value of n is also modified. By

substituting Eq. (10a) in (7), we get:

ZZ

Kcl nð Þ
k0N0B

0

cl nð Þ
k0

�
N0Bcp
csK

� �

fs csð ÞfpðcpÞf1 nð Þdcsdcp ¼ Qint

where k0 is determined in such a way that average inter-

ference power constraint in (7) is equal to Qint.

ZZ

Kcl nð Þ
k0N0B

0

cl nð Þ
k0N0B

�
cp
csK

� �

fs csð ÞfpðcpÞf1 nð Þdcsdcp ¼
Qint

N0B
¼U

or

ZZ Kcl nð Þc0

0

cl nð Þc0 �
cp
csK

� �

fs csð ÞfpðcpÞf1 nð Þdcsdcp ¼ U

ð12Þ

where c0 ¼ 1
k0N0B

, and U ¼ Qint

N0B
is the average SNR [8]. By

substituting (10a) in (6), gives the following Ergodic

channel capacity expression:

Cer

B
¼ r

1
cs
cp
� N0Bk0

Kcl nð Þ¼
1

Kc0cl nð Þ
log2 1þ Kcs

N0B

cl nð Þ
k0cp

� N0B

csK

" # !

fs csð ÞfpðcpÞðaf1 nð Þ þ �af0 nð ÞÞdcsdcp

or

Cer

B
¼ r

1
cs
cp
� N0Bk0

Kcl nð Þ¼
1

Kc0cl nð Þ
log2

Kcscl nð Þ
N0Bk0cp

 !

fs csð ÞfpðcpÞðaf1 nð Þ

þ �af0 nð ÞÞdcsdcp

or

Cer

B
¼ r

1
cs
cp
� N0Bk0

Kcl nð Þ¼
1

Kc0cl nð Þ
log2

Kcscl nð Þc0
cp

 !

fs csð ÞfpðcpÞðaf1 nð Þ

þ �af0 nð ÞÞdcsdcp
ð13Þ

or

Cer

B
¼ Ecs ;cp ;n

cs
cp
� N0Bk0

Kcl nð Þ
log2

Kcu nð Þcs
k0N0Bcp

 !" #

ð14Þ

where Cer denotes the Ergodic capacity and E[�] denotes

the expectation operator. Equation (14) is similar to that

presented in [24, Equation (30)] except the term cp, which
is due to the consideration of the primary channel gain in

the cognitive user’s system capacity. However, when only

the power adaptation policy is adapted instead of power

and rate adaptation policy, then the additional constraint of

(5) is not needed and the Ergodic channel capacity of

adaptive power transmission policy is given by the fol-

lowing mathematical expression by substituting K = 1 in

Eq. (14):
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Cer

B
¼ Ecs ;cp ;n

cs
cp
� N0Bk0

cl nð Þ
log2

cu nð Þcs
k0N0Bcp

 !" #

ð15Þ

Comparing the Ergodic capacity of power adaptation pol-

icy in (15) and rate and adaptation policy for M-QAM

modulation format in (14), the Eq. (14) reveals that there is

an effective power loss of K for adaptive M-QAM as

compared to (15). However, for the adaptive power trans-

mission policy the probability of error is significantly more

and fixed, which is 0.0446 in comparison to the adaptive

rate and power transmission policy where the probability of

bit error can be varied according to the quality-of-service

requirement.

4 Effect of channel conditions

In this section, we have explored the fading channel effect

on the cognitive radio communication systems perfor-

mance and numerically computed the Ergodic channel

capacity in different fading environment.

• Nakagami-m fading

The Nakagami-m distribution often provides the best fit

to the urban [35] and indoor [36] multipath propagation

and gives AWGN, Rayleigh and Rician fading channel

model by adjusting the fading parameter m, which is the

ratio of line-of-sight (LOS) signal power to the multipath

signal power. The channel fading model based on Naka-

gami distribution, both cs and cp would be distributed

according to the following Gamma distribution [10]:

f cð Þ ¼ mmzm�1

CðmÞ e�mc

and the pdf fs csð ÞfpðcpÞ is given as:

fs csð Þfp cp
	 


¼ m0

m1

� �m0 zm1�1

b m0;m1ð Þ xþ m0

m1

� �m0þm1
ð16Þ

where m0 and m1 are m parameters [10] for cp and cs,

respectively.
cp
cs
¼ z, where z is a random variable. bð�Þ is the

beta function. When m0 ¼ m1 ¼ m, the Eq. (16) becomes:

fs csð Þfp cp
	 


¼ zm�1

b m;mð Þ zþ 1ð Þ2m
ð17Þ

By substituting (17) in (12), we yield the following value of

secondary transmit power, which satisfy the average

interference constraint for the Nakagami-m fading channel:

ZZ Kcl nð Þc0

0

cl nð Þc0 �
cp
csK

� �

zm�1

b m;mð Þ zþ 1ð Þ2m

f1 nð Þdcsdcp ¼
Qint

N0B
ð18Þ

and the Ergodic channel capacity from (13), for the

Nakagami-m fading environment is given by:

Cer

B
¼ r

1
cs
cp
� N0Bk0

Kcl nð Þ¼
1

Kc0cl nð Þ
log2

Kcscl nð Þc0
cp

 !

zm�1

b m;mð Þ zþ 1ð Þ2m

ðaf1 nð Þ þ �af0 nð ÞÞdcsdcp ð19Þ

4.1 Rayleigh fading

Since the Nakagami-m distribution with fading parameter

equal to 1 represent the Rayleigh fading channel, and the

pdf fs csð ÞfpðcpÞ will have log-logistic distribution [10].

Therefore by substituting m = 1 in Eq. (18), we get:

r
Kcl nð Þc0
0 cl nð Þc0 �

z

K

� � 1

1þ zð Þ2
f1 nð Þdz ¼ Qint

N0B

or

f1 nð Þ � 1

K
log2 1þ Kcl nð Þc0

	 


þ cl nð Þc0
� �

¼ Qint

N0B
¼ U

ð20Þ

Therefore the capacity of the cognitive radio communica-

tion system in the Rayleigh fading environment is achieved

by putting m = 1 in (19):

Cer

B
¼ r

1
1

c0cl nð Þ
log2 Kc0cl nð Þz

	 
 1

1þ zð Þ2
ðaf1 nð Þ þ �af0 nð ÞÞdz

or

Cer

B
¼ af1 nð Þ þ �af0 nð Þð Þlog2ð1þ Kcl nð Þc0 Uð ÞÞ ð21Þ

where c0 Uð Þ is from the (20) for a given U. Equation (21)

gives the Ergodic channel capacity of adaptive rate and

power transmission policy under the Rayleigh fading

environment. Further, the capacity of adaptive power

transmission policy under the Rayleigh fading environment

is as given below:

Cer

B
¼ af1 nð Þ þ �af0 nð Þð Þlog2ð1þ cl nð Þc0 að ÞÞ ð22Þ

4.2 Rician fading

The Nakagami-m distribution with the fading parameter

greater than or equal to 2 represent the Rician fading

channel. Now, by substituting m = 2 in (18), we get the

following expression for Rician fading channel:
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r
Kcl nð Þc0
0 cl nð Þc0 �

z

K

� � 6z

1þ zð Þ4
f1 nð Þdz ¼ Qint

N0B

or

f1 nð Þ
3Kc0cl nð Þ þ 2

6K 1þ Kc0cl nð Þ
	 
2

þ
c0cl nð Þ

6
� 2

6K

 !

¼ Qint

N0B
¼ a

ð23Þ

Therefore, for the spectrum-sharing system operating under

predefined power constraints and a target BER value Pb,

the Rician fading channel capacity expression of the

secondary user’s link, based on the adaptive rate and power

M-QAM transmission policy, is obtained by putting m = 2

in (19):

Cer

B
¼ r

1
1

Kc0cl nð Þ
log2 Kc0ðaÞcl nð Þz

	 
 6z

1þ zð Þ4
ðaf1 nð Þ

þ �af0 nð ÞÞdz ð24Þ

where c0 að Þ is from the (23) for a given a. Also, the

Ergodic channel capacity of adaptive power transmission

policy in the Rician fading environment is given by the

following expression:

Fig. 2 a Spectrum sensing

probability density functions

given that the primary user is

idle f0 nð Þ and active f1 nð Þ, b
cl nð Þ variation for N = 30,

Pt ¼ 1, a = 0.5 and dm ¼ 3

[24]
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Cer

B
¼ r

1
1

c0cl nð Þ
log2 c0cl nð Þz

	 
 6z

1þ zð Þ4
ðaf1 nð Þ þ �af0 nð ÞÞdz

ð25Þ

Similarly, we can compute the channel capacity for dif-

ferent fading parameters values, however it leads to cum-

bersome mathematical expressions.

5 Simulation results

In this section, we have numerically simulated the

proposed spectrum sharing system model that operates

under constraints on the average received-interference

power in the Nakagami-m fading environment for the

adaptation strategies such as variable power and variable
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rate and power as presented in the preceding Sects. 3

and 4.

The position of terminals as shown in Fig. 1 is assumed

in such a way that ds ¼ dp ¼ 1 (unit) and dm ¼ 3 (unit).

The channel gain
ffiffiffiffi

cs
p

and
ffiffiffiffifficp

p
is distributed according to

the Nakagami-m fading pdf. Furthermore, we assume

N0B ¼ 1 and the sensing detector calculates the sensing-

information metric in N = 30 observation samples. We

suppose that the primary user remains active 50 % of the

time (a = 0.5) and set the PU’s transmit power Pt = 1.

Figure 2a illustrates the distribution of conditional proba-

bilities f0 nð Þ and f1 nð Þ corresponding to the different values

of detected energy by sensing detector in the particular

number of samples. Moreover, these distributions are used

for the computation of cl nð Þ for different detected energy

values in a particular interval as shown in Fig. 2b and three

regions have been recognized for the parameter cl nð Þ,
namely, cl nð Þ[ 1, cl nð Þ ¼ 1 and cl nð Þ\1. In Fig. 2b,

when cl nð Þ[ 1 represent that the probability of the PU to

be idle is higher than that of being active otherwise,

cl nð Þ\1. The power and rate is adapted according to the

channel gains and the sensing information. Moreover, the

higher power levels are used by secondary user’s when the
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probability of primary user being inactive is significantly

more [higher values of cl nð Þ] in comparison to the case for

which cl nð Þ is less. We have considered the bit-error-

probability 10-2, 10-4 and 10-6 for the adaptive rate and

power transmission policy for these two cases: (cl nð Þ[ 1

and cl nð Þ\1). For the Rayleigh fading environment or

Nakagami-m distribution with m = 1, Fig. 3 shows the

variation of Ergodic channel capacity with Qint for adaptive

power and adaptive rate and power transmission policy,

while considering the sensing information metric available

at the cognitive user. The simulation results in Fig. 3 are

presented for the value of parameter cl nð Þ\1.

It is clear from Fig. 3, that as the interference tolerance

(Qint) at primary receiver increases, the capacity of sec-

ondary user increases due to the increase in transmit power

of the secondary user. The Ergodic capacity of adaptive
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rate and power transmission policy is less in comparison to

that of the adaptive power transmission policy since there

is additional constraint on target BER. In addition to this,

as the required BER decreases, the Ergodic capacity of the

system is less as depicted from Fig. 3. For example, the

capacity for Pb of 10
-6 is less than that for Pb ¼ 10�2 due

to the more strict constraint on the required error rate. In

Fig. 4, we have considered the value of the parameter

cl nð Þ[ 1 which shows that the probability of the primary

user is being active is more than being inactive and leads to

increase in the transmit power, consequently results the

increase of capacity of the secondary user in comparison to

the capacity that is shown in Fig. 3 where cl nð Þ\1. Fur-

ther, without considering the sensing information available

at the secondary user, the capacity variation with Qint have

been validated with Fig. 5 of [10], which is the case when

only the average interference power constraint is consid-

ered. The effects of average interference power Qint on the

capacity in Nakagami-m fading environment with m = 2

that is the Rician fading channel for the adaptive power and

adaptive rate and power transmission is shown in Fig. 6 for

the case when cl nð Þ\1. However, for the adaptive power

and adaptive rate and power transmission policy and the

comparison of the capacity for three cases of BER that is

10-2, 10-4 and 10-6 is presented in Fig. 6.

Further, in Fig. 7 the capacity in Rician fading envi-

ronment (Nakagami-m distribution with m = 2) for

cl nð Þ[ 1 is presented. However, the comparison of

Fig. 6 with Fig. 7 reveals that the significant enhance-

ment in the capacity is due to the higher power adapta-

tion of the secondary transmitter. Moreover, the capacity

comparison between Rayleigh and Rician fading envi-

ronment demonstrate that the capacity of cognitive radio

network for later case is less than that of former for a

given Qint. The reason lies in the fact that severe primary

channel Rayleigh fading has given advantage to the

secondary transmitter to increase its transmission power

while keeping interference power constraint constant in

comparison to the Rician fading channel with m = 2,

which is less severe due to the presence of line-of-sight

(LOS) component. Moreover, Fig. 8(a), (b) show the

adaptation in the constellation size according to the

channel gain ratio of the secondary-to-primary user and

average interference power for different BER, respec-

tively. It is also clear from Fig. 8(a), (b) that the number

of bits per symbol or the constellation size of modulation

technique increases as the channel gain ratio of the

secondary transmitter to primary receiver increases, or

the average interference power limit at primary receiver

increases for the chosen BER. Thus significantly better

channel conditions of the secondary link leads to the

adaptation of higher modulation format.

6 Conclusion

In this paper, we have considered a spectrum-sharing

concept in the cognitive radio system where the secondary

user’s transmit power and rate can be adjusted based on the

sensing information of the primary user and secondary

user’s as well as secondary-to-primary user’s fading envi-

ronment. In addition to this, the spectrum-sharing system

will be operated under the average interference power

constraints of the primary receiver. In this context, we have

demonstrated the Ergodic capacity of the cognitive radio

communication system with power and rate adaptation

policy in different fading environment for chosen BER.

Since the Nakagami-m distribution is fit for both the

Rayleigh and Rician fading distribution by varying the

fading parameter, therefore the Ergodic capacity for both

these distributions have been presented. In addition to this,

the numerically simulated results for the Ergodic capacity

are presented for both the adaptive power and adaptive rate

and power transmission policy, which reveal that the

adaptive power transmission has more capacity than that of

the adaptive rate and power transmission policy at the cost

of BER. Moreover, we have demonstrated that the sensing

parameter knowledge has provided an opportunity to con-

trol the secondary user’s transmission parameters such as

rate and power according to different primary user’s

activity levels observed by the sensing detector. However,

the secondary transmitter can adapt different modulation

by varying the value of M in M-QAM according to the

channel conditions, BER and interference constraints.

Further, it is also illustrated that the capacity in case of

Rician fading environment is less as compare to that of

Rayleigh fading because of LOS component present in the

secondary transmitter to primary receiver has provided

more prominent effect on the capacity of secondary user in

comparison to that present in secondary transmitter to

secondary receiver link.
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