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Abstract
The issue of spectrum scarcity  can be alleviated by the cognitive radio technology with 
efficient spectrum sensing and allocation of free spectrum bands. In Cognitive Radio Net-
works energy efficiency improvement is the state of art now days. This paper considers the 
case of primary user protection from cognitive user transmission to optimize the energy 
efficiency. The parameters of optimal design problem are sensing, transmission time and 
transmission power. A Sub Optimal Iterative Search Algorithm is proposed to maximize 
efficiency by optimizing sensing time and transmitting time. Simulation results exhibits 
substantial improvement in energy efficiency compared to the recent algorithms.

Keywords Cognitive radio networks · Sensing time · Transmission time · Transmission 
power · Energy efficiency

1 Introduction

Cognitive Radio solves the spectrum paucity problem, by opportunistic transmission and 
dynamic spectrum allocation scheme [1]. In Cognitive Radio Networks (CRNs) Cognitive 
User (CU) utilizes the licensed spectrum dynamically if the spectrum is temporally vacant 
[2]. In the spectrum sensing CU detects the primary user’s (PU) presence or absence and 
accordingly access the vacant spectrum of PU. If the presence of the PU is detected, SU 
should postpone its transmissions. In practical CRNs, energy efficiency (EE) concept is 
very essential. Both sensing and transmission time exhibit a great impact on the EE of 
CRNs. An increased transmission time increases the throughput but it also enhanced 
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interference to PU and loss probability of data. Also, increased sensing time results in high 
consumption of energy but improved detection accuracy. However, if sensing time is too 
short, it will give high false alarm probability [3, 4]. In this paper single node CRN is con-
sidered. Many techniques for the sensing and detection are available in the research. It may 
be classified as energy detection, matched-filter detection, detection based on cyclostation-
arity, waveform based detection, covariance, Eigen value, wavelet and spectral estimation. 
Among all the above given methods energy detection is often used due to its less complex-
ity and non prior information type detection [5–8].

Some latest researchers are working on the EE in CRNs. In, [9] the transmission time 
and sensing time both are optimized separately. In [10, 11], author proposed optimum 
sensing time and transmission time in frequency—flat fading environment. In [12], sub 
optimal algorithm is proposed to get the optimum sensor. In [13] authors reflected the joint 
optimization of sensing time and transmission power to improve EE. Literature [14] [15], 
optimize either the detection threshold or sensing time to maximize EE. Many research-
ers have focused on the optimization of either the transmission parameter or the sensing 
parameter to improve the throughput of the CRNs [16–19].

Based upon the inspiration of past research, this paper jointly optimizes the transmis-
sion power, sensing time and transmission time considering single CR user environment. 
Here, sensing time and transmission time are considered as the variables of the problem. 
One of the CR quality metrics, false alarm probability has also been taken into account. 
Further interference to the PU by the CU is also considered. The optimal transmission 
time, sensing time and sensing power with respect to energy efficiency is exhibited. The 
main features of this paper are as follows:

Energy efficiency is maximized with respect to sensing time by calculating optimal 
sensing time mathematically. Afterwards, transmission time is optimized and the optimized 
value of transmitting time is calculated. Lastly, proposed algorithm is applied to get the 
maximized EE by using the above optimized sensing and transmission time.

The organization of paper is given as follows:
The system model of single PU and single CU is shown in Sect. 2. The problem formu-

lation is given in Sect. 3 and its solution in Sect. 4. Results, their interpretation & compari-
sons are presented in Sect. 5. Conclusions and future scope of the paper are summarized in 
the Sect. 6.

2  System Model

In this paper, single PU and single CU cognitive radio network is considered, which indi-
cates that only one secondary/cognitive node is used to detect presence or absence of PU. 
The time frame of this network includes sensing time and transmission time. For the dura-
tion T, SU node will detect availability of PU channel. Here, the time frame T is given by, 
T = ts+ ttr, where, ts and ttr are the sensing time and transmission time, respectively. After 
each time frame T, the presence or absence of PU is detected and accordingly PU channel 
is occupied by the CU. However, during CU transmission, the channel can be reoccupied 
by the PU again causing interference to the CU signal. Hence, the interference resulted by 
PU reoccupation has also been taken into account. The probability of PU interference dur-
ing the CU transmission time ttr, can be given by the following equation [20]:

(1)PI

(

ttr
)

= 1 − exp

(

−ttr

a0

)
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where, PI is the interference probability, a1 and a0 are the mean values of busy and idle 
time of PU signal which is exponentially distributed.

The probability density functions of PU occupied and vacant channels are expressed 
as x1(t) and x0(t) and given by the following equations, respectively:

Based upon the busy time and idle time the respective probability of PU busy and idle state 
can be given by:

The quality metrics in cognitive radio can be specified by two types of probabili-
ties: Probability-of-false alarm, Probability-of-detection, denoted as Pf

(

ts
)

 and Pd

(

ts
)

 
respectively. These two probabilities depend upon the sensing time and detection 
threshold. Here, in this paper we assume detection threshold as implicit variable. Now, 
as per detection of PU signal by the CU, four scenarios can be considered. First, the 
probability of correct detection of PU signals absence, Pid(1 − Pf (ts) ). This means cor-
rect detection of vacant PU channel. Second, the probability of correct detection of PU 
signals presence, PbuPd

(

ts
)

 . This gives the correct detection of occupied PU channel. 
Third, the probability of wrong detection of PU absence, PidPf

(

ts
)

 . This implies the 
false detection of PU idle state. In the fourth scenario busy state of PU signal is falsely 
detected & the probability is given as Pbu

(

1 − Pd

(

ts
))

 . In the first case the probability 
that PU signal again uses the channel along with the transmission of CU is already 
given in Eq. (1). However, other definition of PU interference is also given in the lit-
erature [21]. In the scenario second and fourth, there is no CU data transmission exists 
and hence there is no interference produced on PU transmission.

3  Problem Formulation

The main objective of this paper is to optimize the sensing time and transmission time 
to increase the number of bits transmitted per frame so as to achieve maximum energy 
efficiency. This problem also considers the interference occurred due to PU signal to 
CU transmission. Also, the EE with respect to transmission power is shown by the 
graphs. Here, in this part, first the total energy consumed is calculated and then the 
total number of bits transmitted.

(2)x1(t) =
1

a1
exp

(

−
t

a1

)

u(t)

(3)x0(t) =
1

a0
exp

(

−
t

a0

)

u(t)

(4)Pbu =
a0

(a0 + a1)

(5)Pid =
a1

(a0 + a1)
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3.1  Energy Consumed

The total energy consumed is calculated depending upon the total power for a given time. In 
this model, the sensing power and transmitting power are considered for the duration of ts and 
ttr.

The total energy consumption can be calculated for the four scenarios within a time frame. 
It is shown as follows:

where ET is the total energy consumed, Ps and Pt are the sensing power and transmission 
power respectively.

3.2  Total Throughput

In this model, Additive White Gaussian Noise (AWGN) channel is considered, hence the total 
number of bits transmitted for duration of ttr is given by ttrR . Considering the four scenarios, 
successful data transmission can be occurred in the first scenario only if PU does not return 
again. In this model, whole frame is to be transmitted for a successful transmission.

The total throughput of the CR system:

3.3  Energy Efficiency

The energy efficiency (EE) of the single CRN can be calculated as follows [22, 23]:
Energy Efficiency (EE) = Total throughput/Energy consumed

where ζ is the energy efficiency, RT is the total throughput and ET is total energy con-
sumed. To maximize EE, the problem for optimal sensing time and transmission time with 
varying transmission power can be formulated as:

where Pd0 is set to 0.9 as the target Probability-of-detection, considering IEEE 802.22 
standard and α1 is the maximum interference level that occur in case of mis-detection, to 
the PU by the transmission of CU. The Probability-of -false alarm for the energy detection 
based sensing can be defined as:

(6)ET = Psts + Ptttr
(

Pid

(

1 − Pf

(

ts
))

+ Pbu

(

1 − Pd

(

ts
)))

(7)RT = RPbuttr
(

1 − Pf

(

ts
))(

1 − PI

(

ttr
))

(8)� =
RT

ET

=
RPbuttr

(

1 − Pf

(

ts
))(

1 − PI

(

ttr
))

Psts + Ptttr
(

Pid

(

1 − Pf

(

ts
))

+ Pbu

(

1 − Pd

(

ts
)))

(9)

max. �Power(ts, ttr)

s.t. ts0 ≤ ts ≤ ts1

ttr0 ≤ ttr ≤ ttr1

Pd

(

ts
)

≥ Pd0

PI

(

ttr
)

≤ �1

(10)Pf

�

ts
�

= Q

�

�

�

2�pu + 1
�

Q−1
�

Pd0

�

+ �pu

√

tsfs

�
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where fs is the sampling frequency and �pu is the PU SNR due to CU data transmission. If 
we increase the sensing time then Pf

(

ts
)

 will decrease. Therefore, to make Pf

(

ts
)

 < 0.5, the 

sensing time must satisfy the condition of ts > (
Q−1(Pd0)(

√

(2�pu+1)

�pu

√

fs
)2 . Hence, the lower limit 

for sensing time will be ts0 = (
Q−1(Pd0)(

√

(2�pu+1)

�pu

√

fs
)2 . Next, for the transmission time, the 

lower and upper limits can be calculated based upon the interference constraint α0. Hence, 
to fulfill this requirement the transmission time can be maximized as ttr1 = − a0log

(

1 − �1
)

.
Now, the EE maximization problem can be rewritten as:

4  Solution of the Problem

In the preceding part of the paper, we suggest the solution of the stated problem given 
in Sect. 3. The main parameters for the considered problem are, sensing time, transmis-
sion time and transmitting power. To solve the maximization problem first the relationship 
of energy and time is formed and then the problem is solved. The values of sensing and 
transmission time to maximize EE are calculated and then iterative optimal algorithm is 
proposed.

Step 1 Take the partial differentiation of ζPower ( ts, ttr) with respect to ts and put it to zero 
keeping fix ttr.

Let us take Pf (ts ) as Pf  , Pd

(

ts
)

 as Pd and PI

(

ttr
)

 as PI for simplicity in Eq. (12). Now, the 
above equation is equivalent to:

The derivative of Probability-of -false alarm in the Eq. (13) P′

f

(

ts
)

 can be expressed as:

Here, for the range of sensing time ts0 ≤ts≤ts1 Pf

(

ts
)

 is decreasing and P′

f

(

ts
)

 is increasing 
and negative, therefore Pf

(

ts
)

 is convex function and P′′

f

(

ts
)

 is positive [9].

(11)

max. �Power(ts, ttr)

s.t. ts0 ≤ ts ≤ ts1

ttr0 ≤ ttr ≤ ttr1

(12)

�

�
(

ts
)

(

�
(

ttr, ts
))

=
�

�
(

ts
)

(

RPbuttr
(

1 − Pf

(

ts
))(

1 − PI

(

ttr
))

Psts + Ptttr
(

Pid

(

1 − Pf

(

ts
))

+ Pbu

(

1 − Pd

(

ts
)))

)

= 0

(13)

PsPf −
[

ttrPid

(

1 − Pd

)

Pt + Psts
]

P
�

f
− Ps = 0

topt
s

= −
1

P
�

f

−
ttrPid

(

1 − Pd

)

Pt

Ps

+
Pf

P
�

f

(14)P
�

f

�

ts
�

= −
1

√

2�

�pu

√

fs

2
√

ts

exp

�

−
1

2
(Q−1(Pd0)

�

�

�
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�
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√
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Step 2 Take the partial differentiation of ζPower ( ts, ttr) with respect to ttr and put it to zero 
keeping fix ts:

By solving the Eq. (15), we get:

Equation  (16) gives the optimum value of transmission time. Here, for the range of 
0 < ttr < t

opt

tr  , the EE shows a unique �max value. If we further increase the value of transmis-
sion time, say, ttr > t

opt

tr  then �

�(ttr)

(

�
(

ttr, ts
))

 < 0, hence for the range of 0 < ttr < t
opt

tr  , �
(

ttr, ts
)

 
has a unique maximum value for each fixed ts.

Step 3 Optimization Algorithm

An iterative algorithm is proposed to maximize the energy efficiency by calculating the 
optimization problem. Energy efficiency can be calculated by using this algorithm. Here, in 
this Sub Optimal Iterative Search Algorithm (SOISA), EE, sensing time and transmission 
time are represented as �(k), ts(k) and ttr (k) for kth iteration. For the initialization purpose, 
let EE, transmitting & sensing time are considered as zero. In this algorithm, the EE is cal-
culated by Eq. (8). Afterwards, the iteration will start with k + 1. If the difference of (k + 1)
th iteration and kth iteration is less than ΔE then the iteration process will stop. Herein, ΔE 
is pre decided fix value.

�

�
(

ttr
)

(

�
(

ttr, ts
))

=
�

�
(

ttr
)

(

RPbuttr
(

1 − Pf

)(

1 − PI

)

Psts + Ptttr
(

Pid

(

1 − Pf

)

+ Pbu

(

1 − Pd

))

)

= 0

(15)

RPid

(

1 − Pf

)

exp
(

−
ttr

a0

)

[

−(Pid

(

1 − Pf

)

+ Pbu

(

1 − Pd

)

)Ptt
2
tr
− Pststtr + a0Psts

]

a0
(

Psts +
(

Pid

(

1 − Pf

)

+ Pbu

(

1 − Pd

))

Ptttr
)2

= 0

(16)t
opt

tr =

Psts −

√

P2
s
t2
s
+ 4a0PtPs

[

Pid

(

1 − Pf

)

+ Pbu

(

1 − Pd

)]

ts

−2Pt

[

Pid

(

1 − Pf

)

+ Pbu

(

1 − Pd

)]
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The pseudo-code for SOISA is shown below: 

5  Results and Discussion

In this section the simulation results obtained after simulation in MATLAB software are 
shown and have been illustrated through figures. In this research paper many parameters have 
been considered in the mathematical representation. The parameters used for simulation are 
shown in Table 1.

Figure 1 depicts the effect of change in transmission power for the SOISA on EE. It can be 
observed that when transmission power is increased the EE will decrease. For the transmis-
sion power ( Pt ) taken to be 0.1 W, the EE ( � ) is 11.9321 Bits/Hz/Joule. Further increase in 
transmission power results in very low EE. The reason of this effect is, larger transmission 
power results in larger loss of throughput because of false alarm. That increases the consumed 
energy for a longer sensing time.

Figure 2 shows the improvement of the proposed SOISA over exhaustive search method 
and sub optimal algorithm [10]. In this figure it is shown that at a fix transmission power the 
EE for the proposed algorithm is highest among all. For a transmission power of Pt= 0.1 W 
the EE for SOISA is 11.9321 W while for exhaustive and sub optimal algorithm it is 7.5092 
and 6.5285 respectively. The algorithm gives the optimal values for sensing, transmission time 
and accordingly EE as 0.0030 s, 0.0749 s and 11.9321 Bits/Hz/Joule respectively. The number 
of iterations required for the proposed algorithm is, 3 whereas for the sub optimal algorithm 
number of iteration required is, 5.

Figure 3 exhibits the response of sensing time on the EE for three different values of trans-
mission time. Here, it can be analysed that the EE is maximum for ttr = 0.06 s and ts = 0.002 s. 

Table 1  Simulation parameters

Parameters Pd0 αq Ps R
0

a
0

a
1

B �pu

Values 0.9 0.1 0.11 W 10 Mbps 0.65 s 0.35 s 6 MHz − 20 dB
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Fig. 1  Energy efficiency versus transmission power for the proposed SOISA algorithm

Fig. 2  Comparison of proposed SOISA algorithm with previous algorithms
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Initially increase in sensing time results in increase in EE but after the optimal value it starts 
decreasing. Similarly, EE versus transmission time is shown in Fig. 4. This figure shows that 
increase in transmission time give rise in EE but after optimal transmission time EE falls 

Fig. 3  Energy Efficiency versus sensing time for different transmission times

Fig. 4  Energy Efficiency versus transmission time for different sensing times
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rapidly. The three sensing time are taken as 0.001 s, 0.005 s and 0.02 s. Figure 5 indicates the 
EE plot against transmission power for three different PU SNR conditions. It is observed that 
decrease in PU SNR largely affects the EE. In this paper PU SNR is considered as − 20 dB. 
Low PU SNR results in poor energy efficiency.

6  Conclusions

The joint optimization of sensing and transmission time for energy efficiency in cognitive 
radio networks CRNs is represented. A single PU and single CU model to improve EE 
is considered. The protection of PU from the SU transmission is also taken into account. 
Simulation results show that for a unique point of both sensing and transmission durations 
energy efficiency is maximised under the constraint of PU interference probability. Hence, 
the proposed algorithm shows superiority over sub optimal algorithm and exhaustive 
search method and outperforms both in terms of efficiency and complexity.
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