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Abstract: 
 In this paper, an energy-harvesting based Cognitive Radio (CR) system is studied where noise is estimated. The CR system harvests 

energy from RF signal of PU and non-RF signal. A collision constraint is considered to maintaining the quality of service (QoS) of the 

Primary User (PU). Performance is investigated in terms of harvested energy and throughput for several sensing parameter such as 

sensing time, collision probability, and number of sensing frames etc. An optimal sensing time is estimated to achieve maximum 

harvested energy and throughput as well.  

 

Index Terminologies: Cognitive radio, energy-harvesting, optimal sensing time, throughput, outage. 

 

I.INTRODUCTION: 

 

1.1 Motivation 

In wireless communication, Cognitive Radio (CR) technology 

has evolved as a promising one to exploit the underutilized PU 

band effectively. The operation of CR is to detect the primary 

user in a given band. If the primary user is found to be absent, a 

secondary user, i.e., a CR user can use this idle band for its own 

transmission. Throughput with respect to sensing time, thus finds 

a very important role in describing the effectiveness of Cognitive 

Radio networks. Authors have found out the „optimal sensing 

time‟ for a given „target detection probability‟ such that the 

throughput should be maximum. When sensing of user, detection 

and transmission comes into picture energy consumption is an 

important issue to deal with. A CR network which is energy 

constrained, each and every node of that network is powered by 

batteries which can be replaced or recharged. If the battery gets 

depleted then immediately the corresponding node dies. To 

counter such a situation Energy Harvesting has been 

implemented which is more of an effective alternative. In energy 

harvesting system, the secondary user is provided RF (primary 

user signal) and non -RF signals (solar, temperature etc). Energy 

Harvesting has found a great importance in Cognitive radio. A 

modified scheme is studied to enhance throughput. A dynamic 

setup of Primary User‟s behaviour and characteristics 

considering disappearing and re-appearing probability is taken 

into account and its impact on the performance analysis of the 

overall CR network and also on the total energy harvested is 

investigated. This model ensures the Quality of Service of PU in 

accordance to collision probability. An analysis has been done 

for the investigation of Energy Harvested and Throughput. An 

expression for the optimal sensing time which basically provides 

maximum harvested energy as well as throughput has also been 

devised. 

 

1.2 Contributions of the paper 

In this paper the performance analysis of a continous energy 

harvesting cooperative CR has been performed. The CR network 

harvests from the RF or from the CR harvests energy either from 

non-RF signal or from RF signal and uses it for opportunistic 

based transmission. It continues to harvest even during 

transmission time. The deciding factor about the harvesting of 

energy from resources (RF or non-RF) during transmission time 

is based on the sensing decision. A CR refrains from 

transmission and harvests energy from PU signal if the sensing 

decision goes in favor of the presence of PU, otherwise it 

harvests energy from non-RF resources while transmitting. 

Analytical expressions are developed for harvested energy, 

energy reward, cost of the proposed system, and throughput 

considering an activity model which is dynamic for the primary 

user. The performance has been investigated in terms of the total 

harvested energy, energy reward, energy cost in a detection 

frame, and throughput of the system. In this regard, a collision 

constraint is considered and that ensures the protection of the PU 

system. The optimal sensing time for a maximized energy 

harvested has been investigated under energy causality 

constraints and collision constraints. Simulations are also 

provided to support the analytical framework. Optimal sensing 

time which maximizes the Throughput and Harvested Energy 

has also been put under study. 

 

1.3  Organization of the paper. 

Chapter 1 follows the introduction about the CR network system 

in general and also area specific. A formal description of the 

aforesaid system model has been given in the chapter 2.  A 2 

state Markov chain model state model has been has been used to 

describe the PU activity. The analytical model has been devised 

and derived and which describes the sensing probabilities and 

expressions relating energy rewarded, cost of detection cycles 

and network throughput. In chapter 3 we take up the results and 

discussions. In chapter 4 we draw the conclusions. 

 

2. SYSTEM MODEL AND DESIGN: 

 

Our system of concern, the CR system consists of a PU 

transmitter and a couple of CR users. The CR consists of a 
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conventional energy detector (CED), an energy splitting device, 

and an energy harvester for sensing and energy harvesting 

purpose. It harvests energy from non-RF and RF signal thereby 

storing the harvested energy in an energy buffer of finite 

capacity say a capacitor, i.e., Eh,max. For transmission purpose, 

it consists of circuitry for coding, modulation and transmission 

in particular. The CR detects the presence of PU periodically, 

takes one bit of decision (1 or 0) about the presence or the 

absence of PU. We assume that each CR starts its detection cycle 

with a residual energy ER. The CR user senses the presence of 

PU and harvests energy from non-RF sources during the sensing 

time (τ). Energy splitting device of the CR system is kept switch 

ON during τ only. It splits the stored energy in the ratio of η 

:(1−η) where η is a splitting parameter. We assume, harvesting 

circuit uses η amount and sensing circuit uses (1−η) of the stored 

energy. Let us consider that the CR consumes Ps amount of 

power during sensing where Ps ≤ ER/τ. Thus the amount of 

energies, τηPs and τ(1−η)Ps are  the energies used for running 

the energy harvester circuit and sensing circuit respectively. The 

CR transmits during the transmission time (Tr) of its detection 

cycle and consumes Pts amount of power. During the 

transmission period, it continues harvesting from non-RF 

sources if PU is sensed to be absent otherwise it aborts 

transmission on the re-arrival of PU in the given band and starts 

harvesting from PU signal. The CR consumes its energy 

harvested for spectrum sensing and data transmission purpose.  

For lucidity, let us assume that the energy harvester consumes 

the same amount of energy per unit time for harvesting purpose 

even in the transmission period. However, the harvesting done 

during transmission period is dependent on sensing decision 

which is dependent on the random activity of PU. It may happen 

that the PU is correctly found to be present at the very beginning 

of the transmission period (i.e., it is really present), nevertheless 

after a certain period of time it may disappear from the spectrum 

band and vice-verse. Thus we need to consider the activity of PU 

while studying spectrum sensed harvesting. We consider a two 

state Markov model to describe busy state and idle state of PU. 

The duration of busy state and idle state of the PU are 

exponentially distributed with mean values α0 and α1 under the 

hypotheses H0 and H1 respectively. Here, H0 indicates that the 

PU is absent while the presence of PU is indicated by H1. The 

probability density functions (PDF) of the busy state and idle 

state are given as , 

 

PB(t)= (α1^ − 1)exp(−t/α1); PI(t) = (α0^ − 1)exp(−t/α0) 

               (2.1) 

 

where P(.) represents the probability, P(H0) and P(H1) are 

stationary probabilities, which can be modeled as P(H0) = 

α0/(α0 + α1) and P(H1) = α1/(α0 + α1). 

Let us invoke the probabilities of PU to be idle/busy during 

sensing period and disappear/re 

appear during transmission period are (Pidle)/(Pbusy) and 

(Pdis)/(Pre) respectively, which can 

be expressed as follows : 

 

Pidle= = 1−exp(−τ/α0);Pbusy =  = 

1−exp(−τ/α1)   (2.2) 

Pdis =  = 1−exp(−Tr/α0); Pre =  = 

1−exp(−Tr/α1);   (2.3) 

2.1 Signal Model and Sensing Probabilities 

The received signal at Cognitive Radio network is given as , 

y(n) =w(n); H0: PU absent;    

     

hs(n) + w(n); H1: PU present;                            (2.1.1) 

 

where w(n) is the additive white Gaussian noise at the sensing 

channel and is considered as independent and identically 

distributed random process with mean 0, s(n) is the Primary User 

signal and h indicates the channel fading amplitude between CR 

and PU. Because of this channel gain is exponentially distributed 

with mean value.Thus, the channel gain becomes exponentially 

distributed with mean gh,mean. PU transmits with power Pp. If 

the received signal is sampled at fs Hz/Sec and K be the number 

of samples, we investigate that K= τfs. 

The energy detector has a designated test statistics which is 

given by, 

                                  

 T=1/K( |𝑦(𝑛)|2𝐾
𝑁=1 )                                              (2.1.2) 

 

The test statistics have been found to follow or is approximated 

as Guassian Distribution for a large value with mean and 

varience given by, µ
0

= 𝜎𝜔
2  and 𝜎0

2 = 1/4 𝜎𝜔
4  .The test 

statistics given as µ0 =  ,  = 1 Kσ4 w under H0 condition 

and µ1 = (1+γs) , 

= 1 K(1+2γs)  under H1 condition . Here, the sensing 

channel SNR is γs= /  and σ² s is the variance of PU signal. 

Thus the probabilities of detection 

(Pd), missed detection (Pm), and false alarm (Pf) at CR level for 

faded sensing channel are 

expressed as , 

 

Pd(τ) = Q ((λ /  −γs|h|² −1)  ) 

(2.1.3) 

 

Pm(τ) = 1−Pd(τ); Pf(τ) = Q((λ/  −1)  )   (2.1.4) 

 

where Q(x) = (1/√2π)R  denotes the Q-

function. As the harvesting of energy during transmission time is 

based on sensing decision, sensing probabilities seem to have 

great influences on the total energy harvested. 

 

2.2  The Energy Harvested.  

CR harvests energy in both the phases (sensing and 

transmission) either from RF signal or from non-RF signals. 

During sensing time it keeps the non RF harvester switched on 

and during transmission time it has double options available it 

may continue non RF harvesting or may switch to the RF 

harvesting mode. The mode for harvesting (RF harvesting or non 

RF harvesting) during transmission is decided on the basis of the 

sensing decision. 

We make an assumption that it harvests energy packets 

(Eh,NRF) from non-RF sources in discrete fashion. 

Eh,NRF= ; i = 1,2,3,...m                       (2.2.1) 

The energy harvested from non-RF sources is assumed to follow 

a Poisson distribution process with mean Ehn. Therefore its 

probability distribution is given as follows, 
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h 

P (Eh,NRF = i) = exp(−Ehn) )/ i!                (2.2.2) 

where i indicates the time epoch. 

In contrast, the harvested energy from PU signal per unit time 

can be written as, 

Ehp =  = Pp/(gh,m)        (2.2.3) 

 

The energy harvested from non-RF source over sensing period 

(τ) is Eh,τ. 

Eh,τ(τ) = Ehn.τ                           (2.2.4) 

On the contrary, the harvested energy per unit time from the PU 

signal can be written as,  

Ehp =  = Pp/gh,m          (2.2.5) 

wherePp is the PU transmission power and fgh is the distribution 

of channel gain. During the transmission time, harvesting of a 

CR is based on the sensing decision, with following possibilities: 

P(H1|H1): CR detects correctly the PU under H1, if so then the 

CR starts harvesting from PU signal from beginning of the 

detection period. However, in such a case the PU may disappear 

with a probability Pdis. Thus, the harvested energy can be 

expressed as, 

 

E1,1(τ) = P(H1).Pd(τ).(1−Pdis).Tr.Ehp                   (2.2.6) 

 

P(H0|H1): PU is not detected under H1 condition, if so then CR 

starts to transmit and harvests energy from the non-RF resources. 

After a while (say ∆t), CR gets a NACK due to collision. 

Immediately it aborts transmission and starts harvesting from PU 

signal instead of non-RF resources. 

 

E0,1(τ) = P(H1).Pm(τ)∆t. Ehn + P(H1).Pm(τ).(Tr −∆t).Ehn 

(2.2.7) 

 

As ∆t is infinitesimally small as compared to Tr, i.e., ∆t <<Tr, 

(3.13) reduces to, 

 

E0,1(τ) = P(H1).(1−Pd(τ)).Tr. Ehn                               (2.2.8) 

P(H1|H0): CR detects PU under H0 condition. In this case, CR 

is neither able to transmit nor is able to harvests since PU is 

actually absent. 

 

P(H0|H0): CR accurately detects the absence of PU under H0 

condition. In this case, CR transmits data as well as harvests 

energy from ambient sources (non-RF signal). It may 

happen that the PU again reoccupies the given spectrum band 

after a certain period of time 

with probability Pre. Hence, the harvested energy can be 

expressed as, 

E0,0(τ) = [P(H0).(1−Pre)Tr.Ehn + P(H0).Pre.Tr.Ehp].(1−Pf(τ)) 

(2.2.9) 

 

While a CR is transmitting under P(H0|H0) mode, reoccupancy 

of spectrum band takes place by the PU. Thus there is a chance 

of collision between PU data and CR data. Let us consider a 

collision probability, ρ, which is given as ρ =∫˳Tc PB(t)dt = 

1−exp−(Tc/α1). The CR estimates its transmission time based on 

the collision probability, though it needs to abort its transmission 

on detecting a collision via NACK. Here, Tc is the dwelling 

period of PU in the given band after reoccupation as shown in 

Figure 3.1 where Tc = PreTr. A low value of collision 

probability (ρ) is assumed which can be tolerated by PU to 

protect the QoS of PU. Thus the reoccupation time of PU is Tc = 

α1 log(1/(1−ρ)) and the useful transmission time (Tr,u) for a CR 

can be written as Tr,u = Tr−Tc. In case of no collision, i.e., PU is 

not reoccupying the given spectrum band (ρ = 0), the 

transmission time for a CR is Tr,u = Tr otherwise if ρ 6= 0, the 

transmission time for CR is Tr,u = Tr − Tc. Thus, harvested 

energy under P(H0|H0) obtained in (2.2.9) can be modified as, 

E0,0(τ) = [P(H0)(Tr −Tc)Ehn + P(H0)TcEhp](1−Pf(τ   (2.2.10) 

Where Tr,u = (1−Pre)Tr. Combining (2.2.2), (2.2.4), (2.2.6), and 

(2.2.8) the total harvested energy can be written as, 

 

EH(τ) = Eh,τ(τ) + E1,1(τ) + E0,1(τ) + E0,0(τ) 

= Ehnτ + P(H1)  (1−Pdis)TrEhp + P(H1)(1− ) 

Tr.Ehn+[P(H0)(Tr –Tc)Ehn + P(H0)TcEhp](1−Pf(τ))  (2.2.11) 

The expression for harvested energy obtained in (2.2.11) is new 

and derived by us. 

 

2.3. Sensing time which is optimal for maximum energy 

harvested 

For finding out the optimal sensing time (τopt), length of the 

transmission time, i.e., Tr is kept fixed and the detection 

probability is set to a target value (  ). Hence, the harvested 

energies 

E1,1(τ) and E0,1(τ) become constant. Now differentiating 

(2.2.11)with respect to τ results in, 

E‟H(τ) = Ehn −C1P0 f(τ)          (2.3.1) 

where C1 = P(H0)(1−Pre)TrEhn +P(H0)PreTrEhp.  

Again differentiating (3.18) with respect to τ results in 

E”H(τ) = −C1P”f (τ)   (2.3.2) 

 

 From (2.1.4),  

Pf(τ) = Q(α+√τfs) where α =p(1 + 2γs)Q−1¯ Pd. Differentiating 

Pf(τ)with respect to τ gives P0 f(τ) = −γs√fs 2√2π τ−1/2 exp−(α 

+ γs√τfs)2/2. Here, P0 f(τ) is negative and increasing in τ, thus 

P00 f (τ) is positive. Now it is evident from (2.3.2) that E00 H(τ) 

< 0. Hence, it can be  righteously said that the harvested energy, 

EH(τ) is downward concave and there also exists an optimal 

value of τ , i.e. τopt (0 <τopt< τ) is obtained for which EH(τ) is 

maximum. 

 

2.4.  Rewarded energy for a particular detection cycle 

In this section, we study the rewarded energy and energy cost in 

the detection cycle. (a) Energy reward in a detection cycle : 

Energy reward in a detection cycle is the accumulated effective 

harvested energy, i.e., total harvested energy in a frames minus 

energy consumed to run the energy harvester over a frame time. 

Total harvested energy in a frame is estimated in the previous 

section. Hence, the rewarded energy, ERs H (τ), in a detection 

cycle can be expressed as,  

16 ERs H (τ) = EH(τ)−ηPsT = EH(τ)−ηPs(τ + Tr)                                                    

(2.4.1)  

For a fixed Tr, differentiating (2.4.1) twice, gives E”R H (τ) = 

E”H(τ). Thus there exists an optimal sensing time for which ER 

H(τ) is maximum. 

 

2.5.  Energy cost for a particular frame 

 Energy cost in a detection cycle is the total amount of energy 

spent for sensing, harvesting and transmission purpose 

respectively. Selection of transmission power must protect the 
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next detection cycle from energy outage means the CR must 

have sufficient amount of energy such that it can perform 

sensing operation atleast, else energy outage occurs, i.e., Pts ≤ 

(Etran −ER)/Tr Where Etran = ER H(τ)−(1−η)Psτ = EH(τ)−Psτ 

−ηPsTr. Now the energy cost in the detection cycle is  

Ecs(τ) = (1−η)Psτ+ ηPsT + P(H0)(1−Pf(τ)) PtTr,u                                                              

(2.5.1) Hence, the excess energy left for the next detection cycle 

can be written as,  

Esh,ex = EH(τ)−Ecs(τ                 (2.5.2)  

Next we go for analyzing the throughput of the system. 

 

2.6   Throughput of the System  
A CR transmits under both the conditions P(H0|H1) and 

P(H0|H0) respectively. The transmission under P(H0|H0) is 

useful whereas transmission under P(H0|H1) is useless since 

there is a collision between PU data and CR data. As discussed 

in previous section, under P(H0|H0), there is also a chance of 

reoccupation of PU and TC be the dwelling period after 

reoccupation. Hence the useful throughput can be written as,  

 

R0,s(τ) = P(H0)(1−Pf(τ))C0,sTr,act                   (2.6.1)  

 

whereC0,s = log(1+|h|2Pts/σ2 n) and Tr,act = min Etran Pts, 

Tr,u. Therefore, the outage at CR receiver can be written as, 

 

Pout,s = P(C0,s < R)                                      (2.6.2)  

where R is the target transmission rate. The expressions obtained 

in (2.4.1), (2.5.1), (2.5.2), and (2.6.1) are our contribution and 

new to the best of our knowledge. 

 

3. RESULTS AND DISCUSSIONS  

 

  
                               Figure .3.1                    Figure .3.2 

 

In the given fig (3.1) we can observe as energy by NRF 

increases throughput also increases since throughput depends on 

power of transmission. Power of transmission depends on mean 

value of energy harvested mean value of Non-RF energy 

increases, harvested energy at the secondary node increases. 

When Enrf=0.3 through put is low and at Enrf=0.7 it is high. As 

more energy is harvested by additional NRF sources, throughput 

Increases W.R.T source. In the figure (3.2) is observed that for a 

particular „ρ‟, ie. Collision probability, throughput increases 

initially and reaches a max point and there after it decreases for 

further increment in sensing time. Thus there exist an optimal 

sensing time for which throughput R˳ for secondary network is 

maximum. It is also found that for a particular value of„t‟ the R˳ 

decreases as „ρ‟ increases. If the „ρ‟ the effective Tr time 

increases which intern reduces R˳. 

 

 
Figure 3.3 

 

 
  Figure 3.4 

Fig (3.3): Throughput comparison of RF and RF +Non RF. 

In the above Fig (3.3) we have additional non RF resources. As a 

result harvested energy increases due to the additional RF 

resources over the non RF sources. So as a result throughput 

increases. 

 

REASON: Energy for transmission initially is high. So 

throughput increases. 

                                                   R0=P(H0)(1-PF).C0.Tr 

(i) When sensing time increases accordingly false alarm 

PF prob. Pf decreases. (1-Pf) term as a whole increases. Hence 

„R0‟ throughput increases. 

(ii) For N detection cycle energy increases as well as cost, 

so energy cost as a whole increases. Energy cost includes energy 
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consumed through sensing energy, running harvesting circuit, 

modulation circuits, etc. So if cost increases, rewarded energy 

left for transmission reduces. This in turn reduces the throughput 

of the secondary system.  

Fig (3.4) shows the impact of number of frames on throughput. 

It is observed that the throughput increases initially as sensing 

time increases and thereafter remains constant for a particular 

number of frames.  It is also found for a secondary throughput 

decreases as number of detection frames increases.  

 

 
Figure. 3.5 

In Fig (3.5) we have additional non RF resources. As a result 

harvested energy increases due to the additional RF resources 

over the non RF sources. And also with increase in sensing time 

energy harvested also increases. 

 

4. CONCLUSIONS 

 

The real performance of a Cognitive Radio Network System is 

investigated in terms of Energy Harvested and Throughput in 

accordance with as a trade Off of Sensing Time, Number Of 

Frames and Collision Probability.An optimum sensing time can 

be investigated for which the energy harvested is maximum.An 

optimum sensing time can also be devised for which the average 

throughput shoots to a maximum value. With increase in 

Collision Probability the Average Throughput is seen to degarde. 

The Average Throughput is seen to improve with the increase of 

number of frames consequently. 
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