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ABSTRACT 

In this dissertation, the optimal power allocation technique for a novel cognitive radio 

network under the joint power constraints has been explored. The performance metrics of 

cognitive radio network such as ergodic capacity and outage capacity over the fading 

channel with imperfect channel state information has been presented. In addition to this, 

the power consumption of cognitive transmitter has also been analyzed under the peak 

interference power constraint and joint peak transmit and peak/average interference 

power constraint has been illustrated. It has been discussed that the power consumption 

under the joint power constraints is less at the cost of reduction of capacity of the 

cognitive link. Furthermore, the dynamic spectrum accessing techniques  overlay, 

underlay and hybrid spectrum sharing approaches are exploited for the military 

communication and also the importance of the energy efficiency of the military cognitive 

radio network system is also explored. Moreover, we have also emphasized over the 

security threads and their mitigation. However, it is explored that the cross layer design 

of protocols is preferred for more energy efficiency and security. 
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CHAPTER 1 

INTRODUCTION 

Wireless communication technologies are emerging at a rapid rate. Today, 

researchers/scientists mainly focus on the fifth generation technologies and new 

accessing techniques. There are some challenges of 5G networks such as high data rates, 

low latency, ubiquitous environment and multi radio accessing technologies. Therefore, 

to achieve high data rates and low latency, there is requirement of large bandwidth. But, 

there is a problem of spectrum scarcity. However, wireless communication is established 

on the spectrum from 3Hz -300 GHz but due to fixed spectrum allocation strategy there is 

problem of spectrum scarcity. The survey of Federal Communication Commission (FCC) 

has reported that the most of the licensed spectrum are underutilized [1]. Therefore, FCC/ 

spectrum allocation authority has opened the licensed bands to unlicensed users so that 

spectrum can be utilized in efficient way. Moreover, 5G demand for intelligent device 

which support ubiquitous environment, high data rates and overcome spectrum scarcity 

problem. In 2000, Mitolla has proposed a reconfigurable device which supports multiple 

technologies named as software defined radio (SDR) [2]. The limitation of this device is 

that it is not an intelligent device.  Therefore, a new communication system is proposed 

named as Cognitive Radio is an “radio or system that sense its electromagnetic 

environment and can dynamically and autonomously adjust its radio operating parameters 

to modify system operation, such as maximize throughput, mitigate interference, 

facilitate interoperability, access secondary markets” [2]. The cognitive radio (CR) 

system not only improves the spectral efficiency but also provide highly reliable and 

efficient wireless communication. Cognitive radio architecture depends on the three 

layers of the open system interconnection model (OSI) such as physical layer, MAC layer 

and Network layer.  

1.1 Functions of the Cognitive Radio System 

The main function of the cognitive radio system is spectrum sensing, spectrum analysis, 

spectrum access and spectrum mobility. In spectrum sensing, CR has to sense the 

spectrum status and the activities of primary users periodically. Moreover, spectrum 

sensing may be centralized or distributed. In centralized spectrum sensing, there is fusion 
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center in the network, all the nodes in the CR network sense the status of spectrum 

individually and then transmit their sensed information to the fusion center. On the other 

hand, in distributed spectrum sensing all nodes sense the information and exchange the 

sensed information within their self and then take the decision. There are different 

spectrum sensing techniques which are broadly categorized as non-cooperative spectrum 

sensing, cooperative spectrum sensing and interference based detection as shown in Fig.1 

[3]. The next step after spectrum sensing is spectrum analysis, the sensed information is 

analyzed to get the information about the spectrum holes then the decision is taken by 

optimizing the system performance metrics. The third step of CR system is spectrum 

access, after taking the decision on the spectrum holes now unlicensed user accesses the 

spectrum holes.  In order to avoid the collision between the licensed and unlicensed user, 

the accessing of spectrum should be based on the MAC protocols. Final function of the 

CR system is spectrum mobility, it emphasize on the handoff of the operating frequency 

of CR system. The detail description of spectrum sensing, spectrum mobility and 

spectrum analysis technique is far from our discussion. In this dissertation, our main 

focus is on the spectrum sharing/ accessing techniques. The spectrum sharing techniques  

 

Fig 1.1 Functions of the cognitive radio system 

are broadly categorized as spectrum underlay, spectrum overlay and spectrum interweave 

approach as shown in Fig. 1.1.  

1.1.1 Spectrum accessing techniques 
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It is the third step of cognitive radio system, after spectrum sensing and spectrum 

analysis. It is categorized as [4]: 

(I) Exclusive use model:  In this licensed user allocate the spectrum to the 

unlicensed/ cognitive user. The spectrum owner imposes some constraints and according 

to these constraints rules cognitive user optimizes its parameters such as power, 

frequency to achieve the best performance. There are two types of exclusive use model 

named as long term exclusive use model and dynamic exclusive model. In long term 

exclusive model, licensed user allocates the spectrum to cognitive user for certain period 

of time (few weeks) on the other hand in dynamic exclusive model small chunks of 

spectrums are allocated to cognitive user for short duration of time. 

(II) Spectrum commons model:  In this all cognitive users have same right to access 

the radio spectrum. It has three models, namely, uncontrolled, managed and private –

commons sub models. In uncontrolled model there is no owner of spectrum that radio 

spectrum is ISM (2.4 GHz) and U-NII (5 GHz) which is being used by all cognitive user. 

There is no control on the transmitted power of cognitive user. In managed commons 

sub- model, radio spectrum is controlled jointly by a group of cognitive radios. On the 

other hand, in private commons sub-model, spectrum owner specify technology and 

protocols to the cognitive radio user. Spectrum owner give a command to cognitive user 

that command may contain the transmission parameters (e.g. time, frequency band and 

transmit power). 

(III) Shared use model:  In the shared use model, the licensed/primary user and 

unlicensed/cognitive/secondary user share the spectrum opportunistically or 

simultaneously. The spectrum sharing models are classified on the basis of architecture, 

spectrum allocation behavior, spectrum access techniques and scope as shown in Fig. 2 

[4]. Moreover, the spectrum sharing techniques on the basis of the architecture of the 

network are classified as  

(I) Centralized spectrum sharing:  The spectrum allocation and access is controlled 

by the central entity/fusion center. The spectrum is allocated to all cognitive radios in the 

network via the central node which has the complete information about all the nodes in 

the network [5]. 
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(II) Distributed spectrum sharing:  In this spectrum allocation decision is taken by 

the individual node in the network. But the information about the spectrum is exchanged 

between the nodes in order to avoid the collision between the different cognitive nodes 

[6]. 

  

Fig 1.2 The spectrum sharing model of cognitive radio system 

The spectrum sharing technique is also categorized on the basis of spectrum allocation 

behavior which is discussed as follows [7]: 

(I) Cooperative spectrum sharing:  In this the interference at the different nodes is 

noticed and the information of interference is exchanged between all the nodes and then 

decision of spectrum allocation is taken. 

(II) Non-Cooperative spectrum sharing:  In this interference on one node is 

measured and message is send to all nodes. With this spectrum sharing technique 

spectrum is not utilized properly. 

The spectrum sharing technique is also categorized on the basis of scope which is 

discussed as follows: 

(I) Intra network spectrum sharing: In this secondary user try to access the 

spectrum without causing interference to the primary user. 

(II) Internetwork spectrum sharing: It is broader category of spectrum sharing 

which is based on certain spectrum policies. 
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The spectrum sharing techniques are also categorized on the basis of accessing of 

spectrum which is described as follows [8]: 

(I) Overlay spectrum access:  It is opportunistic spectrum accessing (OSA) 

technique, in this cognitive user is not allowed to share the spectrum until and unless it is 

not used by the primary user. This accessing technique can be applied in temporal or 

spatial domain [9]. In temporal domain, the cognitive user has to exploit the temporal 

opportunities to access the spectrum from the burst traffic of primary user. Spectral 

accessing technique in temporal domain requires joint design of spectrum sensing and 

spectrum accessing [10-11]. On the other hand in the spatial domain, cognitive user has 

to exploit the frequency band which is not used by the primary user in a particular 

geographical region. In overlay accessing the main focus is on the spatial domain overlay 

spectrum accessing because in this there is less variation in spectrum opportunity with 

time. The data rates achieved with spectrum overlay accessing techniques are 

significantly high but this spectrum accessing technique has limitations such as 1.) 

Cognitive user has to wait to get the hold on spectrum holes. 2.) Cognitive user has to 

stop the communication if the spectrum is needed by the primary user. 

(II) Underlay spectrum access:  According to this technique both primary and 

secondary user can access the spectrum at the same time at same frequency and at same 

location under some interference constraints. In this, the main focus is on the power 

control of cognitive user so that it will not interfere with the primary users.  The main 

advantage of the spectrum underlay accessing over the spectrum overlay accessing 

technique is that cognitive user has not to wait for spectrum hole. The limitation of the 

spectrum underlay accessing is low data rates due to the limited power allocation. 

Therefore, optimal power allocation to cognitive user should be in such a way, which 

maximize the capacity and throughput of cognitive link, avoid interference to the primary 

user. The optimal power allocation to cognitive user is a crucial issue. There are different 

ways of optimal power allocation which are discussed in later section. 
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1.2 Optimal Power Allocation to Cognitive User 

The power to cognitive user under some constraints can be allocated in such a way so that 

the capacity and throughput of cognitive link is maximized. The optimal power allocation 

in cognitive radio network is formulated by different ways as given below: 

1.) Game theoretic approach 

2.) Price auction 

3.) Iterative water filling algorithm 

4.) Convex optimization approach 

(i) Game theoretic approach 

Game theory has a long lasting history since 1838. Today, game theory approaches have 

been employed for the optimization system performance. In wireless communication 

network, game theory has been utilized for the resource allocation. User‟s interest in the 

game theory model is named as utility function. A game is defined as method of 

interaction between the players (users), where each player used their strategy to achieve 

the utility function while competing with others. In game theory model, strategy is a 

contingent plan and utility function provides every possible outcome of the game to the 

player [12]. As the wireless networks are emerging at a rapid rate, the optimal power 

allocation problem for decentralized network is came in to existence. For decentralized 

network game theory is a good approach to allocate power. The game theoretic models 

are broadly categorized as cooperative and non-cooperative game, strategic and extensive 

game and games with complete or incomplete information theoretic model [12]. 

Cooperative game theoretic models are utilized when cognitive user has perfect channel 

state information. As we know that practically it is difficult to gain perfect channel state 

information therefore, there is need of non-cooperative game theoretic models which 

support when cognitive user has imperfect channel state information. Some game 

theoretic models are matching game model, Cournot game model, Bertrand game model, 

repeated game model, supermodular game model and potential game model [13-14]. All 

game approaches have some pros and cons [15] therefore, according to the applications, 

game theoretic approach have to be chosen e.g when limited information is available to 

user for that scenario non-cooperative game approach is suitable. If users demands for 

long term QoS then repeated game approach has to be preferred. Game is a method of 
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interaction between users where each user adjusts its strategy to optimize its utility. Many 

researchers have reported the optimal power allocation algorithm with game theoretic 

approaches [16-18]. Sharma and Teneketzis [19] have been illustrated the optimal power 

allocation for single CDMA based cell with interference and presence of selfish users. 

They have proposed the power allocation scheme which provides budget balance at nash 

equilibriums. In [20], optimal power allocation algorithm for distributed network with the 

consideration of practical limitations has been proposed. This algorithm has been 

provided the nearly optimum results as is provided by heuristic method. For cooperative 

game model constant power is allocated to the cognitive user to achieve the Pareto 

efficient vector of rates [21]. In [21], it has been also reported that punishment strategies 

significantly increase the rates in non-cooperative game model. The non-cooperative 

game theory model has been proposed for the joint power and rate control for the 

proposed model in [22]. They have analyzed, the uniqueness and Pareto efficiency of 

Nash equilibrium. Cooperative game theory model for optimal power allocation in 

cognitive radio network has been illustrated in [23]. They have been developed an 

alternative efficient and fair resource allocation by using Nash bargaining solutions over 

the cognitive radio game model.  

(ii) Price auction approach 

The optimal power allocation to cognitive user is also based on the price paid by the 

cognitive user to primary user for spectrum. The auction theory has been used in various 

areas of the wireless communication [24] such as auction theory for optimal power 

allocation [25] and for cognitive radio networking [26]. Huang [27], has been firstly 

introduced the approach of resource allocation on the basis of auction theory. However, 

cooperative transmission improves the communication system performance due to 

cooperation among users. In [27], the power auction algorithm has been proposed to 

allocate optimal power in relay cooperative network. They have reported that with proper 

chosen prices the power auction has achieved efficient resource allocation. In [28], power 

auction approach is implemented with game theory buyer /seller game theoretic model 

over cooperative communication network. The authors in [28], have reported that the 

position of relay in the network play an important role o increase source node utility. 

They have also discussed that to attract the source‟s buyer proper prices have to be 
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chosen by the relay user. Zou et.al [29] have been reported the power auction algorithm 

for the hybrid spectrum accessing technique. They have illustrated that in spectrum 

overlay technique the relay allocate the power to secondary user proportional to its 

payment without any constraints. On the other hand in the spectrum underlay approach 

cognitive user‟s own transmit power and power offered by relay is upper bounded to 

maintain the quality of service of the primary user. In [30], on the basis of the Nash 

equilibrium suboptimal, fair and efficient pricing scheme have been proposed. They have 

reported that the proposed pricing scheme is suboptimal in terms of the revenue 

maximization of the primary user and proved fair and efficient results for power 

allocation. 

(iii) Convex  optimization approach 

The power allocation in cognitive radio network can be formulated as convex 

optimization problem under some constraints. The formulation of the optimization 

problem can be written as 

min
x ∈ Ω

 𝑓 𝑥                                                                                                                (1.1)                                                                                      

𝑠. 𝑡  
𝑔𝑖 𝑥 ≤ 0,𝑓𝑜𝑟 𝑖 = 1…𝑚

𝑗  𝑥 = 0,𝑓𝑜𝑟 𝑗 = 1. . 𝑙
        

where, 𝑓 𝑥  is the objective function e.g. capacity of the cognitive link, throughput etc. 

and 𝑔𝑖 𝑥  and 𝑗  𝑥  are the constraints. In cognitive radio network, for optimal power 

allocation these constraints are mostly power constraints or interference temperature 

constraints. 𝑥 is a parameter for the optimization and Ω is the range of the optimized 

parameter. There are many optimization approaches. These are broadly categorized as 

linear optimization and non-linear optimization problem. When the objective function 

and the constraints are linear then those problems are under the linear optimization 

approach. It is easier to optimize the linear problems via the linear programming 

approach. But, in wireless communication most of the problems are non- linear 

programming problem. It is complicated to solve the non-linear hard problem. Therefore, 

new approach has been proposed namely convex optimization approach. The condition 

for the function to be convex is given below: 
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𝑓 𝜃 𝑥1 +  1 − 𝜃 𝑥2 ≤  𝜃 𝑓 𝑥1 +   1 − 𝜃 𝑓(𝑥2)                                                       (1.2)                                        

where, 𝜃 is any arbitrary number and 𝑥1  and 𝑥2  are variables. The function is concave if 

– 𝑓 is convex. It is simplest to optimize the convex problem. If the problem is not convex, 

then firstly transform the problem to convex by different methods. There are various 

methods for the convex optimization such as Lagrangian method, Quadratic, Geometric, 

Semi-definite programming, Gradient and Newton method. According to the objective 

function and optimization complexity, various researchers have been utilized different 

optimization method for optimal power allocation. Shiung et.al [31], have proposed an 

optimal power allocation algorithm in order to maximize the sum spectral efficiency by 

using the Lagrangian method under the signal-to-interference power constraints. Various 

researchers have been reported the power allocation algorithm by using the Lagrangian 

dual method for different objective functions as discussed later. In [32], new strategy has 

been proposed to improve the energy efficiency under quality-of-service (QoS) 

constraints. They have illustrated that with the Lagrangian dual method rate is maximized 

with less complexity. Moreover, they have validated their proposed algorithm (based on 

Lagrangian dual method) with Monte Carlo method. As we move towards the orthogonal 

frequency divison multiplexing (OFDM) approach, there is problem of sub channel 

power allocation. Moreover, with the increase of number of sub-channels, complexity of 

algorithms increases at exponential rate. Therefore, Guo. etal. [33], have been proposed 

two sub-optimal algorithm by using Lagrangian method.  Furthermore, in [34], the 

authors have illustrated the algorithm based on Lagrangian method to maximize the 

capacity of the cognitive link over Rayleigh fading channel. They have reported that with 

their proposed approach power is allocated effectively to multiple input multiple output 

(MIMO) cognitive radio system. Gradient based optimization approach is useful when 

there is problem to allocate power to multiple sub-channels. In [35], they have reported 

that greedy power loading method and gradient based method both have same complexity 

of order O (N). But, the gradient based method with adaptive step size has a fast rate to 

achieve optimal solution for power. In [36], resource allocation algorithm has been 

proposed for the hybrid (overlay/ underlay) spectrum accessing technique. They have 

analyzed that resource allocation with mixed programming algorithm is more complex, 

therefore, they have decompose the complex algorithm to sub-algorithms, by using 
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Lagrangian dual method and sub-gradient method. In [37], optimal power allocation to 

cognitive user in order to maximize the capacity under imperfect channel state 

information has been discussed by Lagrangian dual method. Since, Lagrangian method 

approach is best for non- linear convex problem but it does not work for non-linear non-

convex problems. For those problems, happen that the problems are not convex. 

Therefore, to optimize such problem, firstly we have to transform the problem to 

parametric optimization problem then the implementation of ∈ -optimal algorithm will 

provide the optimal power allocation for energy efficient network [38].  

(iv) Iterative water filling algorithm  

The water filling algorithm is also efficient power allocation approach to maximize the 

capacity of the network. In general water filling algorithm is defined as the power 

allocation scheme in which more power is allocated to the sub channel having large SNR 

level in order to maximize the capacity. This water filling algorithm is exploited for 

orthogonal frequency division multiplexing (OFDM) based networks, where different 

power levels are allocated to all sub channels. Today, this algorithm can be utilized in the 

OFDM based cognitive radio network. But the conventional water filling algorithm 

cannot be used directly to the cognitive radio network because in the cognitive radio 

network power is allocated under some constraints. Therefore, the modification in the 

water filling algorithm is demanded. Qi et.al [39], have been proposed a power increment 

and power decrement water filling algorithm with less complexity in comparison to the 

traditional water filling algorithm. In [40], a water filling algorithm has been proposed 

when there is imperfect information between the SU-Tx and PU-Rx. The main objective 

in this algorithm is to allocate optimal power to all sub channels in efficient way in order 

to maximize the overall throughput of the cognitive user. They have reported that for the 

evaluation of optimal power the previous proposed water filling algorithms are based on 

the binary searching process. In their proposed algorithm they have eliminate this binary 

searching process. The water filling algorithm in the proposed algorithm executes only 

one time and gives the solution. Therefore, the convergence and execution rate of 

algorithm is increased. In [41], the robust iterative water filling algorithm is proposed for 

the optimal power allocation to cognitive user. They have designed the algorithm on the 

basis of the non- cooperative game theory model. In this power is allocated in order to 
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increase the throughput under power constraint and interference power limits in OFDM 

based cognitive radio network. Forouzan and Ghorashi [42], have been proposed the 

efficient resource allocation algorithm for the downlink of OFDM based multi cell 

underlay cognitive radio network. The authors in [42] have considered the challenge that 

the power is allocated in such a way so that inter cell and intra cell interference must be 

avoided. They have reported that with the water filling algorithm higher throughput is 

achieved, because it loads more power to the cognitive user‟s band. The water filling 

algorithm for optimal power allocation is better to enhance the capacity of the cognitive 

link and this algorithm is the enhanced version of the minimum weighted leakage 

interference algorithm with fast convergence rate [43]. Some researchers have considered 

the traffic statistical parameter to formulate the power allocation problem [44] and they 

have reported that the modified version of the water filling algorithm under traffic 

statistical parameter is more efficient than the traditional water filling algorithm. The 

convergence rate of the water filling algorithm is fast [45]. It has been improved the 

performance of coexistence of multiple cognitive tactical radio network. The complete 

discussion over the water filling algorithm has been proved best power allocation 

technique for the OFDM based cognitive radio network. 

1.3 Cognitive Radio in India 

In European countries the provision for cognitive radio deployment has been provided. 

But it has not yet been introduced in India. Tripathi in [46] has given the overview that 

what steps should be taken by regulatory authorities in India to introduce the cognitive 

radio in India. In [47] it has been reported that in India average spectrum utilization is 

around 6.62% in frequency band 700 to 2700 MHz and 37% utilization of band is 

reported in GSM bands 900 MHz and 1800 MHz band. Therefore, to utilize the 

spectrum properly, it is good to deploy the cognitive radio technology in India. There are 

some frequency bands which can be opened for cognitive radio applications such as 

450-470 MHz, 470-960 MHz, 1700-2200 MHz and 2.3 -2.4 GHz.  In [48], it has been 

reported that some licensed bands are opened for low power wireless technology. The 

main advantage of cognitive radio is to enhance the rural connectivity, creating Wi-Fi 

hot spots in cities and public disaster management. Cognitive radio technology can be 

utilized in India to make Indian cities smarter by providing super Wi-Fi hot spot for 
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public use at the center location of a city like market place, railway stations, airport etc. 

Cognitive radio has not been deployed in India but National Telecom Policy 2012 [49] 

has opened the way for cognitive radio network such as to make liberal use of spectrum 

to provide any service in any technology, to permit spectrum sharing between different 

bands. 

1.4 Issues and Consideration in Spectrum Sharing 

The main challenges in the spectrum sharing are [50]: 

1. Common Control Channel: In cognitive radio networks a channel common to all 

user is basically depends on the topology of network and it varies overtime. 

Therefore, to mitigate common control channel problem either new techniques have 

to be implemented or local common control channels have to be used. 

2. Dynamic Radio Range: In cognitive radio network there is dependency of radio 

range and operating frequency. Therefore, for this frequency aware spectrum sharing 

techniques have to be implemented. 

3. Location information: It is very important to get the information about the primary 

user whom with secondary user is going to share the spectrum. 

1.5  Related Work 

The research on spectrum sharing in cognitive radio network has been started since 

decades. Some researchers are working on spectrum overlay accessing techniques and 

some are working on spectrum underlay accessing techniques. In spectrum overlay 

technique secondary user has to wait for the spectrum to vacant but in spectrum underlay 

both secondary and primary and secondary user communicate at same frequency at same 

time[51]. Therefore, the spectrum underlay accessing technique is preferable because in 

this secondary user has not to wait for spectrum accessing. Many researchers have 

reported the analysis of performance metrics of channel with spectrum underlay 

accessing technique under different power constraints [52-53]. In underlay accessing 

technique the main focus is that the performance of primary user should not be affected. 

Therefore, the optimal power allocation to cognitive user is crucial issue. 

1.5.1 Performance metrics analysis with a pair of primary and secondary 
user in the network 
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1.5.1.1  With perfect Channel state information between SU-Tx and PU-Rx 

The capacities of cognitive link decreases with the fading environment under transmit 

power constraints [54]. Therefore, there is need to consider the received power 

constraints at primary receiver during power allocation. The information about the 

channel condition and interference power constraint is provided by the primary user to 

the cognitive user. Gastpar [55] has first time analyzed the average capacity of additive 

white Gaussian noise channel (AWGN) under the received power constraints at the 

primary receiver with perfect channel state information between the cognitive transmitter 

and primary receiver. If the power allocation to cognitive user is under the received 

power constraints then it has been analyzed that the capacity of cognitive user link 

increases with the severe fading between the secondary transmitter and primary receiver 

link [56]. The optimal power allocation over fading channel under joint transmit power 

and received power constraints with perfect channel state information between the 

primary and secondary user has  been illustrated in several literatures.  In [57], it has been 

described that interference and transmit power constraints can be limited either by peak 

or average constraint. The consideration of peak or average constraint depends on the 

service running at the primary user. For delay sensitive services peak power constraints 

are preferred and for delay insensitive services average power constraints are preferred.  

It has been shown in their results that fading between the secondary user transmitter and 

primary user receiver is beneficial to enhance the capacity of the secondary user link. In 

[58], it has been discussed that the primary user allows the secondary user to share the 

spectrum only if primary user meet its minimum rate requirements. It has been reported 

that for the small average interference power capacity of primary link increases with 

transmit power limits but for the higher transmit power limits the capacity is limited by 

interference power constraints. To protect the primary user from interference of 

secondary user new constraint has been proposed in [59] i.e outage constraint. To study 

the capacity limits under the outage constraint require the channel state information 

whereas under interference temperature constraint there is no need of channel state 

information between the secondary transmitter and primary receiver. As we know that the 

wireless channel is time varying therefore it is also important to analyze the performance 

metrics in the dynamic fading channel is also important issue. Farraj and Ekin [60] have 
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been analyzed the channel capacity and bit error rate over dynamic fading channel under 

primary outage constraint. If the power allocation to secondary user is under the outage 

probability constraint then the usage of the channel by the cognitive user should not 

increase the primary user‟s outage probability above a certain limit. It has been reported 

that the cognitive transmit power has linear relationship with the transmit power of 

primary user. In addition, to this it has been illustrated that the channel capacity and bit 

error rate depends on the environmental parameters and independent of the primary and 

the cognitive user‟s transmit power. Vassaki [61], has been allocated a power to cognitive 

user in order to increase the QoS of the primary user. They have considered two types of 

constraints for optimal power allocation to cognitive user in order to increase the 

effective capacity such as the traditional interference power constraint and inverse signal-

to-interference plus noise ratio (SINR) constraint. They have reported that with secondary 

user perspective average interference power constraint provide better results of effective 

capacity than the peak constraints. On the other hand, with primary user perspective the 

peak constraints yield better effective capacity results. It has been illustrated that under 

the SINR constraint the outage probability of primary user decreases in comparison to the 

traditional interference power constraints. At same power threshold level, the peak 

interference power constraint protects better the primary transmission as comparison to 

the average interference power constraints [62]. From above discussion, it has been 

concluded that to improve the QoS of primary user and reduce the outage probability, 

SINR and outage constraints yield better results in comparison to traditional interference 

power constraint. In addition, to this to improve the channel capacity of secondary link it 

is good to allocate the power to secondary user under joint interference power constraint 

and transmit power constraints.  

1.5.1.2 With imperfect Channel state information between SU-Tx and PU-Rx 

So far we have discussed the performance metrics when the perfect channel state 

information is provided to secondary user by the primary user. But, practically it is not 

happened. Practically imperfect channel state information is provided by the primary user 

receiver to the secondary transmitter. Therefore, it is important to analyze the 

performance metrics when the channel state information between the primary and 

secondary user is imperfect. Many researchers have reported the performance analysis of 
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channel under various power constraints with imperfect channel state information 

between the primary user receiver and secondary transmitter [63-65].  In [66], asymptotic 

analysis has been proposed to analyze the ergodic capacity limits under the average/peak 

transmit power and the outage interference power constraints. They have also reported 

the expenditure of power required to achieve the lower bounds of ergodic and outage 

capacity limits. Kundu et.al [67], have analyzed the performance metrics of channel‟s 

variation with imperfect channel state information. They have also discussed that how 

can be selected the cognitive relay in underlay accessing technique. In [68], they have 

analyzed the resource allocation problem under the consideration of scenario to maximize 

the throughput when there are sensing errors. They have proposed an algorithm for 

resource allocation by using basic of game theoretical approach. 

1.6  Problem Statement 

As we have discussed in literature survey, that many researchers have reported the 

different performance metric for the cognitive radio network with perfect and imperfect 

channel state information. They have reported the different power allocation approaches 

for the maximization of the capacity limits over the fading environment. Up to our 

knowledge no one has reported the capacity limit analysis of the cognitive radio link with 

the consideration of primary user interference when imperfect channel state information 

is provided to the cognitive user. Moreover, the approach used for the power allocation in 

[66], is asymptotic analysis is quite complex. Therefore, we have used the simple 

Lagrangian dual method for the power allocation under joint peak transmit power and 

peak/average interference power constraints. The analysis of the capacity limits (ergodic 

and outage capacity) with and without primary user interference has been done. 

1.7  Organization of the Dissertation 

Spectrum sharing is a very crucial issue in cognitive radio networks. Resource allocation 

in cognitive radio network can be done on the basis of frequency, time and optimal power 

allocation to cognitive user. Therefore in this dissertation, resource allocation to cognitive 

user is done on the basis of power. 
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Fig 1.3 Overview of the Dissertation 

The main focus is on the spectrum underlay accessing technique. Both primary and 

secondary user communicate at same frequency at same time but the power allocation 

to cognitive user is in such a way so that it does not affect the quality-of- service 

(QoS) of primary user.  There are different performance metrics to study the channel 

performance such as capacity, throughput, bit error rate etc. In this dissertation, the 

performance of cognitive link is analyzed in terms of capacity over fading channel. 

There are different capacity notions for the different fading channel condition such as 

ergodic capacity for fast fading channel and outage capacity for slow fading channel. 

The overview of this dissertation is shown in Fig. 1.3. This dissertation is organized 

as follows in Chapter 2, the outage capacity of the proposed cognitive radio network 

is analyzed with and without the primary user interference. It has been considered that 

the primary user is provided with imperfect channel state information. In Chapter 3, 

the ergodic capacity of the cognitive radio network has been analyzed with and 

without primary user interference. The cognitive radio network for military 

communication has been discussed in Chapter 4. In Chapter 5, the conclusion of the 

dissertation and future scope of the work has been discussed. 
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CHAPTER 2 

Analysis of the Outage Capacity of Cognitive Radio Network 

2.1 Introduction   

Information theory is the paradigm to study the performance limits in communication. 

The basic performance measurement parameter is capacity; Firstly, Shannon has given 

the upper bounded limit of capacity for the additive white Gaussian noise (AWGN) 

channel. However, in wireless environment due to multipath propagation signal 

experiences a fading. There are different capacity notions for fading channel. When the 

impulse response of the channel changes at a rate much slower than the transmitted 

baseband signal then that is named as slow fading channel. Therefore, the capacity notion 

used for the slow fading channel is outage capacity.  

Therefore, the outage capacity is maximum transmission rate that can be maintained over 

the fading blocks with a given outage probability. In this chapter the outage 

probability/capacity of the cognitive link has been analyzed when power to cognitive user 

is allocated under joint peak transmit power and peak/average interference power 

constraints. However, mathematically the outage probability is expressed as [70]: 

Pr log2 1 +  h 2 SNR < r0                                                                                                      (2.1) 

where, h is random channel gain and 𝑟0 is the transmitter‟s encoding rate. If the 

realization rate is less than the transmitter‟s encode rate then signal cannot be decoded by 

any method. For the proposed cognitive radio network, the outage capacity analysis for 

the cognitive link has been done. The problem is formulated as the minimization of the 

outage probability of the cognitive link and to gain this objective optimal power is 

allocated to cognitive user under some power constraints.  

2.2 System Model 

In this system model, we have considered multiple PUs and single CU which transmit 

data/information at same time. The CU shares the spectrum with one of the PU without 

affecting its QoS. For the interference-free spectrum sharing, the optimal power is 

allocated to the CU under the joint transmit power and received interference power 
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constraints. In the proposed system model, we have considered discrete time flat fading 

channel where the received signal of CU depends on the transmitted signal, which is 

mathematically expressed as [70]:  

𝑦𝑠𝑠 𝑛 = 𝑥𝑠𝑠 𝑛 𝑠𝑠 𝑛 +  𝑥𝑝 𝑛  𝑝𝑠 𝑖(𝑛)𝑛
𝑖=1 + 𝑤𝑠𝑠 𝑛                                                    (2.2)                         

where, n, 𝑠𝑠(𝑛), 𝑠𝑝(𝑛) and 𝑝𝑠𝑖(𝑛) are the time index, channel gain of the CU link, 

channel gain between CU-Tx  and PU-Rx and i
th

 PU-Tx and CU-Rx, respectively. 

𝑠𝑠 𝑛  ,𝑠𝑝(𝑛) and 𝑝𝑠𝑖(𝑛) are the independent and identically distributed (iid) channel 

gain with exponential distribution. 𝑤𝑠𝑠(𝑛) is the zero-mean complex symmetric additive 

white Gaussian noise (AWGN). 

 

 

Fig 2.1 The spectrum sharing model of the cognitive radio network. 

The partial channel state information is provided to CU-Tx by i
th

 PU, which is 

represented as  𝑠𝑝𝑖 (n). However, the CU estimates the channel gain by the minimum 

mean square error (MMSE) channel estimation technique. The channel estimation error is 

represented as: 

 𝑠𝑝𝑖  𝑛 = 𝑠𝑝𝑖  𝑛 −  𝑠𝑝𝑖  𝑛                                                                                          (2.3) 

where,   𝑠𝑝𝑖  𝑛  and  𝑠𝑝𝑖  𝑛  are the zero-mean circularly symmetric complex Gaussian 

distributed random variable with variance (𝜎2/2) and (1 − 𝜎2)/2, respectively and for 

simplicity, we have ignore the time index. Due to the MMSE estimation characteristics, 

h 𝑠𝑝𝑖  and h 𝑠𝑝𝑖  are the uncorrelated channel gain. The channel power gain is given by 
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 𝑠𝑝  
2
, however the channel power gain of the CU link, between CU-Tx and PU-Rx link 

and i
th

 PU-Tx and CU-Rx link are represented by 𝑔𝑠𝑠  ,  𝑔𝑠𝑝𝑖  𝑎𝑛𝑑  𝑔𝑝𝑠 , respectively. 

Therefore, the optimization problem for outage capacity of cognitive link is expressed as 

 Pr  log2  1 +
gss   P 𝑔 𝑠𝑝 1 ,𝑔 𝑠𝑝 2 ,… 𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠 

 𝑔𝑝𝑠𝑖 ∗𝑃𝑖+
𝑛
𝑖=1 N0  B

   ≤P 𝑔 𝑠𝑝 1 ,𝑔 𝑠𝑝 2 ,… 𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠 ∈R
min 𝑟0                           (2.4) 

where Pr{.} is the probability , 𝑟0 is the transmitter‟s decoding rate and 𝑔𝑠𝑠 ,  𝑔𝑝𝑠  and 𝑔 𝑠𝑝  

follows the Rayleigh distribution whose probability density function (pdf) is specified as: 

𝑒−𝑔𝑠𝑠 , 𝑒−𝑔𝑝𝑠  and 𝑒−𝑔 𝑠𝑝 /(1−𝜎2)/(1 − 𝜎2), respectively [16]. When the multiple primary 

users are considered then pdf of the channel power gain between the cognitive transmitter 

and primary receivers is evaluated as follows: 

    Let  𝑔 𝑠𝑝𝑖  (i = 1...n) be iid random variables. It is assumed that the channel gain of 

cognitive link is independent from the channel gain between cognitive transmitter and 

primary receivers. Therefore, 𝑔 𝑠𝑝  is expressed as: 

𝑔 𝑠𝑝 = max  𝑔 𝑠𝑝𝑖              𝑖 = 1. .𝑛                                                                                 (2.5) 

Then the cumulative distribution function of  𝑔 𝑠𝑝  is expressed as: 

𝐹 𝑔 𝑠𝑝   𝑔 𝑠𝑝 =   𝐹 𝑔 𝑠𝑝𝑖
  𝑔 𝑠𝑝 

𝑛
𝑖=1 =  1 − 𝑒

−
 𝑔 𝑠𝑝

1−𝜎2 
𝑛

                                                        (2.6) 

On differentiating Eq. (12) pdf of   𝑔 𝑠𝑝  is written as 

𝑓 𝑔 𝑠𝑝   𝑔 𝑠𝑝 = 𝑛
𝑒
−

 𝑔 𝑠𝑝

1−𝜎2

1−𝜎2  1 −  𝑒
−

 𝑔 𝑠𝑝

1−𝜎2 
𝑛−1

                                                                       (2.7) 

On similar way, the pdf for multiple primary transmitter and cognitive receiver is 

expressed as: 

𝑓𝑔𝑝𝑠  𝑔𝑝𝑠 = 𝑛 𝑒−𝑔𝑝𝑠  1 −  𝑒−𝑔𝑝𝑠  𝑛−1                                                                             (2.8)                                  

However, both the channels are considered as Rayleigh fading channel and the 

probability density function of 𝑔𝑠𝑝  and 𝑔𝑠𝑠  are represented as: 𝑒−𝑔 𝑠𝑝 /(1−𝜎2)/(1 − 𝜎2) and 

𝑒−𝑔𝑠𝑠 , respectively as discussed in [66]. N0 and B are the noise power spectral density at 
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primary receiver and total available bandwidth, respectively. Therefore, the capacity of 

cognitive link can be maximized by allocating the optimal power to SU-Tx.  

2.3 Power Constraints 

To minimize the outage probability optimal power is to be allocated to the cognitive 

user under some power constraints. We have considered  𝑃𝑝𝑘  and 𝑄𝑝𝑘  as the peak 

transmit power of CU and peak interference power of PU-Rx, respectively. The 

instantaneous transmitted power of CU-Tx depends on the channel power gain 𝑔𝑠𝑠  and 

the estimated value  𝑔𝑠𝑝  which is denoted by 𝑔 𝑠𝑝 . However, the instantaneous power at 

the CU-Tx is expressed as [58]: 

𝑃 𝑔 𝑠𝑝1,𝑔 𝑠𝑝2. .𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠 > 0,∀ (𝑔 𝑠𝑝1. .𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠)                                                        (2.9)                                                   

and the peak transmit power constraint is represented as [58]: 

𝑃 𝑔 𝑠𝑝1,𝑔 𝑠𝑝2. .𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠 ≤ 𝑃𝑝𝑘 ,∀ (𝑔 𝑠𝑝1. .𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠)                                                   (2.10)           

as well as the peak interference power constraint is provided as [58]: 

𝑔𝑠𝑝𝑖𝑃 𝑔 𝑠𝑝1,𝑔 𝑠𝑝2. .𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠 ≤ 𝑄𝑝𝑘𝑖 ,∀ 𝑔 𝑠𝑝1. .𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠 ,       𝑖 = 1. . 𝑛                      (2.11)                                  

However, the instantaneous peak interference power constraint is valid only for the short 

time. Due to this reason, the interference outage concept is introduced by Musavian and 

Aissa [63]. Therefore, the outage interference power constraint is represented as [63]: 

𝑃𝑟  𝑔𝑠𝑝𝑖  𝑃 𝑔 𝑠𝑝1,𝑔 𝑠𝑝2. .𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠  ≥ 𝑄𝑝𝑘𝑖  ≤ 𝑃0                                                      (2.12) 

where, Pr{.} and P0 are the probability of function and outage interference level, 

respectively. Therefore, Equation (2.12) can be simplified as: 

𝑃 𝑔 𝑠𝑝1,𝑔 𝑠𝑝2. .𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠 ≤ min(
𝑄𝑝𝑘𝑖

𝑔 𝑠𝑝𝑖−𝜎
2 𝑙𝑛 𝑃0

), 𝑖 = 1. .𝑛                                           (2.13)              

In addition to this, the average interference power constraint is expressed as: 

𝐸 𝑔𝑠𝑝𝑖  𝑃 𝑔 𝑠𝑝1,𝑔 𝑠𝑝2. .𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠  ≤ 𝑄𝑎𝑣𝑔𝑖 , 𝑖 = 1. .𝑛                                                   (2.14) 

Due to the imperfect channel state information, the 𝑔𝑠𝑝𝑖  is not known. Therefore, the 

estimated value of 𝑔𝑠𝑝𝑖  is expressed as: 
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𝑔 𝑠𝑝𝑖 = 𝑔𝑠𝑝𝑖 − 𝑔 𝑠𝑝𝑖                                                                                                         (2.15) 

where, 𝑔 𝑠𝑝𝑖 , 𝑔𝑠𝑝𝑖  and 𝑔 𝑠𝑝𝑖  are the estimated, ideal (true) and estimated error values of the 

𝑔𝑠𝑝 , respectively. Therefore, the average interference power constraint is expressed as 

[63]: 

𝐸 𝑔 𝑠𝑝𝑖𝑃 𝑔 𝑠𝑝1,𝑔 𝑠𝑝2. .𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠  ≤ 𝑄𝑎𝑣𝑔𝑖 − 𝜎2𝐸  𝑃 𝑔 𝑠𝑝1,𝑔 𝑠𝑝2. .𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠               (2.16)             

For the optimal transmit power computation, the combination of instantaneous CU-Tx 

power, peak transmit power of CU and outage constraint is represented by 𝑅1 and the 

combination of instantaneous CU-Tx power, peak transmit power of CU and average 

interference power constraint is represented by 𝑅2. 

2.4   Optimal Power Allocation to Minimize the Outage Probability 

2.4.1 Under peak transmit power and peak interference power constraints 

For the optimal power allocation R ∈ R1 and two dimensional truncated channel 

inversions (2D-TCI) strategy is used over g sp  and gss . Therefore, the optimal transmit 

power of cognitive user is expressed as: 

P g sp 1, g sp 2, g sp 3 …  g spn , gss =

 

 
 
 

 
 

(No B+ gps ∗Pi )n
i=1  2ro−1 

gss
,    gss ≥

(2r0−1)(No B+ gps ∗Pi )n
i=1

Ppk
 and

                  g spi ≤
gss Qpk

(No B+ gps ∗Pi )n
i=1  2r0−1 

+ σ2 ln P0 

0,                     otherwise                                         

                                    (2.17)                         

Let, 
gss Qpk

(No B+ gps ∗Pi )n
i=1  2r0−1 

+ σ2 ln P0  and 
(2r0−1)(No B+ gps ∗Pi )n

i=1

Ppk
 is denoted by the 

auxiliary variables u and z, respectively. By substituting (2.17) in (2.8), we yield the 

outage probability as: 

Pout = 1 − fg sp
 g sp  fgss

(gss ) fgps
 gps  dg sp  dgss  dgps                                        (2.18) 

where, f𝑔 𝑠𝑝 (𝑔 𝑠𝑝 ), 𝑓𝑔𝑝𝑠  𝑔𝑝𝑠  and 𝑓𝑔𝑠𝑠(𝑔𝑠𝑠) are the probability density function of 𝑔 𝑠𝑝 , 𝑔𝑝𝑠  

and 𝑔𝑠𝑠 , respectively. The outage capacity of the cognitive link under joint peak transmit 

power and peak interference power constraint is expressed as  
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𝐶𝑜𝑢𝑡𝑎𝑔𝑒 = log2(1 + 𝐹−1 1 − 𝑃𝑜𝑢𝑡   𝛾)                                                                        (2.19) 

where 𝐹 𝑥 = Pr(𝑔𝑠𝑠 > 𝑥) is the complementary cumulative distribution function of 𝑔𝑠𝑠  

and 𝛾 is signal-to- noise ratio (SNR). 

2.4.2 Under peak transmit power and average interference power constraint  

To calculate the optimal power under joint peak transmit power and average 

interference power constraint, the objective function can be expressed as indicator 

function, which is given as: 

𝑌 =  
1 ,          log2  1 +

𝑔𝑠𝑠P g sp 1 ,g sp 2 ,g sp 3… g spn ,gss  

(No B+ gps ∗Pi )n
i=1

 < 𝑟0

0,                                       𝑜𝑡𝑒𝑟𝑤𝑖𝑠𝑒

                                                (2.20)                                                     

Let us consider 𝜆 is a dual variable associated with average interference power constraint, 

the Lagrangian function for this objective can be expressed as 

𝐿  P g sp 1, g sp 2, g sp 3 …  g spn , gss , λ  =

𝐸 𝑌 +  λ  E 𝑔𝑠𝑝𝑖  P g sp 1, g sp 2, g sp 3 …  g spn , gss  − 𝑄𝑎𝑣𝑔                                             (2.21)                                           

Now, for 2
nd

 constraint that is the peak transmit power as given by (2.8) become 

objective function. Therefore, the dual function can be expressed as: 

  𝐸 𝑌 +  λ  E 𝑔𝑠𝑝𝑖  P g sp 1, g sp 2, g sp 3 …  g spn , gss  − 𝑄𝑎𝑣𝑔  P g sp 1 ,g sp 2 ,g sp 3… g spn ,gss  ∈R2

min
   

                                                                                                                                                 (2.22)                                                                 

For a particular fading state the dual function can be decomposed in to series of similar 

sub-dual function and each corresponds to one fading state. The decomposed dual 

function can be expressed as: 

   {𝑌 +  λ  gspi P g sp 1, g sp 2, g sp 3 …  g spn , gss  } P g sp 1 ,g sp 2 ,g sp 3… g spn ,gss  
min

                  

s.t    P g sp 1, g sp 2, g sp 3 …  g spn , gss ≤ 𝑃𝑝𝑘 , P g sp 1, g sp 2, g sp 3 …  g spn , gss  ≥ 0                   

(2.23) 

At Y = 1, Eq. (2.23) can be minimized if P g sp 1, g sp 2 , g sp 3 …  g spn , gss = 0 and minimum 

value will be 1. When Y = 0, it can be minimized if P g sp 1, g sp 2, g sp 3 …  g spn , gss =
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 2𝑟0−1 (No B+ gps ∗Pi )n
i=1

𝑔𝑠𝑠
 and minimum value will be λ (g spi + 𝜎2)

 2𝑟0−1 (No B+ gps ∗Pi )n
i=1

𝑔𝑠𝑠
. 

The optimal power is expressed as 

P g sp 1 , g sp 2 , g sp 3 …  g spn , gss =

 

 2𝑟0−1 (No B+ gps ∗P i )n
i=1

𝑔𝑠𝑠
, g sp <

𝑔𝑠𝑠

λ (No B+ gps ∗P i )n
i=1  (2𝑟0−1)

− 𝜎2 ,𝑔𝑠𝑠 >
(No B+ gps ∗P i )n

i=1  2𝑟0−1 

𝑃𝑝𝑘

0,                                                              𝑜𝑡𝑒𝑟𝑤𝑖𝑠𝑒

                    

                                                                                                                            (2.24)      

The value of λ can be computed by substituting the optimal power in (2.16). The outage 

probability and outage capacity can be evaluated in a similar way as in case of peak 

transmit and peak interference power constraint. 

2.4.3 Under average interference power constraint  

The optimal power allocation under the peak interference power constraint to minimize 

the outage probability is expressed as: 

𝑃 𝑔 𝑠𝑝1,𝑔 𝑠𝑝2. .𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠 = min  
𝑄𝑝𝑘𝑖

𝑔 𝑠𝑝𝑖 −𝜎
2 𝑙𝑛 𝑃0

 , 𝑖 =   1. .𝑛                                          (2.25)  

The outage probability is calculated as is discussed in previous section. 

2.5     Power Consumption of the Cognitive Radio Transmitter 

The average consumption of power of cognitive transmitter when optimal power is 

allocated under peak transmit power and peak interference power constraints without PU 

interference is expressed as:  

𝐸 𝑃 𝑔 𝑠𝑝𝑖  𝑔𝑠𝑠  = 𝐸𝑖  1,
1

𝑃𝑝𝑘
 – 𝐸𝑖  1,

𝑄𝑝𝑘𝑖 +1

𝑃𝑝𝑘  1−𝜎
2 

  exp  
−𝜎2 𝑙𝑜𝑔  𝑃0 

1−𝜎2
                              (2.26)     

The average expenditure of power of cognitive user transmitter when the optimal power 

is allocated by considering only the peak interference power constraint. 

𝐸 𝑃 𝑔 𝑠𝑝𝑖  𝑔𝑠𝑠  = 𝑄𝑝𝑘𝑖 exp  
−𝜎2 𝑙𝑜𝑔  𝑃0 

1−𝜎2
  − log  

1−𝜎2

𝑄𝑝𝑘
+ 1 − 𝐸𝑖  

𝜎2 log  𝑃0 

1−𝜎2
            (2.27)       

2.6 Simulation Results 

2.6.1  Simulation results and analysis of the outage capacity under different power 
constraints 
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This section is mainly categorized in to two parts. In first part, we have discussed the 

simulation results when perfect channel state information is provided to the cognitive 

transmitter.  

 

Fig 2.2 The analysis of the outage probability with the peak interference power with peak transmit power 

10 dB 

To analyze the outage capacity limits in perfect channel state scenario put 𝜎2 = 0, and 

analyze the results for different fading conditions Rayleigh fading, Nakagami fading and 

log-normal fading. The results for Rayleigh fading is validated with the literature 

reported in [58]. For the outage probability calculation for Nakagami and log normal for 

perfect channel state information refer Appendix I. It has been analyzed that if there is 

severe fading between the cognitive transmitter and primary receiver, it will be helpful to 

improve the capacity of cognitive link as shown in Fig. 2.2  

 

-20 -15 -10 -5 0 5 10 15 20
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Qpk(dB)

P
ou

t

 

 

gsp:AWGN,gss:Rayleigh

gsp:Rayleigh,gss:Rayleigh

gsp:Nakagami(m=2),gss:Rayleigh



25 
 

 
Fig 2.3 The outage probability analysis with the interference power constraints for different values of peak 

transmit power 0 dB and 10 dB. 

 

interference constraint with  peak transmit power 10 dB. It has been  analyze that if there 

is Rayleigh fading between SU-Tx and PU-Rx then outage probability over Rayleigh 

fading channel is less as compared to nakagami fading channel up to approximately 9 dB 

average interference constraint. Moreover, when the peak interference power become 

sufficiently large in comparison to the peak transmits power the outage probability 

become same for Rayleigh and nakagami channel. It has been depicted that the fading 

between the SU-Tx and PU-Rx is good for low outage probability when peak interference 

power constraint is less as compared to peak transmit power constraint. In Fig. 2.3 the 

outage probability is analyzed with respect to peak and average interference power 

constraint at Pthe peak transmit power 0 dB and 10 dB.  

In this analysis, both gsp (go) and gss (g1) are rayeligh fading channel gain. The outage 

probability under peak interference power constraint is more as compared to average 

interference power constraint. Therefore, the average interference power constraints are 

better than the peak interference power. Now, in next part, we have discussed the 

numerically simulated results of the proposed system model of the cognitive radio 

network. Here, the outage probabilities are analyzed in two different cases. 

Case 1 Outage Probability without primary user interference 
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The outage probability with respect to peak interference power for different values of the 

error variance with P0 equals to 0.1 is shown in Fig. 2.4(a) and it has been illustrated that 

there is no significant effect of the error variance on the outage probability when the peak 

transmit power is less than or equal to the peak interference power constraint.  

 

        (a) 

 

(b) 

Fig 2.4 The effects of variance on the outage probability at arbitrary chosen value of the peak transmit 

power 10 dB and fixed data transmission rate (r0 = 1 bits/sec/Hz) under (a) peak interference power and (b) 

average interference constraints. 
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There is a direct relationship between the error variance and outage probability as well 

as the inverse relationship between the outage probability and average interference power 

constraint as illustrated in Fig. 2.4(b). Fig. 2.5 depicts that when the peak transmit power 

is less than the peak interference power, the outage probability for different error variance 

as well as for the outage constraint remain same. We have considered 5 dB peak 

interference power constraint, the nature of the curves for error variance as well as for 

outage constraints are similar up to the 5 dB peak transmit power. With the increase in 

numerical values of the error variance for chosen value of the interference outage 

constraint (P0 = 0.1), the outage probability increases significantly as shown in Fig. 

2.5(a).Similarly, in Fig. 2.5(b), as the outage constraint increases for chosen value of the 

error variance (p
2
= 0.2), the outage probability reduces; however this reduction is 

significantly small for higher values of the P0. 
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 (b) 

Fig 2.5 The effect of peak transmit power on the outage probability for arbitrary chosen value of the peak 

interference power 5 dB and fixed data transmission rate (r0= 1 bits/sec/Hz) with (a) different values of the 

variance and (b) different values of outage constraint. 

The effect of average SNR on the outage capacity for different values of the error 

variance is demonstrated in Fig. 2.6. From Fig. 2.6(a), it is illustrated that the outage 

capacity under joint peak transmit power and average interference power  
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(b) 

Fig 2.6  the outage capacity versus signal to noise ratio for different values of the variance under peak 

transmit power constraint with (a) average interference constraint and (b) peak interference constraint 

constraint decreases for significantly higher error variance. Furthermore, the outage 

capacity of the proposed communication system increases linearly with the  

increase of the average SNR, particularly more than 5 dB. When the peak transmit power 

is greater/equal to the peak interference power, the outage capacity decreases with the 

increase of the error variance. However, there is no significant effect of error variance on 

the outage capacity after the 10 dB average SNR as shown in Fig. 2.6(b).   

Case 2  The Outage probability analysis with primary user interference 

In this section, the numerically simulated results of the outage probability of the cognitive 

link with primary user interference have been illustrated. The effect of single primary 

transmitter‟s interference on the outage probability of the secondary/cognitive link with 

varying the noise variance is demonstrated in Fig. 2.7. If  we compare the Fig. 2.4(a) and 

Fig. 2.7 it is depicted that with the interference from single primary transmitter the outage 

probability of secondary link is significantly higher, however in both cases the behavior 

of curve with the noise variance remain same. The variations of outage probability with 

multiple  
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Fig 2.7 The outage probability versus peak interference power for different values of the variance when 

peak transmit power is fixed at 10 dB. 

PU interference under the peak transmit power and peak interference power constraint is 

presented in Fig. 2.8 (a) for different values of the error variance. 
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(b) 

Fig 2.8 The outage probability of cognitive user link with multiple primary users interference with variation 

in the peak interference power for chosen value of peak transmit power (10 dB) with  fixed σ
2
 = 0  and  σ

2
 

= 0.1 under (a) peak transmit power and peak interference constraints and (b) peak interference only. 

If the PUs interferes with the CU link, the outage probability levels rise. In case of 

without PU-Tx interference, it has been illustrated that as the peak transmit power is less 

than that of the peak interference power, the outage probability level  remain same for 

different noise error variance but with the PU interference, the outage probability is 

constant with different outage probability levels. From Fig. 2.8 (a), it is depicted that the 

outage probability increases with the increase of PU‟s interference. Moreover, it is also 

analyzed that if the PUs increases above four then the data rate of CU link become very 

less therefore the communication cannot be established efficiently. Fig. 2.8 (b) 

demonstrated the effect of interference of the PU to the CU link when the transmit power 

to CU is allocated under the peak interference power constraint only. The comparison 

between Fig. 2.8 (a) and Fig. 2.8 (b) reveals that the outage probabilities under the joint 

peak transmit power and peak interference power is more in comparison to the individual 

peak interference power constraint. If the multiple numbers of PUs interfere to the CU 

link then the peak interference constraint provides better result.  

2.6.2 Simulation and result analysis for consumption of power of cognitive transmitter 

The consumption of power of CU-Tx under the joint peak transmit power and peak 

interference power as well as  under the peak interference power only is portrayed in Fig. 
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2.9. It is exposed that the consumption of power under the joint constraints (the peak 

transmit power and peak interference power) is very less in comparison to that of the 

peak interference power constraint only. The power consumption of CU under the peak 

interference power constraint only is validated with the reported literature [58]. From Fig. 

2.9, it is clarified that it is significantly much better to allocate power to CU under the 

joint constraints (the peak transmit power and peak interference power) as compared to 

the peak interference power constraint only.  

 

Fig 2.9 The average power consumption to achieve outage capacity limit of cognitive user transmitter with 

different combination of interference outage level and error variance under the peak transmit power and 

peak interference constraints as well as under the peak interference power constraint only. 

Summary 

 In this chapter, we have discussed the outage probability when optimal power is 

allocated to cognitive user under the joint peak transmit power and peak interference 

power constraints for perfect channel state information as well as for imperfect channel 

state information. Moreover, the analysis with consideration of primary user interference 

and without primary user interference is also analyzed. It has been concluded that the 

outage probability of the cognitive link can be reduced if there is severe fading between 

the cognitive transmitter and primary receiver. Furthermore, it has been concluded that 

with the increasing number of primary user interference outage probability increases. 

Cognitive user can tolerate the interference only up to four users after this data rate will 

be very less. 
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Chapter 3 

Analysis of the Ergodic Capacity of the Cognitive Radio 

Network 

3.1 Introduction 

As we have discussed in chapter 2, for slow fading channel the outage capacity is the 

performance metric to analyze the communication link. In slow fading case, we are 

interested to maximize the data rate over the coherence time period on the other hand in 

fast fading case we are interested to maximize the rate averaged over many coherence 

time period. Therefore, the ergodic capacity is the maximum achievable rate averaged 

over all the fading blocks. Within each block the impulse response is constant but it 

varies from one block to other. Mathematically, the ergodic capacity is expressed as 

𝐶𝑒𝑟𝑔𝑜𝑑𝑖𝑐 =  𝐸[𝑙𝑜𝑔2(1 +   2 𝑆𝑁𝑅)]  𝑏𝑖𝑡𝑠/𝑠/𝐻𝑧                                                           (3.1)    

3.2 System Model 

The system model for the analysis of the ergodic capacity of the cognitive radio network 

is considered similar as is taken to analyze the outage capacity in chapter 2. The ergodic 

capacity is analyzed over the Rayleigh fading channel with and without primary user 

interference has been analyzed. Therefore, the ergodic capacity for the cognitive radio 

link with primary user interference is computed by optimization problem as expressed 

below: 

𝐶𝑒𝑟𝑔𝑜𝑑𝑖𝑐 =   𝐸     log2  1 +
𝑔𝑠𝑠 .𝑃 g sp ,𝑔𝑠𝑠 

𝑁𝑜 .𝐵+ 𝑔𝑝𝑠 ∗𝑃𝑖)
𝑛
𝑖=1

  𝑃(𝑔 𝑠𝑝 1 ,𝑔 𝑠𝑝 2 ,… 𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠)∈𝑅
𝑚𝑎𝑥                             (3.2)       

where E{.} is the expected value and 𝑔𝑠𝑠 ,  𝑔𝑝𝑠  and 𝑔 𝑠𝑝  follows the Rayleigh distribution 

and their pdfs are expressed as in chapter 2. 

3.3  Optimal Power Allocation to Maximize the Ergodic Capacity 

3.3.1 Under the joint peak transmit power and peak interference power constraints 
The joint peak transmit power and peak interference power constraints are combined as 

follows [8]:  
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𝑃(𝑔 𝑠𝑝1,𝑔 𝑠𝑝2,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) ≤ 𝑃(𝑚𝑖𝑛  𝑃𝑝𝑘  ,
𝑄𝑝𝑘𝑖

𝑔𝑠𝑝𝑖 −𝜎2 .ln 𝑃0
 )                                             (3.3) 

Therefore, to maximize the ergodic capacity the optimal power allocation to cognitive 

user is expressed as follows: 

𝑃(𝑔 𝑠𝑝1,𝑔 𝑠𝑝2,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) =  
𝑃𝑝𝑘  ,              𝑔𝑠𝑝𝑖  ≤  

𝑄𝑝𝑘𝑖

𝑃𝑝𝑘
+  𝜎2 ln𝑃0

𝑄𝑝𝑘𝑖

𝑔𝑠𝑝𝑖 −𝜎2 ln 𝑃0
 ,                𝑜𝑡𝑒𝑟𝑤𝑖𝑠𝑒   

                             (3.4)                                                     

From (3.4), it is observed that when the outage interference constraint is satisfied then the 

CU transmit with peak power otherwise power has to be reduced according to the channel 

power gain, error variance and outage constraint. It indicates that the severe fading 

between the cognitive user transmitter and primary user receiver is good to protect the 

primary user and maximizing the cognitive user throughput. 

3.3.2 Under the peak transmit power and average interference power constraint 

The optimal powers under the peak transmit power and the average interference power 

constraints are computed by the Lagrangian method as follows [70]: 

𝐿 𝑃(𝑔 𝑠𝑝1 ,𝑔 𝑠𝑝2 ,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠), 𝜆 =  𝐸  log2(1 + 𝑃(𝑔 𝑠𝑝1 ,𝑔 𝑠𝑝2 ,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠)
𝑔𝑠𝑠

𝑁0𝐵
 −

 𝜆 (𝐸 g sp  𝑃(𝑔 𝑠𝑝1 ,𝑔 𝑠𝑝2 ,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) − 𝑄𝑎𝑣 + 𝜎2𝐸(𝑃(𝑔 𝑠𝑝1 ,𝑔 𝑠𝑝2 ,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠)))                  (3.5)                                                                                                                                 

For particular fading state the Eq. (3.5) can be represented as: 

 log2  1 +
𝑃(𝑔 𝑠𝑝 1 ,𝑔 𝑠𝑝 2 ,… 𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠)𝑔𝑠𝑠

 𝑔𝑝𝑠𝑖 ∗𝑃𝑖+
𝑛
𝑖=1 N0  B

 −𝜆 𝑃 g sp ,𝑔𝑠𝑠 
𝑚𝑎𝑥 (g sp  𝑃(𝑔 𝑠𝑝1 ,𝑔 𝑠𝑝2 ,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) − 𝑄𝑎𝑣 +

𝑃(𝑔 𝑠𝑝1 ,𝑔 𝑠𝑝2 ,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠)) − 𝜇  𝑃(𝑔 𝑠𝑝1 ,𝑔 𝑠𝑝2 ,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) − 𝑃𝑝𝑘  +

𝑣 𝑃(𝑔 𝑠𝑝1 ,𝑔 𝑠𝑝2 ,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠)                                                                                                                 (3.6)                                                                                         

s.t  𝑃(𝑔 𝑠𝑝1 ,𝑔 𝑠𝑝2 ,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) ≥ 0, 𝑃(𝑔 𝑠𝑝1 ,𝑔 𝑠𝑝2 ,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) ≤ 𝑃𝑝𝑘  

The dual function of Eq. (3.6) is represented as: 

𝐿 𝑃(𝑔 𝑠𝑝1,𝑔 𝑠𝑝2,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠), 𝜆, 𝜇, 𝑣 =

𝑙𝑜𝑔  1 +
𝑃(𝑔 𝑠𝑝 1 ,𝑔 𝑠𝑝 2 ,… 𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠)

𝑁0𝐵
 −𝜆  g sp𝑃(𝑔 𝑠𝑝1,𝑔 𝑠𝑝2,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) −𝑄𝑎𝑣 +
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𝜎2 𝑃(𝑔 𝑠𝑝1,𝑔 𝑠𝑝2,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) − 𝜇  𝑃(𝑔 𝑠𝑝1,𝑔 𝑠𝑝2,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) − 𝑃𝑝𝑘  +

𝑣 𝑃(𝑔 𝑠𝑝1,𝑔 𝑠𝑝2,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠)                                                                                         (3.7)                             

By using Karush-Kuhn-Tucker (KKT) conditions, the optimal power is computed as 

𝜕𝐿 𝑃(𝑔 𝑠𝑝 1 ,𝑔 𝑠𝑝 2 ,… 𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠),𝜆 ,𝜇 ,𝑣 

𝜕𝑃(𝑔 𝑠𝑝 1 ,𝑔 𝑠𝑝 2 ,… 𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠)
=

𝑔𝑠𝑠

 𝑔𝑝𝑠𝑖 ∗𝑃𝑖+
𝑛
𝑖=1 N0  B+𝑃(𝑔 𝑠𝑝 1 ,𝑔 𝑠𝑝 2 ,… 𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠)𝑔𝑠𝑠

− 𝜆 g spi + 𝜎2 −  𝜇 +

𝑣 = 0                                                                                                                               (3.8) 

𝜇  𝑃(𝑔 𝑠𝑝1 ,𝑔 𝑠𝑝2 ,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) − 𝑃𝑝𝑘  = 0                                                                               (3.9)                              

𝑣 𝑃 𝑔 𝑠𝑝1 ,𝑔 𝑠𝑝2 ,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠 = 0                                                                                           (3.10)                                                  

From Eq. (3.8), we get: 

𝑃 𝑔 𝑠𝑝1,𝑔 𝑠𝑝2,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠 =
𝐾

𝜆 g spi +𝜎2 +𝜇−𝑣
−

 𝑔𝑝𝑠𝑖 ∗𝑃𝑖+
𝑛
𝑖=1 N0  B

𝑔𝑠𝑠
                                 (3.11)          

If we consider, 𝑃(𝑔 𝑠𝑝1,𝑔 𝑠𝑝2,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) < 𝑃𝑝𝑘 , it is possible only if 

 g sp ≥
𝐾

𝜆 𝑃𝑝𝑘 +
 𝑔𝑝𝑠𝑖 ∗𝑃𝑖+
𝑛
𝑖=1 N 0 B

 𝑔𝑠𝑠
 

− 𝜎2,  

so it contradicts the assumption. Therefore, 

 𝑃(𝑔 𝑠𝑝1 ,𝑔 𝑠𝑝2 ,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) = 𝑃𝑝𝑘 , if g sp ≤
𝐾

𝜆 𝑃𝑝𝑘 +
 𝑔𝑝𝑠𝑖 ∗𝑃𝑖+𝑛
𝑖=1 N 0 B

 𝑔𝑠𝑠
 

− 𝜎2.  

Suppose, if 

 𝑃(𝑔 𝑠𝑝1 ,𝑔 𝑠𝑝2 ,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) > 0  

when  g sp ≥
𝐾

𝜆 𝑃𝑝𝑘 +
 𝑔𝑝𝑠𝑖 ∗𝑃𝑖+𝑛
𝑖=1 N 0 B

 𝑔𝑠𝑠
 

− 𝜎2 from Eq. (3.10)  𝑣 = 0 then Eq. (3.11) become: 

𝑃(𝑔 𝑠𝑝1,𝑔 𝑠𝑝2,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) =
𝐾

𝜆 g spi +𝜎2 +𝜇
−

 𝑔𝑝𝑠𝑖 ∗𝑃𝑖+
𝑛
𝑖=1 N0  B

𝑔𝑠𝑠
  

then 𝑃(𝑔 𝑠𝑝1,𝑔 𝑠𝑝2,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) > 0 which results 

 
𝐾

𝜆 g spi +𝜎2 +𝜇
−

 𝑔𝑝𝑠𝑖 ∗𝑃𝑖+
𝑛
𝑖=1 N0  B

𝑔𝑠𝑠
> 0   since 𝜇 ≥ 0, 

𝐾

𝜆 g spi +𝜎2 
−

 𝑔𝑝𝑠𝑖 ∗𝑃𝑖+
𝑛
𝑖=1 N0  B

𝑔𝑠𝑠
>

𝐾

𝜆 g spi +𝜎2 +𝜇
−

 𝑔𝑝𝑠𝑖 ∗𝑃𝑖+
𝑛
𝑖=1 N0  B

𝑔𝑠𝑠
> 0,   
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Therefore,  if  g spi ≥
𝐾𝑔𝑠𝑠

𝜆( 𝑔𝑝𝑠𝑖 ∗𝑃𝑖+
𝑛
𝑖=1 N0  B)

− 𝜎2 ,then 

𝑃 𝑔 𝑠𝑝1,𝑔 𝑠𝑝2,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠 = 0 

and if 

 
𝐾

𝜆  𝑃𝑝𝑘 +
 𝑔𝑝𝑠𝑖 ∗ 𝑃𝑖 +𝑛
𝑖=1 N0 B

𝑔𝑠𝑠
 

− 𝜎2  ≤ g spi ≤
𝐾𝑔𝑠𝑠

𝜆( 𝑔𝑝𝑠𝑖 ∗ 𝑃𝑖 +𝑛
𝑖=1 N0 B)

− 𝜎2 

then   𝑃 𝑔 𝑠𝑝1,𝑔 𝑠𝑝2,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠 =
𝐾

𝜆 g spi +𝜎2 
−

𝑁0

𝑔𝑠𝑠
 

Therefore, the optimal power allocations under the peak transmit power and average 

interference power constraints are expressed as: 

𝑃(𝑔 𝑠𝑝1,𝑔 𝑠𝑝2,…  𝑔 𝑠𝑝𝑛 ,𝑔𝑠𝑠) =

 
 
 

 
 𝑃𝑝𝑘                        𝑖𝑓

𝐾

𝜆 𝑃𝑝𝑘 +
𝑁0𝐵

𝑔𝑠𝑠
 
− 𝜎2 ≥ g spi

𝐾

𝜆(g sp +𝜎2)
−

𝑁0

𝑔𝑠𝑠
                  𝑖𝑓

𝐾

𝜆 𝑃𝑝𝑘 +
𝑁0𝐵

𝑔𝑠𝑠
 
− 𝜎2  ≤ g sp ≤

𝐾𝑔𝑠𝑠

𝜆𝑁0
− 𝜎2

0,                                   𝑜𝑡𝑒𝑟𝑤𝑖𝑠𝑒

                             (3.12)   

3.4 Power Consumption of Cognitive Transmitter without Primary User‟s 

Interference 

The average power consumption of CU-Tx under the peak transmit power and peak 

interference power constraint is the expressed as: 

𝐸 𝑃 𝑔 𝑠𝑝𝑖  𝑔𝑠𝑠  =

𝑃𝑝𝑘 −
𝑃𝑝𝑘

1−𝜎2   exp(
𝑄𝑝𝑘 𝑖
𝑃𝑝𝑘

+ 𝜎2 log 𝑃0 −
𝑄𝑝𝑘𝑖

1−𝜎2  exp −𝜎2 log 𝑃0  𝐸𝑖(−
𝑄𝑝𝑘𝑖

𝑃𝑝𝑘  1−𝜎
2 

 )                  (3.13)          

3.5  Simulation Results and Analysis 

The discussion of proposed model is organized in two parts. First is linked with the 

ergodic capacity analysis when perfect channel state information is provided to cognitive 

user. Moreover, the ergodic capacity is analyzed under receiver power constraints as 

similar in [56]. We have validated the results with the literature reported in [56]. To 

analyze the ergodic capacity of the cognitive link we have considered the noise variance 

value 𝜎2 = 0. If there is fading between SU-Tx and PU-Rx then the capacity of secondary 
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link will be more as compared to no fading channel. Fading between the SU-Tx and PU-

Rx is beneficial. But from Fig. (3.1), we analyze that from 0 to 10 dB SNR, capacity is 

less in Nakagami channel as compared to AWGN channel. If signal strength increases 

then capacity of fading channel and AWGN channel will be same. 

 

Fig 3.1 The analysis of the ergodic capacity of cognitive link with signal to noise ratio under average 

received power constraint 

 

Fig 3.2 The analysis of the ergodic capacity with the signal to noise ratio  under peak received power 

constraint 

In fig. 3.2 , if there is fading between SU-Tx and PU-Rx then capacity of secondary link 

will increase. As the signal strength increases after 10 dB all channels capacity will tend 
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to be same. On comparing both average and peak interference constraint it has been 

illustrated that the average interference constraints are better than the peak interference 

power constraints. 

 

Fig 3.3 The analysis of the ergodic capacity with peak transmit power constraint for  peak interference 

power is -5 dB over different fading channels 

 

Fig 3.4 The analysis of the ergodic capacity under peak transmit power and average interference power 

constraints for different numerically chosen value of peak transmit power. 

In Fig. 3.3, the peak interference power -5 dB is considered. It has been analyzed that at 

low transmit power, the capacity over AWGN channel is more as compared to fading 

channel upto peak interference power threshold i.e -5 dB. When both channels are 

AWGN, capacity of secondary link becomes constant after -5 dB and capacity of 

secondary link after -5 dB will increase if both channels are fading channel. If the peak 
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interference power constraint is less, then over fading channel capacity of secondary link 

will start to increase at less peak transmit power. In Fig. 3.4,the ergodic capacity is 

analyzed with respect to average interference power constraint at different peak transmit 

power values over Rayleigh fading channels . It has been depicted that when peak 

transmit power is more as compared to average interference power, the ergodic capacity 

become constant. The capacity of the cognitive link can be increased with the increase of 

peak transmit power. Now, in next part the analysis of ergodic capacity with imperfect 

channel state information has been discussed. We have numerically simulated the ergodic 

capacity with or without the interference of PU-Tx to the CU link of the proposed 

cognitive radio network model. In Fig. 3.5, the ergodic capacity is computed without PU-

Tx interference to the CU link with peak transmit power for different values of the error 

variance at arbitrary chosen peak interference power (-5 dB). The numerically simulated 

result for ergodic capacity of cognitive link with perfect channel state information 

between CU-Tx and PU-Rx is validated with reported literature [58]. However, if the 

peak transmits power is below the peak interference power then the ergodic capacity for 

different   

 

Fig 3.5 The response of peak transmit power (dB) on the ergodic capacity (bits/s/Hz) for different values of 

variance at arbitrary chosen value of the peak interference power (-5 dB). 
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Fig 3.6 The response of peak interference power on the ergodic capacity (bits/s/Hz) for different values of 

the interference outage level at arbitrary chosen value of the peak transmit power (10 dB) and error 

variance 0.2. 

channel conditions (various values of error variance) increases monotonically and above 

the peak interference power the ergodic capacity becomes constant gradually as shown in 

Fig. 3.5. In addition to this, it is also depicted that with the increase of noise variance, the 

ergodic capacity reduces in comparison to the perfect channel state information. In Fig. 

3.6, the ergodic capacity is analyzed for different interference outage level with fixed 

noise variance 0.2. It is also presented that with the increase of interference outage level, 

the ergodic capacity level rises but when the peak transmit power is greater than that of 

peak interference power then there is no significant effect of increasing interference 

outage level.  In addition to this, the average power expenditure of CU-Tx is investigated 

in Fig. 3.7 with the peak interference power for different combinations of interference 

outage level and noise error variance. It is also depicted that there is significantly more 

power consumption if the interference outage level rises for fixed error variance. On the 

other hand, if the interference level is fixed then with the increase of noise variance, the 

average power consumption of the CU decreases. Moreover, it reveals that with the 

increase of interference power constraint, the power consumption of CU-Tx is 

monotonically increased. The variation of ergodic capacity under the joint peak transmit 

power 
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Fig 3.7 The average power consumption to achieve ergodic capacity limits of cognitive transmitter with 

different combination of interference outage level and error variance. 

and average interference power constraints without consideration of interference of 

primary user is illustrated in Fig. 3.7. It has been illustrated that when the peak transmit 

power is more than the average interference power, there is variation in ergodic capacity 

with error variance. However, when the peak transmits power becomes less than that of 

the average interference power, the ergodic capacity for different error variance values 

remain same. In addition to this, the numerically simulated result of the ergodic capacity 

with perfect channel state information is validated with literature reported in [58]. 

 

Fig 3.8 The response of average interference power (dB) on the ergodic capacity (bits/s/Hz) for different 

values of variance at arbitrary chosen value of the peak transmit power (5 dB). 
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Moreover, the comparison of Fig. 3.5 and Fig 3.8 reveal that the average interference 

power constraint is better than that of the peak interference power constraint. The effects 

of interference of PUs on the ergodic capacity of CU link under the joint peak transmit 

power and peak interference power for different error variance is illustrated in Fig. 3.9. It 

is shown that as the interference of the PU to CU link increases, the ergodic capacity of 

the CU link decreases. With the comparison of Fig. 3.5 and Fig. 3.9 it is revealed that 

there is significant reduction in the ergodic capacity at the peak transmit power, the peak 

interference power and noise error variance 5 dB,-5 dB and 0.1, respectively. In addition 

to this it is analyzed that as the number of PUs increase above two then the reliable 

communication cannot achieve. 

 
Fig 3.9 The response of peak transmit power (dB) on the ergodic capacity (bits/s/Hz) of cognitive user link 

with multiple primary users interference with arbitrary chosen values of the fixed peak interference power 

(-5 dB) with fixed noise variance σ
2
 = 0.1 and σ

2
 = 0.2 

Summary 

In this chapter, the ergodic capacity is analyzed with perfect channel state information 

and without perfect channel state information. It has been concluded that the severe 

fading between the cognitive transmitter and primary receiver is fruitful for the cognitive 

link. Moreover it has been illustrated that with the increase of noise variance capacity 

decreases and for reliable communication cognitive user cannot tolerate the interference 

more than four users.  
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CHAPTER 4 

Framework for Spectrum Sharing in Cognitive Radio Network 

for Military Applications 

4.1 Introduction 

In this chapter, the dynamic spectrum accessing techniques  overlay, underlay and 

hybrid spectrum sharing approaches are exploited for the military communication. In 

addition to this, the importance of the energy efficiency of the military cognitive radio 

network system is also discussed. Moreover, we have also emphasized over the security 

threads and their mitigation. However, it is explored that the cross layer design of 

protocols is preferred for more energy efficiency and security. Recently, the innovation in 

wireless communication technologies for the commercial applications has been offer to 

the military. However, some potential requirements of the military communication are 

different from that of the commercial communication network such as lack of 

infrastructure, multi-hop networks, self-organizing networks, multiple heterogeneous 

networks in same geographical region and electromagnetic environment [71]. Due to the 

difference between the commercial and military communication requirements, more 

focus on the military communication establishment is required. The military 

communication technology mainly focuses on the efficient use of the bandwidth and the 

interoperability of equipment among the armed forces. The interoperability of 

communication system among armed forces is achieved by the software defined radio 

(SDR). The military communication is carried on the dedicated spectrum and this fixed 

spectrum allocation policy leads to the spectrum crunch. However, some spectrum bands 

of the commercial application are more desirable for the military applications such as 

ultra-high frequency (~500 to 700 MHz), which is used by the television (TV) 

broadcasters. The penetration power of this spectrum band is better and it provides better 

RF characteristics in comparison to that of the shorter wavelength. The Federal 

Communication Commission (FCC) survey has reported that most of the band of TV 

spectrum is underutilized and have opened the spectrum to cognitive user so that 

spectrum can be utilized properly [2].  
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For the spectrum sharing with opened channels and with all militants, the cognitive radio 

is an intelligent technology, which is the extension of SDR and defined as intelligent 

system that senses the environment and uses the methodology to learn about the sensed 

parameters. In addition to this, according to the environmental requirements, the 

cognitive radio system update its parameters such as modulation scheme, transmission 

power, frequency bands, network protocols etc. [57]. The multiple requirements of the 

military can be fulfilled by 5G commercial innovative technologies such as the device 

centric architectures, millimeter wave communication, massive MIMO, smarter devices, 

heterogeneous network deployment, flexible spectrum management and self-organizing 

networks. The research on all these technologies is under progress. Recently, European 

Union Commission has launched some projects, named as METIS-2020, 5GNOW, 

SOLDER etc, to implement such technologies [72].  

The next generation innovative technologies for military communication should meet 

some challenges such as mitigation of interference, novel antenna technologies and 

energy efficient protocols. The fulfillment of these technologies truly benefit the current 

and next generation of war-fighters. The interference during spectrum sharing can be 

mitigated by using novel spectrum accessing technique. However, before discussion of 

spectrum sharing in military network, one important thing is to be discussed that is 

spectrum sensing, which is the first step of cognitive radio communication system. The 

spectrum sensing for military communication should be in secure way because it may be 

sensed the suspicious spectrum. The two main approaches of spectrum sensing are 

cooperative centralized and distributed spectrum sensing [12]. In the centralized spectrum 

sensing the complete sensed information is send to the fusion center and then the fusion 

center decides whether the sensed spectrum is secure or not. The centralized approach of 

spectrum sensing has some limitations such as if the fusion center is hacked by attackers 

then complete network will get down. On the other hand, in the distributed sensing 

approach all users exchange their sensed information with their self. However, the 

combination of centralized and distributed network will be fruitful for the military 

communication. The beacon signals for spectrum sensing should be encrypted so that the 

attackers or commercial user cannot come to know about the sensing action of military 

user. Recently, for secure spectrum sensing the dynamic trust management scheme is 
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proposed which will detect and mitigate the spectrum sensing data falsification attacks in 

cooperative spectrum sensing [73]. The next step of cognitive radio after spectrum 

sensing is the spectrum accessing. Presently, in commercial wireless innovation, we are 

moving from static spectrum accessing to dynamic spectrum accessing for efficient 

spectrum utilization. Therefore, it is important to choose best spectrum accessing 

technique which not only supports the spectrum efficiency but also mitigate the 

interference. The dynamic spectrum accessing is broadly categorized into three parts as: 

1) dynamic exclusive model, 2) open sharing model and 3) hierarchy access model [5]. 

In the dynamic exclusive model, the licensed spectrum is used for exclusive use only 

[12]. In the open sharing model, the unlicensed spectrum (ISM band) is shared between 

multiple unlicensed users and in hierarchy access model, the licensed and unlicensed user 

can share the spectrum. This accessing model is further categorized in to two categories 

such as: 1) spectrum underlay and 2) spectrum overlay accessing techniques [12]. Even 

for better results, the overlay and underlay approach can be combined. In the spectrum 

overlay approach, the cognitive user can access the band only if that is not used by the 

licensed user. However, in the spectrum underlay approach both licensed and 

unlicensed/cognitive user access the spectrum simultaneously but under the power 

constraints so that the unlicensed user cannot interfere with the licensed user. The 

spectrum accessing techniques with the different military communication scenarios is 

discussed in this article. During the emergency military has to carry the radio to 

disastrous places or borders, therefore, the minimization of power consumption of 

military radio during the spectrum sensing and spectrum sharing is also an important 

issue. The remainder of the chapter is organized as follows. In section 4.2 we have 

proposed the framework for the spectrum sharing in cognitive radio network for military 

applications. In section 4.3, the spectrum accessing techniques are discussed when the 

military user shares the ultra high frequency (UHF) band. Moreover, the spectrum 

accessing techniques has also described when the sharing is in between the military 

bands. In section 4.4, we have briefly described over the energy efficiency and security 

issues during spectrum sharing. In section 4.5, the conclusion with some energy issues in 

military communication has discussed. 
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4.2 Framework for the Military Cognitive Radio Network 

However, the military has sufficient spectrum band for communication, recently in 

several countries military has opened their frequency band for commercial applications, 

but during the military troop deployment extra spectrum band is required to provide 

quality-of-service (QoS) and high data rates without latency. Therefore, for the spectrum 

sharing during the emergency, a framework has been proposed for military application. In 

normal days, the military does not prefer to share the unlicensed band even though UHF   

 

Fig 4.1 The framework of military cognitive radio network for spectrum access. 

band is useful but during emergency  if there is no free-spectrum band in the military 

communication spectrum then military communication network can share the unlicensed 

band or it can share the bands of different military networks. However, different 

spectrum sharing approaches and issues such energy efficiency and security are shown in 
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Fig. 4.1.The description of different spectrum sharing approaches and issues is described 

in section III , IV and V. 

4.3 System Model 

We have proposed two system models, 1) Spectrum sharing between the commercial and 

military users. 2) Spectrum sharing between the different military networks. 

4.3.1 System Model- I 

In this model, we have considered four cells as shown in Fig. 4.2,  however the cell 

structure for military application is not specified but to study the spectrum management, 

we have considered two cells of commercial network (A and C) and two cells of the 

military network (B and D). In this model, the military user will appear as a cognitive 

user/unlicensed user with respect to the commercial user/primary user. The military user 

will share the spectrum with different spectrum accessing techniques over the Rayleigh 

fading channel condition. It has been considered that the partial channel state information 

is provided to cognitive user by the commercial user. In addition to this, it has been 

considered that all channels independent and identically distributed. 

 

Fig 4.2 The proposed network model for spectrum sharing between the commercial and military band. 

4.3.1.1      UNDERLAY ACCESSING TECHNIQUE 

 The commercial underlay accessing technique can be used for military spectrum sharing 

purpose with some modification. When this technique is used for commercial purpose, 

main consideration is the optimal power that should be allocated to the cognitive user so 

that it will not interfere with the licensed user. However, in case of military applications, 
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the primary interest is not to avoid the interference to the licensed user spectrum but aim 

is to hide the military user‟s identity. The power allocated to cognitive user is under the 

noise floor of licensed user, which may benefit the military user because the military 

communication is carried out in attenuated environment with less power levels over 

wide-band spectrum [12]. Therefore, the communication of military users under the noise 

floor will hide their identity. For the proposed model, the power is allocated to military 

user under the peak/average interference power constraints at the licensed user, the peak 

transmit power constraints and signal-to-interference noise ratio constraint at the military 

user. The data rates achieved by military user over the faded channels when the spectrum 

sharing is under the peak transmit power and peak interference power constraints are 

shown in Fig. 4.3, which revealed that the average rate per unit bandwidth increase with 

the increase of transmit power even if the tolerance level of the licensed user is 

significantly less. It is depicted from the Fig. 4.3, at the numerically chosen value 0 dB 

transmit power 0.51 bits/s/Hz data rate is achieved. This result can prove better 

communication for the military because it performs over the wide-spectrum band. It is 

also depicted that sufficient data rate can be achieved even if there is more noise 

variance. Therefore, the spectrum underlay approach is more useful for the military 

communication.  

 

Fig 4.3 The response of peak transmit power (dB) on the ergodic capacity (bits/s/Hz) for different values of 

variance at arbitrary chosen value of the peak interference power (-5 dB). 
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4.3.1.2 OVERLAY ACCESSING TECHNIQUE 

According to the overlay spectrum technique, the military user has to detect the free 

spectrum, if the spectrum is available then military user can access that spectrum 

otherwise it has to wait for spectrum. However, during emergency military user cannot 

wait for the spectrum to get free. Therefore, this spectrum sharing technique is not 

desirable for the proposed system model.  

4.3.1.2  DYNAMIC HYBRID ACCESSING TECHNIQUE 

In addition, to underlay and overlay accessing techniques, a new spectrum accessing 

technique has been reported in the literature [29] such as hybrid spectrum accessing 

technique, which provides higher spectral efficiency in comparison to the 

overlay/underlay spectrum accessing techniques. Moreover, Chen and Lei [74] has been 

proposed a “dynamic allocation hybrid sharing transmission mode of overlay and 

underlay” algorithm for dynamic spectrum allocation, which support heterogeneous 

services over the cognitive radio network. However, the implementation of this algorithm 

maximizes the total capacity of the military link while maintaining the total power 

budget. According to this algorithm, the cognitive user senses the orthogonal frequency 

division multiple access (OFDM) channels, where some channels may be idle and some 

may be busy. Therefore, the spectrum underlay accessing technique is preferred over the 

busy channel and spectrum overlay accessing technique is used over the idle channel, 

which increases the overall capacity of the cognitive link. Furthermore, this algorithm is 

suitable for the proposed system model. With this spectrum accessing technique, the 

military users have not to wait to access the spectrum, it can switch from underlay to 

overlay accessing technique as per the availability of the spectrum bands. It is 

demonstrated in Fig. 4.4 that if the large number of licensed sub channels are available 

then throughput of the military user link is significantly increased. In addition to this, it 

has been also illustrated that the dynamic allocation hybrid sharing transmission mode of 

overlay and underlay is best in best in comparison to the overlay sharing algorithm and 

hybrid underlay and overlay algorithm. Hence, this algorithm is more suitable for military 

applications. 

 



50 
 

 

Fig 4.4 The analysis of the total capacity of the military link with the variation of interference level of 

licensed user [74]. 

4.3.2 System Model-II 

In this model, we have considered three networks- air force, naval network and army 

network, which are connected to each other via the control center. In each network, 

intelligent radio systems are deployed. According to the demand of the spectrum, one 

network is act as an unlicensed network with respect to the other. However, the spectrum 

allocation to particular troop is decided from the control center. There is exchange of 

information between the different control centers. On the basis of coordination, the 

spectrum sharing techniques are broadly categorized as [12]: 1) Centralized Spectrum 

Sharing and 2) Distributed spectrum sharing. 

4.3.2.1 CENTRALIZED SPECTRUM SHARING TECHNIQUES 

In the centralized spectrum sharing, there is one centralized node which decides the 

spectrum allocation to all the users in cognitive radio network. All the cognitive radio 

systems in the network sense the environment and send their sensed channel information 

to the centralized node and then centralized node decide which spectrum band  has to be  

allocated to the cognitive user. This same policy of spectrum allocation can be used in 

military, where all different networks send their request to the control center for the 

demand of spectrum. In the control center after proper analysis of sensed information, 

free spectrum band is allocated to the requesting network. For the model shown in Fig. 
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4.5 the opportunistic spectrum accessing technique can be utilized. If any military 

network is not using their complete military communication bands then it can offer this to 

requesting military network. The geo-location database approach is the example of 

centralized spectrum sharing approach [12]. 

 

Fig 4.5 The proposed model of spectrum sharing between three different military networks 

4.3.2.2  DISTRIBUTED SPECTRUM SHARING TECHNIQUES 

Moreover, the distributed spectrum sharing approach is also useful for the coordination 

between the all cognitive users in the network. In this, all the cognitive users are active 

and have complete information (operating frequency, location of cognitive user) about 

the other nodes. According to this approach, all the cognitive users are independent to 

exchange the information between them. The peer-to-peer coexistence protocol is one of 

the examples of distributed spectrum sharing [12]. According to this protocol, messages 

will be exchanged between the spectrum sharing systems via well defined interface. In 

the distributed spectrum sharing, the exchanging of information between the trusty nodes 

is important. Therefore, the message exchanging should be in encrypted form so that the 

assaulter cannot decrypt that message. It is a security issue which is discussed in section 

IV. In Fig. 4.6, we have considered a distributed army network where  A, B, C and D  

military troops are in war zone, E, F are in alert zone and G is in the safe zone. In this, it 

is considered that every troop has the complete information about the other troop. 

Therefore, if there is attack on A, B, C troop then there is requirement of high data rates 
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for the quicker exchange of information in order to  help the soldiers and save the life of 

soldiers. Because of the limited spectrum availability of a particular troop high data rates 

is not achieved. Therefore, there is requirement of large bandwidth to reduce the latency 

in communication. Consequently, it is appropriate to utilize the spectrum of the troop 

which is in safe zone, so troop A will share the spectrum with troop G by using 

opportunistic spectrum accessing technique. On the other hand, if it is happened that the 

complete army network is in alert zone then army troop can share the spectrum with other 

military network as shown in Fig. 4.5. Hence the combination of centralized and 

decentralized approach is proved to be fruitful for military communication. 

 

Fig 4.6 The decentralized spectrum sharing in the army network. 

4.4 Energy Efficiency During Dynamic Spectrum Access 

In addition to the spectrum sharing issue, the energy efficiency is also very crucial issues 

of the military cognitive radio communication network, which have been presented in 

this section. The energy efficiency of the cognitive radio communication network system 

is mainly depends on the operations on following three layers of OSI (open system 

interconnection) model: 1) Physical layer, 2) MAC layer and 3) Network layer. However, 

the energy consumption in these layers can be significantly improved by using 

coordinated energy management approach [75]. At the time of military troops, the 

communication systems have to be significantly high data-rate transmission/reception 

with long battery life. According to the cognitive cycle proposed by Mitola [12] such as 

the sense→ decision→ adapt, there is more power consumption at each stages. For the 
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spectrum sensing, two energy efficient approaches have been proposed in reported 

literature [76]. One is the confidence voting and other is cluster-collect forward, however 

in the present article, we have emphasized on the power consumption during dynamic 

spectrum access/opportunistic spectrum access. During the spectrum sharing, there is 

power consumption when the cognitive radio communication system hand-off takes 

place. However, there is significantly more power consumption during hand-offs, 

therefore it is important to design an energy efficient algorithm by which less energy is 

consumed during the spectrum sharing. As we have discussed aforementioned, the main 

objective of spectrum sharing is to provide efficient bandwidth to the military user in 

order to achieve high data rates. With the increase of data rates, the power consumption 

of the communication system is increased.  Therefore, it is important to maintain the 

trade-off between the data rates and power consumption of cognitive radio 

communication system. The military cognitive radio systems demand for spectrum 

sharing protocols, which supports the energy efficient as well as high data rates 

transmission/reception systems. For the commercial applications, the optimization power 

allocation technique to achieve high energy efficiency and high data rates is reported in 

literature [77] and the authors have reported the energy efficiency under hybrid spectrum 

sharing technique of the cognitive radio system, which is increased at the cost of 

throughput. However, this technique is not fruitful for the military communication but the 

approach proposed by Song in [78], for the maximization of energy efficiency and 

throughput of the cognitive radio system can be utilized for military communication 

system. Therefore, for energy efficient military cognitive radio system, the energy 

efficient protocols have to be designed which maximizes the signal-to-noise ratio (SNR), 

data rates and minimize the power consumption of cognitive radio system. 

4.5 Security During Dynamic Spectrum Access  

Apart from the energy efficiency issue during the spectrum sharing, secure 

communication is also a crucial issue. In the aforementioned discussion several spectrum 

sharing approaches have been discussed such as underlay, overlay, hybrid, centralized 

and decentralized. With different spectrum sharing approaches, several types of security 

attacks come into picture such as: 1) Denial of service attack 2) Primary user emulation 
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attack and 3) Belief manipulation attack [79]. In the centralized cognitive radio network, 

the chances of masquerade attack are significantly high. The attack on central node can 

damage the complete cognitive radio network. However, this attack can be reduced by 

distributing the encryption key to the entire cognitive users, which results the jamming of 

attack to common control channel. With reference to such attack, Xu et al [80] have 

proposed two strategies for the defense services such as: 1) Link layer defense (switching 

to different channel by frequency hopping technique) and 2) Network layer defense (legal 

user‟s change their position form the interference imposed by attackers). The switching to 

adversary‟s channel can happen because of the lack of security; therefore the chances of 

primary user emulation attack are high. The remedy for this attack is provided by public 

key certificates. The cognitive users have to follow the public key certificate which is 

digitally signed by licensed user [81]. However, the coordination between all cognitive 

users can improve the accuracy of detection. With the updating of cognitive radio system 

parameters such as modulation scheme, frequency of operation and transmit power, the 

probability of belief manipulation attack increases. However, if the attacker come to 

know that the cognitive radio system is maximizing its throughput or any other 

performance metric, it will generate manipulated parameters therefore it cannot maximize 

the performance metric. As per the author‟s knowledge, for the belief manipulation attack 

so far no effective remedy is provided. Moreover, all these attacks took place at different 

OSI layers, therefore to overcome all these attacks, the cross-layer security protocols 

have to be proposed, which will overcome all the attacks. In [81], the binary trust based 

defensive protocol has been proposed for the cross-layer security. Therefore, for secure 

military cognitive radio network, protocol designer have to focus on the cross layer 

design of protocols.     

Summary    

Cognitive radio systems are emerged as a potential tool for the military communication 

networks. The efficient spectrum sharing approaches overcome the spectrum scarcity 

problem in the military networks during emergency. Moreover, the energy efficient 

protocols of cognitive radio system improve the power efficiency of the communication 

system. The intelligent behavior of the cognitive radio system is also helpful to diffuse 
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the bombs which are controlled through electromagnetic waves. The interoperability and 

reconfigurability of the cognitive radio system replaces the multiple radios in military by 

a single radio system. For the military communication the more emphasize is on the cross 

layer protocols design for energy efficiency and security. 
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CHAPTER 5 

Conclusion and Future Scope 

5.1       Conclusion 

In this chapter, the conclusion of the analysis of ergodic capacity and outage capacity 

with and without perfect channel state information for proposed system spectrum sharing 

model of cognitive radio network has been discussed. It has been illustrated that for slow 

fading channel, the performance metric outage capacity has to be preferred. Moreover, 

the analysis of the outage capacity/ outage probability with power constraints illustrated 

that if the power allocation is under the constraints then the chances of cognitive link to 

get in outage decreases. It has also been concluded that as the interference from the 

primary users increase it also responsible for the system to enter in outage. Therefore, the 

overall outage capacity of the cognitive link will decrease. In the same way, for the fast 

fading channels the ergodic capacity notion has been analyzed. It has been illustrated in 

chapter 3 that if more number of primary users interfere with the cognitive link then the 

cognitive link fails to provide reliable communication. Furthermore, it has been 

illustrated that with the increase of noise variance in channel estimation the ergodic 

capacity of cognitive link decreases but it has also been analyzed the ergodic capacity 

increases as the peak transmit power is less than the peak/average interference power. In 

last chapter 4, the scope of the cognitive radio network for military communication has 

been discussed. It has been concluded that for the military communication the designing 

of the algorithm should be cross layer design. It is preferable to use hybrid accessing 

technique in the military cognitive radio network. The security and energy based 

protocols are most demanding for the military communication. 

5.2  Future Scope 

The optimal power allocation in underlay accessing technique has been greatly explored 

but still the analysis of the cognitive radio network in the generalized fading channel and 

sharing among the multiple secondary users is a crucial issue. It is important to analyze 

that how many optimum number of secondary users can share the one channel at a time 

without deteriorating the QoS of the primary user over the generalized fading channel. 
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APPENDIX  

In the wireless communication, due to the multipath propagation there is fluctuation in 

amplitudes, phases or multipath delays of a radio signal over a short/long period of time 

which is called as small/large scale fading [82]. Fading is caused due to the interference 

of two or more multipath signals coming at the receiver. Fading is good if there is 

constructive interference otherwise it deteriorates the signal. In this dissertation the main 

consideration is of small scale fading. Small scale fading is categorized in to two parts 

due to multipath time delay spread such as flat fading and frequency selective fading and 

on the basis of Doppler spread such as fast fading and slow fading. Therefore, if there is 

fading in the environment the Shanon capacity notion cannot be used to analyze the 

performance metric. Shanon capacity theorem is valid only for AWGN channel. 

Therefore, to analyze the performance of fading environment in terms of capacity, 

different capacity notions are used such as ergodic capacity and outage capacity. 

Ergodic Capacity is the average of the maximum achievable rate over the fading blocks. 

It is preferable in the fast fading environment. In the similar way, for the slow fading 

channel outage capacity notion is used which is defined as maximum rate achieved over 

the channel when the channel realization rate is less than the transmitter‟s decode rate. 

When the communication link has AWGN channel condition then  ergodic capacity can 

be described  by Shanon Capacity theorem [69] as represented below: 

𝐶𝑎𝑤𝑔𝑛  =  𝐵 log2(1 + 𝑆𝑁𝑅)                                                                                                    (A.1)    

Moreover, when we deal with the fading channel conditions, the knowledge of the fading 

distribution is important. Therefore, the channel power gain having  gamma distribution 

is expressed as follows [82]: 

f x =
mm xm−1

Γm
e−mx  , x ≥ 0                                                                                                      (A.2) 

For Nakagami-m fading channel,  m = 2.  where  „m‟ is  defined as the ratio of line of 

sight signal power to that of the multipath component and ‘x‟ is an random variable. 

Moreover, for Rayleigh fading channel, m = 1. Therefore, the distribution of the channel 

power gain over Rayleigh fading channel is expressed as follows: 
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f x = e−x  , x ≥ 0                                                                                                          (A.3) 

Furthermore, for the log normal fading environment, the channel power gain 𝑔𝑜  𝑎𝑛𝑑 𝑔1 

is modeled by a log normal random variable 𝒆𝑿𝒐  and 𝒆𝑿𝟏. 𝑋𝑜  and 𝑋1 are independently 

distributed with zero mean and variance σ
2
. 
𝑔𝑜

𝑔1
= 𝑒𝑌 ,𝑌 = 𝑋𝑜 − 𝑋1 being a zero-mean 

Gaussian random variable with a variance of 2σ
2. 

Channel capacity of secondary link 

depends on the joint channel statistics through g1/go with pdf fg1/go(.). The table for the 

conditional pdf and independent pdf of different fading channel is shown below 

  

Project Implementation Code 

Simulation Tool: Matlab, Maple 

Code1: 

Fig 2.2 The analysis of the outage probability with the peak interference power with the 

peak transmit power 10 dB  

%% Outage probability with peak interference power constraint and peak transmit power 

constraint  

clc 
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clear all 

close all 

Qpk=-20:20; 

Q=10.^(Qpk./10); 

Ppk=10; 

P=10.^(Ppk./10); 

for jj=1:length(Q) 

 syms g1 

aa= erf(0.707*sqrt(g1*Q(jj))); 

Pw=int((aa*exp(-g1)),1/P,inf); 

Pwr(jj)=1-(Pw); 

Praly(jj)=1-exp(-1/P)+(exp(-(Q(jj)+1)./P))/(Q(jj)+1); 

y=(2*Q(jj)+1)/P; 

Png_rl(jj)=1+(exp(-y)/(2*Q(jj)+1))*((2*Q(jj))/P + (2*Q(jj)/(2*Q(jj)+1))+ 1)-exp(-1/P); 

end 

Pwr=double(Pwr); 

Y=plot(Qpk,Pwr,'--ko'); 

hold on; 

Y1=plot(Qpk,Praly,'--r*'); 

hold on; 

Y2=plot(Qpk,Png_rl,'--b^'); 

%title('Outage Probability under Peak or Average interference power constraint'); 

xlabel('Qpk(dB)'); 

ylabel('Pout'); 

legend([Y Y1 Y2], 'gsp:AWGN,gss:Rayleigh' 

,'gsp:Rayleigh,gss:Rayleigh','gsp:Nakagami(m=2),gss:Rayleigh'); 

 

Code 2: 

Fig 2.3 The outage probability analysis with the interference power constraints for 

different values of peak transmit power 0 dB and 10 dB. 

 

%%Outage probability under peak or average interference power constraint 

clc 

clear all 

close all 

Qavg=-20:15; 

Q=10.^(Qavg./10); 

Ppk=[0 10]; 

P=10.^(Ppk./10); 

plotstyle={'--ro','--ko'}; 

for ii=1:length(P) 

for jj=1:length(Q) 

    syms go g1 

    Ld=sqrt(1/(exp(2*Q(jj))-1)) 

    aa=int((exp(-go)*exp(-g1)),go,0,g1/Ld); 

    bb=int(aa,g1,1/P(ii),inf); 
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    Pr(jj)=1-double(bb); 

end 

Y=plot(Qavg,Pr,plotstyle{ii}); 

hold on; 

end 

% %%Outage probability under average interference power constraint 

Ppk=-20:10; 

P=10.^(Ppk./10); 

Qpk=[0 10]; 

Q=10.^(Qpk./10); 

plotstyle={'--b*','--g*'}; 

 for ii=1:length(Q) 

for jj=1:length(P) 

    syms  g1 

   zz=int(exp(-g1),1/P(jj),inf); 

   ww=int(exp(-g1*(Q(ii)+1)),1/P(jj),inf); 

   yy=double(zz)-double(ww); 

    

    Pr1(jj)=1-yy; 

end 

Y1 =plot(Ppk,Pr1,plotstyle{ii}); 

%hold on; 

 end 

xlabel('Interference Power Constraint (dB)'); 

ylabel('Pout'); 

%title('Outage Probability under Peak or Average Interefernce Power Constraint'); 

legend([Y Y1],'Qavg','Qpk'); 

 

Code 3: 

 

Fig 2.4 (a)  The effects of variance on the outage probability at arbitrary chosen value of 

the peak transmit power 10 dB and fixed data transmission rate (r0 = 1 bits/sec/Hz) under 

(a) peak interference power and  

 

clc 

clear all 

close all 

Po=0.1;sig=[0 0.1 0.2 0.3] ; 

Ppk=10; % in db  

P=10^(Ppk/10); 

Qpk=0:1:20; 

Q=10.^(Qpk./10); 

NoB=1; % assumption NoB=1; 

%gss=1; % perfect information of secondary channel 

ro=1; 

plotst={'-r*','-bo','-g^','-ks'}; 
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for k=1:length(sig) 

for jj=1:length(Q) 

    syms gsp gss; 

    t1=(2^(ro)-1)/P; 

    t2=gss*Q(jj)+(sig(k)*log(Po)); 

    I1=int(exp(-gsp/(1-sig(k))),0,t2); 

    I2=int(I1*exp(-(gss)),t1,inf); 

    ww=abs(double(I2)/(1-sig(k))); 

    C(jj)=1-ww; 

end 

  

Y(k,:)=semilogy(Qpk,C,plotst{k}); 

hold on; 

xlabel('Peak interference power Qpk (dB) '); 

ylabel('Outage probability'); 

grid on; 

axis([0,20,10^-1.5,10^0]); 

C1=gaminv((1-C),1,1); 

W(k,:)=log2(1+C1.*Q); 

grid on; 

end 

legend([Y(1,:), Y(2,:), Y(3,:) 

,Y(4,:)],'\sigma^2=0','\sigma^2=0.1','\sigma^2=0.2','\sigma^2=0.3'); 

 

Code 4 

 

 Fig 2.4 (b) The effects of variance on the outage probability at arbitrary chosen value of 

the peak transmit power 10 dB and fixed data transmission rate (r0 = 1 bits/sec/Hz) under 

(b) average interference constraints. 

clc 

clear all  

syms gsp gss Ld 

Qavg=-5:5:20; 

Q=10.^(Qavg./10); 

Ppk=10; 

P=10.^(Ppk./10); 

s=[0 0.05 0.1 0.12]; 

plotst={'-r*','-bs','-ko','-md'} 

for k=1:length(s) 

for jj=1:length(Q) 

    sig=s(k); 

    A=1-sig; 

    syms L 

    gss=1/P; 

    bb=expint(-(L+1)*gss/(A*L)); 

    pavg=+exp(sig/A)*bb-expint(-gss); 
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    qq=(A*L+1)*(A-sig)*expint(-(A*L*gss+gss)/(A*L)); 

    qq1=-A*exp(-gss*((1/(A*L))+1)); 

    W=(exp(sig/A)*(qq+qq1))/(A*L+1)-(A*expint(-gss)); 

   L1=solve(W+sig*pavg-Q(jj)) 

   Y=abs(double(L1)); 

   tt=(A*Y)*exp((sig/A)-(gss*(A*Y+1)/(A*Y))); 

  

   tt3(jj)=exp(-gss)-tt/(A*Y+1) 

    Pr(jj)=1-tt3(jj) 

     

end 

Y(k,:)=plot(Qavg,Pr,plotst{k}); 

hold on; 

axis([-5,20,0,1]); 

grid on; 

xlabel('Average interference constraint Qavg (dB)'); 

ylabel('Outage probability'); 

Pr1=gaminv((1-Pr),1,1) 

W1(k,:)=log2(1+Pr1.*Q); 

end 

legend([Y(1,:), Y(2,:), Y(3,:),Y(4,:) 

],'\sigma^2=0','\sigma^2=0.05','\sigma^2=0.1','\sigma^2=0.12'); 

  

Code 5:  

 

Fig  2.5 (a) The effect of peak transmit power on the outage probability for arbitrary 

chosen value of the peak interference power 5 dB and fixed data transmission rate (r0= 1 

bits/sec/Hz) with (a) different values of the variance  

clc 

clear all 

close all 

Po=0.2;sig=[0 0.1 0.2 0.3] ; 

Qpk=5; % in db  

Q=10^(Qpk/10); 

Ppk=0:1:20; 

P=10.^(Ppk./10); 

NoB=1; % assumption NoB=1; 

%gss=1; % perfect information of secondary channel 

ro=1; 

plotst={'-r*','-bo','-g^','-ks'}; 

for k=1:length(sig) 

for jj=1:length(P) 

    syms gsp gss; 

     

    t1=(2^(ro)-1)/P(jj); 

    t2=gss*Q+(sig(k)*log(Po)); 
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    I1=int(exp(-gsp/(1-sig(k))),0,t2); 

    I2=int(I1*exp(-(gss)),t1,inf); 

    ww=abs(double(I2)/(1-sig(k))); 

    C(jj)=1-ww; 

end 

Y(k,:)=semilogy(Ppk,C,plotst{k}); 

hold on; 

xlabel('Peak transmit power Ppk'); 

ylabel('Outage probability'); 

end 

legend([Y(1,:), Y(2,:), Y(3,:) 

,Y(4,:)],'\sigma^2=0','\sigma^2=0.1','\sigma^2=0.2','\sigma^2=0.3'); 

 

Code 6 

Fig 2.5 (b) The effect of peak transmit power on the outage probability for arbitrary 

chosen value of the peak interference power 5 dB and fixed data transmission rate (r0= 1 

bits/sec/Hz) with (b) different values of outage constraint 

 

clc 

clear all 

close all 

Po=[0.1 0.2 0.3];sig=0.2 ; 

Qpk=5; % in db  

Q=10^(Qpk/10); 

Ppk=0:1:20; 

P=10.^(Ppk./10); 

NoB=1; % assumption NoB=1; 

%gss=1; % perfect information of secondary channel 

ro=1; 

plotst={'-r*','-bo','-g^'}; 

for k=1:length(Po) 

for jj=1:length(P) 

    syms gsp gss; 

     

    t1=(2^(ro)-1)/P(jj); 

    t2=gss*Q+(sig*log(Po(k))); 

    I1=int(exp(-gsp/(1-sig)),0,t2); 

    I2=int(I1*exp(-(gss)),t1,inf); 

    ww=abs(double(I2)/(1-sig)); 

    C(jj)=1-ww; 

end 

Y(k,:)=semilogy(Ppk,C,plotst{k}); 

hold on; 

xlabel('Peak transmit power Ppk (dB)'); 

ylabel('Outage probability'); 

grid on; 
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axis([0,20,10^-1,10^0]); 

end 

legend([Y(1,:), Y(2,:), Y(3,:)],'Po=0.1','Po=0.2','Po=0.3'); 

 

Code 7: 

Fig 2.7 The outage probability versus peak interference power for different values of the 

variance when peak transmit power is fixed at 10 dB 

 

%% outage capacity interefernce from primary user is considered 

% Program is evaluated in maple  

clc 

clear all 

close all 

Q=[0 2 5 7 10 12 15 17 20]; 

Pp=10;Ppk=10; 

OC1=[0.9556 0.82292 0.7368 0.677371 0.6023 0.57029 0.550398 0.5478 0.547582] % 

sig=0 

OC2=[0.977319 0.862168 0.7574 0.68726 0.6025 0.5687 0.5497 0.5477 0.54758]; % 

sig=0.1 

OC3=[0.99823 0.9197 0.78702 0.7013 0.6031 0.5671 0.54917 0.54768 0.54758]; % 

sig=0.2 

OC4=[1 1 0.83244 0.7224 0.60434 0.56539 0.54866 0.547633 0.54758]; %sig=0.3 

Y1=semilogy(Q,OC1,'-*r');hold on; 

Y2=semilogy(Q,OC2,'-gd');hold on; 

Y3=semilogy(Q,OC3,'-ok');hold on; 

Y4=semilogy(Q,OC4,'-bs');hold on; 

axis([0,20,0.4,1]); 

grid on; 

xlabel('Peak interference power Qpk '); 

ylabel('Outage probability'); 

legend([Y1,Y2,Y3,Y4],'\sigma^2=0','\sigma^2=0.1','\sigma^2=0.2','\sigma^2=0.3'); 

Code 8:  

Fig 2.8(a) The outage probability of cognitive user link with multiple primary users 

interference with variation in the peak interference power for chosen value of peak 

transmit power (10 dB) with  fixed σ2 = 0  and  σ2 = 0.1 under (a) peak transmit power 

and peak interference constraints and  

% Calculation is done in maple 

clc 

clear all 

close all 

%Po=0.2, Ppk=10,Pp=10,NoB=1,ro=1,sig=0 

Q=0:5:20; 

N1=[0.850665 0.675 0.44125 0.22629 0.0927]; 

N2=[0.93529 0.8507 0.7472 0.7011 0.69838]; 

N4=[0.9692 0.92246 0.8555 0.8212  0.819033]; 
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plotst={'-r*','-bo','-g^'}; 

 figure(1) 

Y1= plot(Q,N1,'-r*'); 

hold on; 

Y2= plot(Q,N2,'-ro'); 

hold on;Y3= plot(Q,N4,'-rd'); 

hold on; 

xlabel('Peak interference power Qpk with \sigma^2 =0'); 

ylabel('Outage probability'); 

%% 

%Po=0.2, Ppk=10,Pp=10,NoB=1,ro=1,sig=0.1 

N1=[0.92232 0.7574 0.6025 0.5497 0.5475]; 

N2=[0.97472 0.86877 0.74786 0.7005 0.69838]; 

N4=[0.995056 0.93577 0.82077 0.8190 0.81903]; 

% figure(2) 

Y1= plot(Q,N1,'--b*'); 

hold on; 

Y2= plot(Q,N2,'--bo'); 

hold on;Y3= plot(Q,N4,'--bd'); 

hold on; 

xlabel('Peak interference power Qpk'); 

ylabel('Outage probability'); 

legend([Y1,Y2,Y3],'Np=1','Np=2','Np=4'); 

grid on; 

  

Code 9: 

Fig.2.8 (b) The outage probability of cognitive user link with multiple primary users 

interference with variation in the peak interference power for chosen value of peak 

transmit power (10 dB) with  fixed σ2 = 0  and  σ2 = 0.1 under (b) peak interference only. 

 

%% Outage probability under peak interference constraints only 

clc 

clear all 

close all 

Pp=10; m=[ 1 2 3]; ro=1;Q=-20:5:15;sig=0;po=log(0.1);B=1/(1-sig); 

Qpk=10.^(0.1*Q); 

plotst={'-r*','-ko','-gd','-c^'} 

for kk=1:length(m) 

    n=m(kk); 

for jj=1:length(Qpk) 

   

    syms gsp gss gps 

     A=(2^(ro)-1)*(1+n*gps*Pp)*(gsp-sig*log(po))/(Qpk(jj)); 

    Pr1= int(exp(-B*gsp)*B*exp(-gss)*(n*exp(-gps)*(1-exp(-gps))^(n-1)),gss,0,A); 

    Pr2=int(Pr1,gsp,0.001,inf); 

    Pr2=int(Pr2,gps,0.01,inf); 
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    Pr(jj)=double(Pr2) 

end 

semilogy(Q,Pr,plotst{kk}); 

end 

xlabel('Peak received interference Qpk (dB)'); 

ylabel('OutageProbability'); 

figure 

sig=0.1 

for kk=1:length(n) 

    n=m(kk); 

for jj=1:length(Qpk) 

   

    syms gsp gss gps 

     A=(2^(ro)-1)*(1+n*gps*Pp)*(gsp-sig*log(po))/(Qpk(jj)); 

    Pr1= int(exp(-B*gsp)*B*exp(-gss)*(n*exp(-gps)*(1-exp(-gps))^(n-1)),gss,0,A); 

    Pr2=int(Pr1,gsp,0.001,inf); 

    Pr2=int(Pr2,gps,0.001,inf); 

    Pr(jj)=double(Pr2) 

end 

semilogy(Q,Pr,plotst{kk}); 

end 

xlabel('Peak received interference Qpk (dB)'); 

ylabel('OutageProbability'); 

sig=0.2 

for kk=1:length(n) 

    n=m(kk); 

for jj=1:length(Qpk) 

   

    syms gsp gss gps 

     A=(2^(ro)-1)*(1+n*gps*Pp)*(gsp-sig*log(po))/(Qpk(jj)); 

    Pr1= int(exp(-B*gsp)*B*exp(-gss)*(n*exp(-gps)*(1-exp(-gps))^(n-1)),gss,0,A); 

    Pr2=int(Pr1,gsp,0.001,inf); 

    Pr2=int(Pr2,gps,0.001,inf); 

    Pr(jj)=double(Pr2) 

end 

semilogy(Q,Pr,plotst{kk}); 

end 

xlabel('Peak received interference Qpk (dB)'); 

ylabel('OutageProbability'); 

 

Code 11: 

Fig  2.9 The average power consumption to achieve outage capacity limit of cognitive 

user transmitter with different combination of interference outage level and error variance 

under the peak transmit power and peak interference constraints as well as under the peak 

interference power constraint only. 
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%expenditure of power outage capacity when peak interefrence is considered 

%only 

clc 

clear all 

close all 

Q=-5:0.75:5; Qpk=10.^((0.1).*Q);Ppk=10.^(0.1*5); S=[ 0.01 0.02];P1=[0.01  0.2 

];B1=1./(1-S); 

plotst={'-r*','-ko',; '-b*','-mo'}; 

plotst1={'-.r*','-.ko',; '-.b*','-.mo'}; 

lgnd={'Po=0.01, \sigma^2 = 0.01','Po=0.2, \sigma^2 = 0.01';'Po=0.01, \sigma^2 = 

0.02','Po=0.02, \sigma^2 = 0.02';'Po=0.01, \sigma^2 = 0.05','Po=0.01, \sigma^2 = 0.05'}; 

Z=zeros(length(S)*length(P1)); 

 for kk=1:length(P1) 

for jj=1:length(S) 

   sig=S(jj); 

   B=B1(jj);  

Po=P1(kk) 

% Ppk=0.001 

P1=(expint(1/Ppk)-expint(B.*(Qpk+1)./Ppk)*exp(-B*sig*log(Po))); %both peak transmit 

and peak interefernce  

P=(Qpk.*exp(-sig.*log(Po).*B)).*(-log((1./(B.*Qpk))+1)-1*expint(sig*log(Po)*B));% 

peak interefernce only 

Pwr=10.*log10(P); 

Pwr1=10.*log10(P1); 

YY(kk,jj)=plot(Q,Pwr,plotst{kk,jj}); 

hold on; 

YY1(kk,jj)=plot(Q,Pwr1,plotst1{kk,jj}); 

hold on;  

grid on; 

   end  

end 

xlabel('Peak interference power Qpk(dB)'); 

ylabel('Average power (dB)'); 

legend([YY(1,1),YY(1,2),YY(2,1),YY(2,2)],'Po=0.01, \sigma^2 = 0.01','Po=0.01, 

\sigma^2 = 0.05','Po=0.2, \sigma^2 = 0.01','Po=0.2, \sigma^2 = 0.05'); 

  

Code 12: 

Fig 3.1 The analysis of the ergodic capacity of cognitive link with signal to noise ratio 

under average received power constraint  and Fig 3.2 The analysis of the ergodic capacity 

with the signal to noise ratio  under peak received power constraint 

clc 

clear all 

close all 

alpha=-20:0.75:20; % alpha =Q/No*B 

gama=zeros(1,2); 
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for jj=1:length(alpha) 

    %% average received power constraints 

    syms x t 

    y=10^(alpha(jj)/10); 

    gama=solve(x-log(1+x)-y); 

    for k=1:length(gama) 

        w=gama(k); 

        if (w-log(1+w)==y) 

            break 

        end 

    end 

    C(jj)=(log(1+(double(w)))); 

    cawgn(jj)=(log(1+y)); 

     gama1=solve((t^3/(1+t^2))-y); 

     gama1=double(gama1); 

  

     uu=gama1(1); 

   Cng(jj)=log(1+uu)-uu/(1+uu)^2; 

%% peak received power constraint 

vv=log(y); 

Craly(jj)=(y*vv)/(y-1); 

%nakagami 

aa= (y^2)*log(y); 

bb=3*y*log(y); 

cc=y^3-3*y^2+3*y-1; 

Cng1(jj)=(y*(aa-bb-2+2*y))/(cc);   

end 

figure (1) 

a1=semilogy(alpha,C,'r'); 

xlabel('\alpha (db)=Q/NoB'); 

ylabel('Capacity (nats/sec/hz)'); 

hold on; 

b1=semilogy(alpha,cawgn,'k'); 

hold on; 

c1=semilogy(alpha,Cng); 

hold on; 

legend([a1 b1 c1],'Rayleigh','AWGN','Nakagami m=2'); 

figure (2) 

d1=semilogy(alpha,Craly,'--r*'); 

xlabel('\alpha (db)=Q/NoB'); 

ylabel('Capacity (nats/sec/hz)'); 

hold on; 

q1=semilogy(alpha,Cng1,'--b*'); 

hold on; 

p1=semilogy(alpha,cawgn,'--k*'); 

legend([d1 p1 q1],'Rayleigh','AWGN','Nakagami m=2'); 
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Code 13: 

 Fig 3.3 The analysis of the ergodic capacity with peak transmit power constraint for  

peak interference power is -5 dB over different fading channels 

clc 

clear all 

close all 

alpha=-20:0.75:20; % alpha =Q/No*B 

gama=zeros(1,2); 

  

for jj=1:length(alpha) 

    %% average received power constraints 

    syms x t 

    y=10^(alpha(jj)/10); 

    gama=solve(x-log(1+x)-y); 

    for k=1:length(gama) 

        w=gama(k); 

        if (w-log(1+w)==y) 

            break 

        end 

    end 

    C(jj)=(log(1+(double(w)))); 

    cawgn(jj)=(log(1+y)); 

     gama1=solve((t^3/(1+t^2))-y); 

     gama1=double(gama1); 

  

     uu=gama1(1); 

   Cng(jj)=log(1+uu)-uu/(1+uu)^2; 

%% peak received power constraint 

vv=log(y); 

Craly(jj)=(y*vv)/(y-1); 

%nakagami 

aa= (y^2)*log(y); 

bb=3*y*log(y); 

cc=y^3-3*y^2+3*y-1; 

Cng1(jj)=(y*(aa-bb-2+2*y))/(cc);    

end 

figure (1) 

a1=semilogy(alpha,C,'r'); 

xlabel('\alpha (db)=Q/NoB'); 

ylabel('Capacity (nats/sec/hz)'); 

hold on; 

b1=semilogy(alpha,cawgn,'k'); 

hold on; 

c1=semilogy(alpha,Cng); 

hold on; 
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legend([a1 b1 c1],'Rayleigh','AWGN','Nakagami m=2'); 

figure (2) 

d1=semilogy(alpha,Craly,'--r*'); 

xlabel('\alpha (db)=Q/NoB'); 

ylabel('Capacity (nats/sec/hz)'); 

hold on; 

q1=semilogy(alpha,Cng1,'--b*'); 

hold on; 

p1=semilogy(alpha,cawgn,'--k*'); 

legend([d1 p1 q1],'Rayleigh','AWGN','Nakagami m=2'); 

 

Code 13: 

Fig. 3.4 The analysis of the ergodic capacity under peak transmit power and average 

interference power constraints for different numerically chosen value of peak transmit 

power.  

 

%%Ergodic capacity under peak transmit and average interference constraint 

clc 

clear all 

close all 

Qavg1=-20:0.9785221:20; 

Qavg=10.^(Qavg1./10); 

P=[0:5:20]; 

P=10.^(P./10); 

no=1;plotStyle = {'r','k','g','b','k'}; 

for k=1:length(P) 

for jj=1:length(Qavg) 

    Ld=1/(no*(Qavg(jj)+no)); 

    if (1/(Ld*no))>1>(1/(Ld*(P(k)+no))) 

        C(jj)=log2(1/Ld); 

    elseif 1<= 1/Ld*(P(k)+no) 

        C(jj)=log2(1+ P(k)/no); 

    else 

        C(jj)=0; 

    end 

end 

plot(Qavg1,C,plotStyle{k}); 

hold on; 

end 

xlabel('Qav(dB)'); 

ylabel('capacity(bits/hz/bandwidth'); 

  

Code 14: 

 Fig 3.5 The response of peak transmit power (dB) on the ergodic capacity (bits/s/Hz) for 

different values of variance at arbitrary chosen value of the peak interference power (-5 

dB). 



71 
 

 Calculation is in maple 

%%Ergodic Capacity peak transmit power and peak interference power only 

%%noise is considered 

clc 

clear all 

close all 

Ppk=-20:5:20; 

Co= [0.01428 0.04426 0.1326 0.3136 0.52167 0.6614 0.72839 0.75455 0.7637]; 

C1=[0.01286 0.0399 0.1189 0.28294 0.4184 0.46205 0.46205 0.46205 0.46205]; 

C2=[0.01145 0.0356 0.1067 0.25036 0.3685 0.3685 0.3685 0.3685 0.3685 ]; 

C3=[0.01428 0.04426 0.13151 0.2924 0.3140 0.3140 0.3140 0.3140 0.3140 ]; 

  

 Y1=   plot(Ppk,Co,'-r*');hold on; 

 Y2 =  plot(Ppk,C1,'-ko');hold on; 

 Y3=   plot(Ppk,C2,'-md');hold on; 

 Y4=  plot(Ppk,C3,'-bs');hold on; 

legend([Y1,Y2,Y3,Y4],' \sigma^2=0',' \sigma^2=0.1', '\sigma^2=0.2','\sigma^2=0.3'); 

xlabel('Peak transmit power (dB)'); 

ylabel('Ergodic Capacity (bits/sec/Hz)'); 

grid on; 

 

Code 15: 

 Fig 3.6 The response of peak interference power on the ergodic capacity (bits/s/Hz) for 

different values of the interference outage level at arbitrary chosen value of the peak 

transmit power (10 dB) and error variance 0.2. 

 

% ergodic capcity variation with intereference outage level 

%Ppk=5 dB,sig=0.2 

Qpk=-15:5:20; 

S_0=[0.1518 0.334 0.661 1.21 1.54 1.71 1.71 1.7105];%sig=0; 

  

S_1=[0.028 0.085 0.2 0.22 1.28  1.69 1.71 1.71];%Po=0.01 sig=0.2 

S_2=[0.031 0.0938 0.263 0.4154 1.34 1.69 1.71 1.71]; 

S_3=[0.035 0.105 0.2907 0.705 1.44 1.69 1.71 1.715]; 

%Y1=plot(Qpk,S_0,'-r*'); 

%hold on; 

Y2=plot(Qpk,S_1,'-ko'); 

hold on;Y3=plot(Qpk,S_2,'-bd'); 

hold on;Y4=plot(Qpk,S_3,'-ms'); 

hold on; 

grid on; 

legend([ Y2 Y3 Y4],'Po= 1%','Po=2%','Po=4%'); 

xlabel('Peak interference power Qpk(dB)'); 

ylabel('Ergodic Capacity (bits/s/Hz)'); 

grid on; 
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Code 16: 

Fig. 3.7 The average power consumption to achieve ergodic capacity limits of cognitive 

transmitter with different combination of interference outage level and error variance. 

%expenditure of power 

 

Qpk=-5:0.75:5; Q=10.^((0.1).*Qpk);Ppk=10.^(0.1*5); S=[ 0.01 0.05];P1=[0.01  

0.2];B1=1./(1-S); 

plotst={'-r*','-ko',; '-.b*','-.mo'}; 

lgnd={'Po=0.01, \sigma^2 = 0.01','Po=0.2, \sigma^2 = 0.01';'Po=0.01, \sigma^2 = 

0.02','Po=0.02, \sigma^2 = 0.02';'Po=0.01, \sigma^2 = 0.05','Po=0.01, \sigma^2 = 0.05'}; 

Z=zeros(length(S)*length(P1)); 

 for kk=1:length(P1) 

for jj=1:length(S) 

   sig=S(jj); 

   B=B1(jj); 

Po=P1(kk) 

P=abs(Ppk-Ppk.*exp((Q./Ppk+sig*log(Po)*B))- Q.*B.*exp(-

sig*log(Po)).*expint((Q.*B)./Ppk));% when pk transmit and peak receive constraints is 

considered 

Pwr=10.*log10(P); 

YY(kk,jj)=plot(Qpk,Pwr,plotst{kk,jj}); 

hold on;grid on; 

 end 

 end 

xlabel('Peak interference power Qpk(dB)'); 

ylabel('Average power (dB)'); 

legend([YY(1,1),YY(1,2),YY(2,1),YY(2,2)],'Po=0.01, \sigma^2 = 0.01','Po=0.01, 

\sigma^2 = 0.05','Po=0.2, \sigma^2 = 0.01','Po=0.2, \sigma^2 = 0.05'); 

 

Code 17: 

  

Fig. 3.8 The response of average interference power (dB) on the ergodic capacity 

(bits/s/Hz) for different values of variance at arbitrary chosen value of the peak transmit 

power (5 dB). 

 

S=[ 0 0.1 0.2];P= [5] 

A=1./(1-S);Ppk=10.^(0.1.*P); L=0:0.01:1; 

Q =-20:2:20 

Qavg=10.^(0.1*Q); 

plost={'-r*','-gd','-ko','m^'} 

for kk=1:length(S) 

    sig=S(kk); 

    B=A(kk); 

for jj=1:length(Q) 

syms lambda 
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X1= (-(-Ppk+exp(1/Ppk)*expint(1/Ppk)+sig*lambda*Ppk^2)*exp((-

B+sig*B*lambda*Ppk)/(Ppk*lambda))/(Ppk^2*lambda)) 

X2=exp(-B/(lambda*Ppk)+B*sig)/B 

X3=1/B    

I2=Ppk*(-X1 -X2+X3) % integral of PPk 

% when other than ppk power is allocated 

Z1=exp((-B/(Ppk*lambda))+B*sig) 

Z2= exp(sig*B)*lambda/(lambda+B) 

Y1= (1/(lambda*B))*(Z1-Z2) 

%% 

Q1=-log((lambda+B)/B) 

Q2=-expint(B/(lambda*Ppk)) 

Y2=(-sig*exp(sig*B)/lambda)*(Q1-Q2) 

%% 

R1=(-(-

exp(B*sig)*lambda*expint(1/1000*(B+lambda)/lambda)+exp(B*sig)*B*sig*lambda*ex

pint(1/1000*(B+lambda)/lambda)-exp(1/1000*(1000*B*sig*lambda-B-

lambda)/lambda)*B+exp(B*sig)*B^2*sig*expint( 1/1000*(B+lambda)/lambda)-

exp(B*sig)*B*expint( 1/1000*(B+lambda)/lambda))/((B+lambda)*B^2)) 

R2=((-6.331539364*Ppk*lambda-1.*exp(1/Ppk)*expint( 0.1000000000e-

2*(Ppk+1000.)/Ppk)*B+6.331539364*B*sig*lambda*Ppk)*exp(B*(-

1.+sig*lambda*Ppk)/(Ppk*lambda))/(B^2*Ppk*lambda)) 

Y3=R1+R2 

I1=B*(Y1+Y2+Y3) 

I(jj)=I1+I2 

Sol(jj)=solve(I(jj)-Qavg(jj)); 

L1(jj)=abs(real((double(Sol(jj))))); 

lambda=L1(jj);gamma=0.577215; 

syms gss gsp 

  

L=L1(jj) 

T(kk,jj)=L 

a=(1/(L*(Ppk+(1/gss))))-sig;b =(gss/L)-sig 

C=B*log((gss*(1/(L*(gsp+sig)))))*exp(-gss)*exp(-gsp*B) 

C1=int(C,gsp,a,b) 

C2=int(C1,gss,0.01,inf) 

G=abs(double(C2)) 

X1=B*log((1+gss*Ppk))*exp(-gss)*exp(-B*gsp); 

X2=int(X1,gsp,0,a) 

X3=int(X2,gss,0.01,inf) 

G1=abs(double(X3)) 

YY(kk,jj)=G+G1 

  

 Cap= ((-lambda*exp(-B*sig)*(log(lambda)+gamma+log((lambda-B)/lambda))/(lambda-

B)+lambda*log(lambda)*exp(-B*sig)/(lambda-B)+lambda*exp(-

B*sig)*(gamma+log((lambda-B)/lambda))/(lambda-B)+exp(B*sig)*(-
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log(B/lambda)+log(B/lambda+1))+exp(B*(-

1+sig*lambda*Ppk)/(Ppk*lambda))*log(lambda)+exp(B*(-

1+sig*lambda*Ppk)/(Ppk*lambda)+1/Ppk)*expint( 1/Ppk)-log(lambda)*exp(-

B/(Ppk*lambda)+B*sig)-expint(B/(Ppk*lambda))*exp(B*sig))/B); 

 Cap1=(exp(1/Ppk)*expint(1/Ppk)-(exp((sig*B*lambda*Ppk-

1+lambda)/(lambda*Ppk))*expint(1/Ppk))); 

 YY(kk,jj)=((Cap+Cap1)/log(2)); 

end 

Z(kk,:)=plot(Q,YY(kk,:),plost{kk}); 

hold on; 

end 

xlabel('Average interference power  (dB)'); 

ylabel('Ergodic capacity (bits/sec/Hz)'); 

legend([Z(1,:),Z(2,:),Z(3,:)],'\sigma^2 =0','\sigma^2= 0.1','\sigma^2= 0.2'); 

 

Code 18: 

Fig. 3.9 The response of peak transmit power (dB) on the ergodic capacity (bits/s/Hz) of 

cognitive user link with multiple primary users interference with arbitrary chosen values 

of the fixed peak interference power (-5 dB) with fixed noise variance σ2 = 0.1 and σ2 = 

0.2 

 

%% when multiple primary users interfere with secondary link ergodic capacity 

%qpk=-5 dB  

 Ppk=-15:5:15; 

S1_1=[0.0076 0.018 0.0528 0.0806 0.0986 0.0986 0.0986 ]; 

S1_2=[0.003 0.0075 0.014 0.017 0.023 0.023 0.023]; 

Y3=plot(Ppk,S1_1,'-b*'); 

hold on; 

Y4=plot(Ppk,S1_2,'-bo'); 

hold on; 

S2_1=[0.0076 0.0184 0.054 0.060037 0.071 0.081 0.081]; 

S2_2=[0.003 0.007 0.013 0.015 0.019 0.01958 0.01958]; 

Y3=plot(Ppk,S2_1,'-k*'); 

hold on; 

Y4=plot(Ppk,S2_2,'-ko'); 

hold on;  

grid on; 

xlabel('Peak transmit power (dBm)'); 

ylabel('Ergodic Capacity (bits/s/Hz'); 

legend([Y3 Y4],'Np=1','Np=2'); 
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