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ABSTRACT In cognitive networks, efficient spectrum sensing is of great importance for communication of

unlicensed secondary users (SU) without interfering with the communication of licensed primary users (PU).

Such spectrum sensing requires robust and reliable communication between the SUs to sense the spectrum

efficiently under different network circumstances and to make a quick decision for the data transmission.

In this paper, we are proposing a decentralized cooperative algorithm for efficient sensing of spectrum in

the networked cognitive radios. The proposed algorithm is investigated under crash and Byzantine failure

environments to study their behavior and efficiency for consensus. Energy detector module is modeled for

each cooperating SU in cognitive radio network for sensing the presence of PU in a dedicated spectrum.

Moreover, SU is modeled as agents connected through undirected graphs to simulate communication among

them related to the spectrum availability. Multiple simulation scenarios, based on autonomous SU using

the proposed distributed consensus algorithm are presented to demonstrate the theoretical development of

proposed algorithm to be visualized in real scenarios. The simulation results reveal that the proposed method

provides a significant improvement in convergence rate, reliability, and in terms of various key performance

indicators.

INDEX TERMS Multi-agent systems, energy model, distributed estimation, unreliable communication,

distributed consensus control, crash and Byzantine failure, cognitive radios, spectrum sensing.

I. INTRODUCTION

With the emergence of wireless communication, radio spec-

trum has emerged as one of the most valuable resource,

but unfortunately in the history of wireless communication,

this resource is not fully utilized as it should be. In order

to efficiently utilize the radio spectrum with limited radio

resources, a new concept of cognitive radio was introduced

with enhanced capabilities of spectrum sensing and spectrum

sharing to overcome the issue of lack of spectrum availabil-

ity [1]. Cognitive Radio (CR) is defined as a wireless technol-

ogy that enables unlicensed user to work in a licensed band

of frequency spectrum efficiently to overcome the shortage of

availability of wireless spectrum [2]–[4] without disturbing

the licensed user. In cognitive radios unlicensed users are
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approving it for publication was Yang Tang .

active in the licensed spectrum, so such users are referred

as SU and are on lower priority as compared to licensed

users. The licensed users are referred as PU allocated for the

frequency spectrum. The primary goal in cognitive radios is

to minimize the interference ratio between the two classes

of users in an efficient way [5], [6] to better utilize the

available spectrum. It is important to mention here that there

is no need for additional infrastructure and resources for the

licence PU while working with unlicensed secondary users

simultaneously. However, SU has some limitations in terms

of power, energy, hardware, and in capabilities for signal

processing for coordination in a network.

In cognitive radio networks, SU must be able to detect the

active SU in the frequency spectrum to avoid interference in

their communication continuously, and this concept is known

as spectrum sensing. In other words, we can say that due to

the lower priority of the SU, they must need to get the status
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of the available spectrum before starting any communication

in a network [7]. Inaccurate sensing in frequency spectrum

results in wastage of limited resources and causes interrupted

interference amongst the PU. Spectrum sensing can be done

in two possible ways, cooperative spectrum sensing or indi-

vidual spectrum sensing. Cooperative spectrum sensing can

be referred as a sensing of a spectrum by a group of SU

and similarly, in individual or non-cooperative scenarios it

is being done by the single individual SU. Spectrum sensing

by a single SU can’t be accurate and should be unreliable

because of fading effect and shadowing, these factors can be

reduced by the usage of spectrum sensing cooperatively for

better results [8]. Cooperative sensing has several advantages

over non-cooperative sensing [9]. For example, if an indi-

vidual SU experienced a fading in a communication chan-

nel, chances are there that it cannot manage to distinguish

between fading and white space from the effect of shadow-

ing. But cooperative sensing works well for this scenario.

Furthermore, another challenge for non-cooperative spectrum

sensing is the issue of hidden terminal problem, it can be well

dealt with cooperatively. Based on the last statement similar

studies have been carried out by the authors in [10] by evalu-

ating the performance of spectrum sensing cooperatively and

proved the great results in their findings. Moreover different

researchers [11] has produced better results for cooperative

spectrum sensing considering different parameters based on

the same problem.

Similarly, Probabilistic spectrum access (PSA) in the cog-

nitive radio network is another solution to overcome the

shortcomings in spectrum energy detection and studied by

various researchers [12]–[16]. With this method, the chan-

nel detection determines the busy or empty status and fre-

quentist inference is rummage-sale to predict channel status.

However, the probabilities and uncertainties of false alarm

cannot be addressed by common inferences when predicting

channel status. In this research, we are proposing a solution

for efficient spectrum sensing using consensus algorithm,

which focuses on determining the existence of PU jointly

by secondary users without using a common receiver in a

communication channel and based on energy detection. The

energy detection can better account for uncertainties and false

alarm probabilities by taking into account the limitations of

the spectrum detection results. The proposed algorithm is

distributed in nature, final results for spectrum sensing is

not depending on a common receiver in the communication

channel. Moreover proposed consensus model is designed in

such a way that SU collectively involve in decision-making

and is inspired by bio-inspired consensus. The important

characteristic of such an algorithm is the distributed coordi-

nation between the agents in a network with no central control

for information exchange [17]. This research utilizes the basic

concepts from graph and matrix theories and also a network

topology is deployed with fixed and random connectivity.

The rest of the paper is organized as follows. Literature

review is described in section II. In section III, we formulate

the problem of the energy sensing model and present the

proposed consensus algorithm. Simulation results are pre-

sented in section IV and section V concludes the paper.

II. LITERATURE REVIEW

Many researchers proposed multiple solutions for spectrum

analysis in a cognitive radio network. The authors in [8]

explored the problem of sensing throughput using a multi-

mini-slot energy detection scheme to maximize SU through-

put under the constraint that PU are adequately secured.

In various researches, two important techniques are used

worldwide for spectrum sensing, one is with a common

receiver which is known as a fusion center and the second is

without a common receiver, mobile Ad hoc networks can be

one of its examples. Various studies have adopted a central-

ized cooperative approach, utilizing the concept of a central

fusion center for information sharing in spectrum sensing.

In such scenarios cognitive radio in the network, shares the

information of the PU and transmits this information to the

cognitive radios to make a final decision [10]. A more alike

solution for non-centralized spectrum sensing based on dif-

fusion is studied by the researcher in [18] along with the con-

sideration of the link failure in the cognitive radio network.

Similarly, in a few proposed models for spectrum sensing,

individual sensor collects the information of the other sensors

in the network through a fusion center via feedback system

[19]. Reporting of channel condition under deep fading envi-

ronment between the cognitive SU and the common receiver

is explored by [20]. A study is proposed to sense the spectrum

in cognitive radios by exploiting the statistical old sensing

information to enhance the efficiency of the spectrum sensing

using noncooperative way in [21]. Zaeemzadeh et al in [22]

introduced an approach for sensing the shared spectrum using

the approach of Bayesian data-mining for heterogeneous

cognitive radio networks.

One of the decentralized schemes for spectrum sensing

is based on consensus algorithms, where information is

exchanged between the SU to make decision [23], [24].

A similar approach is adopted by the authors in [25], where

cognitive users reach a consensus value for spectrum sens-

ing using their local values exchange without using a com-

mon fusion center. Another approach in cognitive radio is

introduced by dividing the time slot of resource block into

sensing and prediction of spectrum in a cooperative way for

transmission of data [26]. Similarly, research is presented

in a [27] by using an NCSS algorithm for non-cooperative

spectrum sensing in cognitive radios. In this proposed scheme

a node with the highest energy level is isolated from the

prediction for the future computation.Moreover, many differ-

ent approaches, based on cooperative spectrum sensing using

consensus algorithms are proposed in [28], [29]. One of the

major concerns faced by the distributed spectrum sensing is

the security issues. Any malicious user can cause a wrong

entry in spectrum sensing that leads to a critical threat in a

network. Another approach is adopted by the author in [30],

where a consensus base algorithm is used for energy compu-

tation, which later on communicated between the cognitive
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TABLE 1. Comparision of sensing techniques in CRN.

radios to achieve final value. Another approach for sensing

the spectrum sensing by the energy and first-order correlation

of the signal received is studied and evaluated based on the

detection of false alarms by the authors in [30]. Peng Hu

et al in [31] proposed two schemes for achieving fairness in

spectrum sharing based on local information in the cognitive

radios. Similarly, last but not least author in [25] proposed a

scheme, where SU in a channel coordinate with each other

based on their local information without a centralized control

using consensus to make the end decision. Also, it is proven

in results, a significant decline in the probabilities of false

alarms and wrong detection probabilities in a radio spectrum.

Moreover, multiple schemes for the spectrum sensing in cog-

nitive radios are proposed by many researcher [32]–[35].

There are two types of classes used for spectrum sensing,

one is based on sensing and the other is based on monitoring

[36]. As in this research, we are proposing an energy-sensing

model so we focused on sensing rather than monitoring.

A detailed comparison of various methods for spectrum sens-

ing comprising of energy detector method, eigenvalues detec-

tor, matched filter method, and feature recognition methods

are provided for deep insight in Table. 1.

SU achieve continuous spectrum detection in cogni-

tive radio networks using one of the techniques described

in Table 1. Cooperative spectrum recognition increases

spectrum recognition performance by utilizing the three-

dimensional diversity of SU. Most collaborative spectrum

detection solutions are not distributed and share a mutual

fusion centre, where it gathers verdicts from SU to finalize

a conclusion on frequency tenancy. Now, distributed solu-

tions have emerged due to their problem solving skills and

robust nature to the worst channel conditions in achieving

the desired goals. It is never be recommended to collect or

gathered data on a common receiver, it causes a restriction

in communication and this Fusion Centre can be the cause

of single point of failure and becomes a bottleneck for the

large data networks, where SU do not want to share their

information with a single remote device. For this reason, this

study focuses on a distributed solution for spectrum detection,

as well as the implementation of the energy detection tech-

niques in CRN. It is selected due to its minor complexity, it’s

easy-to-design approach, and because of no prior knowledge

of the PU existence. A proposed design for SU communi-

cations to reach global agreement on the presence/absence

of PU in a spectrum is based on a consensus algorithm. The

proposed algorithm can work well in low SNR environments

and more resistant to noise in an energy sensing.

A. WEIGHTS IN CONSENSUS ALGORITHMS

In literature, multiple weights are available to achieve the

consensus agreement under diverse network topologies. Few

of the weights extensively used for the dynamic topologies

are the local degree and the metropolis hasting. In both

techniques, they do not have a uniform weight for the agents

associated with the networks. Both weights just depend on

the availability of the local information of their neighborhood

and that is one of the reasons that they are considered the best

fit for the real-time applications.

1) LOCAL DEGREE WEIGHTS

One of the techniques in practice for designing weight matrix

W is a local degree weight. The designing procedure involves

the assignment of the weights on an edges based on the

pair of vertices, depending on the largest out-degree of two

connected agents for both transmitting and receiving edges

[56]–[61]. In local degree weights, each agent must possess

the knowledge of external degrees of all nearby agents. Math-

ematically, we can express local degree weights as:

Wij(k) =







1
((

max(di(k), dj(k))
)) i 6= j

0 otherwise

(1)

where di(k) and dj(k) are the out degree of agent i and agent

j respectively. Local degree weights are much similar to the

max degree weights and adopted from the metropolis hasting

algorithm based on Markov chain Monte Carlo distribution

[62]–[64]. These weights are intended for taking the random

sequence to converge them on particular common value and

they also provide the surety of convergence in a graph where

it is not bipartite. A bipartite graph can be defined as a graph

which does not have any diverse size of sequences and undi-

rected. Another important aspect for quick convergence by

the local degree are the less complexity in computation of the
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FIGURE 1. State diagram of a proposed Sensing model in order to Compute Energy utilization at each stage.

optimal value without prior knowledge of global information

and the network topology [65].

2) METROPOLIS HASTING WEIGHTS

Well-known approach adopted by various researchers to

design weight matrix W , addressing various applications is

metropolis hasting weights [66]. Metropolis hasting weights

have the ability to reserve the consensus on an average value,

secondly they do not involves any complexity to compute,

and finally metropolis hasting weights works well for the

distributed sequence of the dynamic undirected graphs and

guarantee to converge on an asymptotic average value with

minimum convergence conditions. [61], [67]–[72].

Metropolis hasting weights is especially considerable for

the networks experiencing unreliable communication within

the network topology caused by dynamic or switching sce-

narios and even unreliability caused by a communication

delay. In this weight, every agent determines the weight of its

directly connected edges by only knowing the degree of their

connected neighbors. The computation process of weights

consists of two steps of communication between the pairs of

the vertices in the connected neighborhood. Step one deals

with the calculation of the degree of each agent by the initial

count of the immediate neighbor. Likewise, in the second step

already calculated degree of each agent is shared with all

the instantaneous neighbors. In all this process, there is no

requirement for the agents to have any information about the

number of agents participating and similarly it is not required

to have global knowledge of the complete communication

network. In such weighting matrices, every agent knows

out-degrees of all of its connecting neighbors that might be

changing with every instant of time. Mathematically, it can

be written as [73], [74]:

Wij(k) =







1
((

max(di(k), dj(k))
))

+ 1
i 6= j

0 otherwise

(2)

Metropolis hastings weights are taken from the Metropolis

algorithm [75], [76] based on Markov chain Monte Carlo

[62]–[64]. This algorithm is specially designed for taking

the random sequence of the distributed samples to compute

the prediction or expected value. This algorithms performs

well for the systems where the distribution of the samples are

multi-dimensional and random.

III. PROBLEM FORMULATION OF ENERGY SENSING

MODEL

Implementing the proposed consensus algorithm for the spec-

trum sensing in the cognitive radio networks required two

basic steps. The first step is to identify the presence of the

PU and the second step is to pass this information to the SU

in the cognitive network to decide for further communication

in the particular spectrum. Based on the information received

in the first step, multiple agents in the cognitive radios will

start exchanging the information with their neighborhood to

make a local decision to achieve their global goal, if and

only if the spectrum is sensed free. Here we denote the

local measurement value of agent i as xi. As in the previous

sections, it is made clear that the consensus algorithm is based

on the iterative process and the values of the state of all agents

will update at all time iterations k = 0, 1, 2, . . ., this process

will continue until the entire agents in the network converge

to a common value. So here in subsections, spectrum sensing

energy and network model along with the consensus algo-

rithm is presented to attain the desired goals.

In Fig. 1, we have provided detailed information about the

design of the different steps involved in the proposed scheme.

In the start we have divided the time into slots t0, t1, t2, . . .,

we intentionally assigned the first part of the slot for channel

sensing and, the next part of a time slot is occupied for the

idle state, similarly, this will continue for the entire spectrum.

The slots time cycle is 60% for sensing and 40% for idle con-

sidering the channel status. In the channel sensing time slot,
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FIGURE 2. Block diagram of sensing model.

three important tasks will be carried out, first: channel status

or prediction of PU presence, second: link establishment for

the existing PU, and third: data transmission by the SU. In the

first node prediction task, the spectrum will be checked for

the existence of the PU by the energy detector installed in

each secondary user as a primary task. If the users are traced

then the spectrum is considered busy and SU cannot initiate

their communication, so the available energy level is sent to

the next stage of link establishment for various parameters

checks such as the energy of transmission and reception,

available throughput between the users and reliability of the

energy level. So here in subsections, spectrum sensing energy

and network model along with the consensus algorithm is

presented to attain the desired goals. On the other hand, if no

PU is detected then the spectrum is considered free and SU

can initiate to establish a link to achieve their convergence

goals.

A. PREDICTION OF PU IN COGNITIVE SPECTRUM

In Fig. 2 the energy-sensing model for the proposed system

is provided. It mainly consists of two modules, the energy

detector, and the consensus module.

Where At is the actual signal which is entering the system,

while υt is the white Gaussian noise and Xt is the convolved

signal. Mathematically, we can express Xt as in Eq.3:

Xt = At + υt (3)

In the energy detector module, we have defined convolution,

sampling, energies of the signal, and the level of energy

threshold. The output It after convolution and sampling of

the received signal is given in Eq.4

It = Xt ∗ Ht (4)

Similarly, sum of all the energy of the received signal samples

are presented by Yt and mathematically expressed as Yt =
∑

I2t . And finally, the output of the energy detection module

is denoted by Zt . It can algebraically be written as in Eq. 5

Zt =

{

Yt ≤ Zt H0

Yt > Zt H1

}

(5)

Here, we have introduced a threshold for energy levels

H0&H1 for taking the decision based on piece-wise linear

transformation function for prediction of primary user signal

energy level. If the energy level H1 (energy level is above

noise energy level) is achieved, it means that the spectrum

is busy and primary users exist in the system and vice versa

for energy level H0 (spectrum noise energy level). If the level

H0 is detected, then the system goes directly to the consensus

process.

B. PROPOSED CONSENSUS ALGORITHM FOR SPECTRUM

SENSING

This subsection will explain the proposed average conver-

gence algorithm in this research. We will consider fixed and

switching topologies along with the reliable and unreliable

communication in the cognitive network. Moreover, conver-

gence conditions of proposed distributed consensus algorithm

is mathematically analyzed on the concepts of graph and

matrix theories.

Proposed algorithm can be expressed mathematically as in

Eq.6 & weighting factor as in Eq.7:

αi(t + 1) = αi(t) +
∑

jǫNi

ωij(t)
(

αj(t) − αi(t)
)

(6)

weighting factor ω can be computed as under, where degreei
and degreej are the degree of agent i and agent j.

ωij(t) =







degreei(t) + degreej(t))

2degreei(t)degreej(t)
i 6= j

0 otherwise

(7)

1) PROOF OF A PROPOSED CONSENSUS ALGORITHM FOR

SPECTRUM SENSING

In the section above, a distributed algorithm is proposed with

its weighting factor ω, which ensures the agreement of all

the agents on common values. In this subsection, steps of

expressions are provided to prove the said convergence.

Suppose

3 (t) =













α1(t)

α2(t)

. . . ..

. . . ..

αn(t)













, β (t) =













b1(t)

b2(t)

. . . ..

. . . ..

bn(t)












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Moreover

3 (t + 1) =













α1 (t + 1)

α2 (t + 1)

. . . .

. . . .

αn (t + 1)













To attain the convergence condition, we can draft the global

state equation as:

3(t + 1) = 3(t) + β(t) (8)

Universal input vector can be written after computing as:

β(t) = ωij(t)(A− D)3(t) (9)

where A is the adjacency matrix and D is the degree matrix.

Consensus on a common average value is achieved by

computing the right weighting factor ωij(t) and then using

this computed value in β(t) in Eq.(9). Proposed method for

calculating ωij(t) will surely contributes in explaining and

achieving the main research objective that in αi(t + 1) for

Eq.(6). For the agents in the network the same initial value are

set as in the condition applied for convergence in the previous

chapters, i.e. x1(0) = 1 and xi (0) = 0 ∀i = 2, 3, 4 . . .N .

Similarly graph G is considered as a connected graph with

the spanning tree.

It is important to mention here since the network topology

considered in this research is not reliable, so the weight

matrix ω cannot be kept constant. It varies after every change

of communication between agents. For this particular case,

we use the algebraic notation ωij(t) in the equation (9).

If we substitute Eq.(9) in Eq.(8), we get

3 (t + 1) = 3 (t) + ωij(t)(A− D)3(t) (10)

We can further transform the expression by using Laplacian

matrix i.e. L = D− A, in the following form:

3 (t + 1) = 3 (t) − Lωij(t)3(t) (11)

3 (t + 1) = (I − Lωij(t))3(t) (12)

Eq.12 implies for all t = 0, 1, 2 . . .

3(t) = (I − Lωij(t))3(0) (13)

limt→∞3(t) = limt→∞(I − ωij(t)L)3(0) (14)

We know

limt→∞3(t) = limt→∞ω(t)3(0) (15)

Now equate the left sides of Eq.14 & Eq.15

limt→∞ω(t) = limt→∞(I − ωij(t)L) (16)

From the mathematics, it is clear that it is one of the term

which also guarantees the convergence of the agents in a

network to reach consensus.

limt→∞ω(t) =

(

1

n

)

11T (17)

Substitute the value of Eq. 17 in Eq. 16, it gives us:

limt→∞(I − ωij(t)L) =

(

1

n

)

11T (18)

One of the objectives set in this research is the application

of node counting, so here under unreliable communication

topology we also consider grabbing that goal and for that

particular purpose we took an infinite number of agents i.e.

n → ∞ in our communication network. We can mathemati-

cally express it as:

limt→∞(I − ωij(t)L) = 0 (19)

Here, we are assuming the degree of agent i that is degreei
and its connected agent j with degreej. ωij(t) the weighting

factor in Eq. 20 is the key for the convergence, if it is perfectly

computed then the whole system will reach the consensus

under unreliable communication even when the connectivity

of the network is limited or varying with time.

ωij(t) =
degreei(t) + degreej(t)

(2degreei(t)degreej(t))
(20)

IV. SIMULATION RESULTS

This section describes the basic simulation requirements for

the proposed schema in the cognitive radio network. The

energy measurement for the proposed energy model, along

with the implementation of the consensus algorithm with

dynamic and fixed network topologies, is presented among

SU to achieve consensus. It also assigns SNRvalues that users

dynamically change in each scenario tomonitor the impact on

network performance. Comparison results are also presented

based on the most important performance parameters for

different methods.

A. SIMULATION SETUP

In the proposed schema, we are assuming that the PU in the

spectrum are dynamically connected and they can enter or

leave the network at any time. Similarly, we have applied

the same scenario for SU for group coordination and for

achieving consensus. The total duty cycle of the time slot

is divided into two parts. 60% duty cycle is reserved for the

channel sensing and the rest 40% duty cycle is dedicated for

idle mode or for consensus.

In the first stage of simulation, we have considered a

Rayleigh noise added to the original signal for the PU. Later

on, a band pass filter is applied for taking the decision based

on piece-wise linear transformation function for prediction of

PU signal energy levels H0 & H1 as in section 4.1. Every SU

in the cognitive radio is equipped with an energy detector to

calculate the received energy level for a quick decision. In the

proposed energy model if the PU is absent in the spectrum

only the noise level will come up which has assigned a

threshold level and the spectrum is considered free while on

the other hand if the threshold Zt is greater than the noise level

it means that PU are detected in the spectrum.

In the second stage of the simulation, if the energy

levelH1 (energy level is above noise energy level) is achieved,

23158 VOLUME 9, 2021



A. Mustafa et al.: Dynamic Spectrum Sensing Under Crash and Byzantine Failure Environments

it means that the spectrum is busy and PU exist in the system

then this information is passed on to the network module,

where an additional check of two energy levels is created

for redundant check for measuring the signal strength named

L1 & L0 based on logistic function curve. L1 means the

existing PU is available with a sufficient amount of energy

for communication in the spectrum and similarly vice versa

for L0.

In the second stage proposed consensus algorithm is initi-

ated if and only if, energy level H0 (spectrum noise energy

level) is received. In Fig. 3 we have presented the graphical

presentation of an input signal, noise, energy levels of the

convolutional signal, and the energy thresholds, where the

signal is above the set threshold means PU exists in the

spectrum and where this signal level is below the threshold

level means no PU is detected. We do mention here that

all the PU and SU are resource-constrained agents and they

are unaware of their positions and their directional velocities

because of their random network topology.

In our simulations, we have considered different net-

work conditions for SU in the spectrum to attain consensus

value. That includes the fixed and random network topolo-

gies along with the reliable and unreliable communication

links. Furthermore, we have simulated this network model

for pre-existing schemes for cooperative spectrum sensing

based on metropolis [25] and local degrees. In the end,

a detailed comparison is conducted by assuming different

network scenarios and it validates the effectiveness of the

proposed scheme by the results generated.

B. RELIABILITY IN CONVERGENCE ALGORITHMS

A major concern in distributed systems based on consensus

algorithms is to attain complete network reliability in the

existence of several defective or faulty agents. To attain reli-

ability, the control inputs must achieve convergence. Such

implementations allow the network to work in a corporative

fashion despite the failures of the various agents in a network.

In consensus-based networks, agents are supposed to agree on

a single agreed value. During the communication phase, few

of the agents may fail or can act in an unreliable way, so the

control protocol used for the consensus must be fault-tolerant

or robust. Though this failure of agents due to any reason may

result in a skewed or delayed response and the desired con-

sensus may not be achieved or may be computed incorrectly.

When dealing with consensus algorithms, network reliability

in terms of probabilities of failure can be undergone by two

types of failures in a network:

1) Crash failure: This type of failure occurs in a network

when an agent abruptly halts its communication a net-

work and does not resume its communication again.

2) Byzantine failure: This is a type of failure, which

occurs as a result of malicious actions of an agent

in a consensus-based communication network or

the second possibility is that after a long skew a

non-communicating or sleeping agents resume their

communication. Byzantine failures are considered

much disruptive as compared to the crash failure.

Therefore, a consensus protocol that bears Byzantine

failure must support any possible failure that may expe-

rience by the communication network.

We proposed a consensus algorithm whose reliability in

terms of probabilities of failure is adoptive. The proposed

scheme can effectively acquire the convergence in reliable,

unreliable, and asynchronous communication across dis-

tributed agent networks and it outperformed in reaching a

consensus for both cases of failures as discussed above. In this

research following networks configurations are considered to

examine the reliability of the proposed algorithm in terms of

probabilities of failure:

1) Fixed Network: In this configuration, there is no prob-

ability of link failure or agent failure. Communica-

tion links between the agents are all time available

and communication amongst the agents is termed as

reliable.

2) Dynamic Network: In this configuration, we have

addressed the crash and Byzantine failures. All agents

are connected through random directed or undirected

graphs. An agent or communication link can be dis-

connected from the network or maybe it resumes its

communication with the same communication edges.

Furthermore, new agents may enter into the com-

munication network and abruptly changes the topol-

ogy of the network at any instance of time and such

communication amongst the agents is termed unreli-

able communication. We have simulated the following

scenarios:

• Fixed network with random connectivity in an

asynchronous communication network

• Random addition and removal of agents in an asyn-

chronous communication network

• Random link failure and reconnection in an asyn-

chronous communication network

In addition, the efficiency and performance of the proposed

weighting matrix algorithm are compared with the existing

metropolis method and local degree weights. In addition,

four parameters are taken into account for the qualitative

analysis in order to evaluate the productivity of the proposed

method. The parameters considered are the number of iter-

ations required to achieve complete convergence, the CPU

processing time, the asymptotic convergence time, and finally

the asymptotic convergence factor. We also present the com-

parison of different parameters using different methods in

a tabular form. Moreover, consensus graphs and error plots

are sketched for each scenario. All conditions are established

as previously defined in terms of initial values and graph

connectivity. It should be noted that the fault tolerance set

for the network is e = 10−15 in all cases. The sampling rate

is set as one second per iteration.

where ei(t) can be expressed as:

ei(t) =
∑

jǫNi

|xi(t) − xj(t)|, i = 1, 2, . . . .n (21)
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FIGURE 3. Communication spectrum sensing energy levels for predicting PU existence.

In all of the discussed scenario, it is confirmed that the

spectrum of the channel is sensed free for communication by

the SUwithout making any interference in PU intersection by

satisfying the two threshold levels H0 & L0 in the proposed

energy model.

1) CASE 1: FIXED NETWORK TOPOLOGY FOR SU IN

COGNITIVE RADIO NETWORK WITH RANDOM

CONNECTIVITY

In this scenario, we are assuming a fixed network topology

consisting of 10 SU in a cognitive radio network under unre-

liable communication.We labeled SU as i = 1, 2, 3, . . . n−1.

An adjacency matrix is randomly selected, which eventually

results in a change in the laplacian and degree matrix of the

network. Signal to noise ratio (SNR) value for every SU is

dynamically assigned, it variants between 5db to 10db. The

communication spectrum consisting of 10 SU with dynamic

network topology under free channel is presented in Fig. 4.

Total time required for achieving convergence for proposed,

metropolis and local degree for communication spectrum

of 10 SU with dynamic topology under free channel is pro-

vided in Fig. 5. In Fig. 5 it is seen that the proposed method is

consuming less time in achieving the average consensus value

as compared to the metropolis and local degree methods.

Numerical results from the simulation are presented in a

tabular form and presented in Table. 2 reflecting the vari-

ous key indicators. Results indicate the effectiveness of the

proposed consensus-based spectrum sensing algorithm for

attaining convergence in fewer iterations of time as compared

to the other known methods and performed best in other

performance indicators.

FIGURE 4. Communication spectrum consisting of 10 SU with dynamic
network topology under free channel in case 1.

2) CASE 2: RANDOM ADDITION AND REMOVALS OF SU

FROM THE NETWORK TOPOLOGY IN COGNITIVE RADIO

NETWORK UNDER UNRELIABLE COMMUNICATION

In this case, we are considering the network topology between

the SU as in the previous case, consisting of 10 SU. Once the

convergence is achieved by the users in the cognitive radio
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FIGURE 5. Consensus for proposed and existing methods for communication spectrum of 10 SU with dynamic topology under free channel in
case 1.

TABLE 2. Comparison of proposed and existing methods for communication spectrum of 10 SU with dynamic topology under free channel in case 1.

network simultaneously 8 more SU enter randomly in the

communication network after time t = 20ms. Here all the

calculations regarding the matrices, connectivity, and com-

munication between the SUwill change and an algorithmwill

compute the convergence value again between the 18 SU to

achieve the global goal. The proposed algorithm has produced

very interesting and great results under such unreliable and

switching network conditions and further, we have dynami-

cally set the signal to noise ratio (SNR) for every secondary

user, which is between 9db to 15db. Furthermore, when this

consensus is achieved by the 18 SU then after time t =

30ms during the convergence process, 3 SU are eliminated

randomly from the communication topology, which once

again results in the change of adjacency and degree matrix

which eventually affect the whole convergence process. Here,

we can call this whole scenario as one of the most difficult

convergence cases as a forced consensus. This whole cogni-

tive network Scenario for random addition and removals of

SU from the cognitive radio network experiencing unreliable

communication is graphically presented in Fig.6. Initially,
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FIGURE 6. Scenario for random addition and removals of SU from the cognitive radio network experiencing unreliable communication in Case 2.

FIGURE 7. Convergence achieved by the proposed, metropolis and local degree methods for random addition and removals of SU in Case 2.

10 SU represented in green color connected through ran-

dom network topology and reached their average consensus

value. After time t = 20ms, 8 more SU entered into the

communication network and they are presented by the red

color. Now the network size changes from 10 to 18, again

they will communicate through random network connectivity
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FIGURE 8. Communication spectrum of 30 SU with a link failure and
reconnection after few iterations with dynamic topology considered in
Case 3.

and reaches an average consensus value to achieve their local

and global goal. Later on, after time t = 30ms during the

convergence process, 3 SU are eliminated randomly from

the communication topology and shown in red color. Now

the network size is limited to 15 agents, the algorithms will

again compute the average consensus value and converge to

the best optimal solution. As this case deals with the random

addition and removal of the SU from the communication

network so in Fig.7 convergence achieved by the proposed,

metropolis and local degree methods is presented. The first

part of the figure is showing the convergence time of the

proposed system before addition or removal of the SU then

convergence after addition of SU and finally convergence

time after removal of SU from the network. And similarly,

it is presented for metropolis and local degree simultaneously.

It is quite obvious from the Fig.7 that in such a complicated

scenario proposed method is reaching a point of convergence

in a quicker way as compared to the rest of the method.

Finally, the key performance indicators for the convergence

algorithm for this scenario using the proposed and other well

know methods are numerically presented in Table. 3. From

the simulation results, it is clearly shown that the proposed

method is performing best in all available solutions in terms

of achieving convergence in fewer iterations, consuming the

least CPU processing time, and attaining the best values for

asymptotic convergence factor and asymptotic convergence

time.

FIGURE 9. Consensus graphs for proposed and existing methods for disconnection of SU with a link failure and reconnection after few
iterations in Case 3.
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TABLE 3. Comparison of key performance parameters for random addition and removals of SU in Case 2.

FIGURE 10. Error probability of proposed and existing methods for disconnection of SU with link failure and reconnection after few
iterations in Case 3.

3) CASE 3: DISCONNECTION OF SU WITH A LINK FAILURE

AND RECONNECTION AFTER FEW ITERATIONS IN THE

CONSENSUS BASED COGNITIVE RADIO NETWORK UNDER

UNRELIABLE COMMUNICATION WITH DYNAMIC TOPOLOGY

This scenario deals with a case when the spectrum is sensed

free by the 30 SU and it is communicated in the network

that no PU exist, so the SU go for the consensus agreement.

As they achieved the consensus or during the process, few

SU randomly disconnected from the communication network

and it badly affects the link failure ratio, error metrics, neigh-

borhood of the agents, and the degree of connectivity. The

network will again go for the coordination process to achieve

the convergence but during this phase of transition, the same

disconnected SU active again and start communication in

the network with the same linked neighborhood. Here we

have set a condition in the simulation scenario that 2 − 8

communication links for randomly selected agent breaks and

disconnected from the network at any time during the conver-

gence phase. Also, we have assigned a random distribution of

SNR values for different SU that limits from 15db to 20db.

Very good results are generated from the simulations for the

proposed spectrum sensing consensus-based algorithm for

cognitive radio networks as compared to the existing algo-

rithms in terms of the consumed number of iterations, the pro-

cessing time for the algorithms, and convergence factors.

The Communication spectrum of 30 SU with a link failure

and reconnection after few iterations with dynamic topology

considered in this scenario is demonstrated in Fig. 8. Simi-

larly, Consensus graphs for proposed and existing methods

for disconnection of SU with a link failure and reconnec-

tion after few iterations are presented in Fig. 9. The first

part of the figure is showing the convergence time of the

proposed system for disconnection of SU with a link failure

and reconnection after few iterations then finally convergence

to a common value to reach a steady-state value. Similarly,

it is presented for metropolis and local degree simultaneously

in the second and third parts of the said figure. It is quite

obvious from the Fig.9 that in this scenario, the proposed

method is reaching a point of convergence in a hasten way

as compared to the rest of the methods. Also, the plot of the

error graph between the different states of the algorithm for

the proposed and existing method is shown in Fig. 10. The

mean square error for the proposed method is represented

by a blue dotted line, it is reaching a zero error state in
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TABLE 4. Comparison of key performance parameters for disconnection of SU with a link failure and reconnection after few iterations in Case 3.

TABLE 5. Overall average gain of different parameters for proposed method vs other methods in terms of % for the cases considered in this research.

a very less number of iterations. Later on, in the graph,

it is followed by the local degree method and then by the

metropolis method. Finally Table. 4 reflects the results of

the key performance parameters generated by the proposed

and other considered methods during the simulation process.

From the tabular results, the effectiveness and efficiency of

the proposed algorithm are reflected as obvious evidence for

the best performer to achieve the global convergence goal.

V. CONCLUSION

In this research, we modeled a spectrum measurement for

cognitive radio networks as a cooperative control of a

multi-agent system for the crash and byzantine failure envi-

ronments. SU coordinate and exchange information based on

their local measurements to achieve the convergence value.

In this whole scenario, the PU can enter or leave the network

at any time. Therefore, the algorithm proposed in this study

is so efficient that SU can make a decision quickly and

efficiently based on the energymeasurements of the spectrum

for random communication. The simulation results provide

evidence to the claim above to show the effectiveness of the

proposed energy model and the convergence algorithm.

Results in table 5 indicate the significant improvement in

the numerical gain (in percentage) of the proposedmethod for

all performance parameters compared to the other methods.

The numerical values indicate that the proposed algorithm

required less iteration, asymptotic convergence factor, CPU

processing time, and asymptotic convergence time.

For future endorsement, we can extend the scope of the

proposed algorithms in various new directions. This may

include but is not limited to the following: One of the future

enhancements of the current work is by extending the scope

of the proposed protocol by introducing noise and inter-

ference factors to further enhance the performance of the

protocol. Another factor that can be added to expand this work

in the future is to make the system stabilize and converge

as the system suffers jitters and unequal delays. When the

network experiences jitters, the instability in the matrices and

the calculations of the weighting factor increase surprisingly.

This makes this scenario difficult and requires new design

ideas to address this problem. Last but not the least, we can

expand this model for network-aware and energy-efficient

hierarchical routing in distributed convergence in wireless

sensor networks (WSN) in the future by adding adaptive sam-

pling, communication power control, energy consumption

estimation, bandwidth estimation, and computation of link

cost based on network topology.

REFERENCES

[1] I. F. Akyildiz, W.-Y. Lee, and K. R. Chowdhury, ‘‘CRAHNs: Cognitive

radio ad hoc networks,’’AdHocNetw., vol. 7, no. 5, pp. 810–836, Jul. 2009.

[2] J. Mitola, ‘‘Cognitive radio: An integrated agent architecture for software

defined radio,’’ Ph.D. dissertation, KTH Roy. Inst. Technol., Stockholm,

Sweden, 2000.

[3] W. S. H. M. W. Ahmad, N. A. M. Radzi, F. S. Samidi, A. Ismail,

F. Abdullah, M. Z. Jamaludin, and M. N. Zakaria, ‘‘5G technology:

Towards dynamic spectrum sharing using cognitive radio networks,’’ IEEE

Access, vol. 8, pp. 14460–14488, 2020.

[4] X. Liu and M. Jia, ‘‘Intelligent spectrum resource allocation based on

joint optimization in heterogeneous cognitive radio,’’ IEEE Trans. Emerg.

Topics Comput. Intell., vol. 4, no. 1, pp. 5–12, Feb. 2020.

[5] S. Haykin, ‘‘Cognitive radio: Brain-empowered wireless communica-

tions,’’ IEEE J. Sel. Areas Commun., vol. 23, no. 2, pp. 201–220, Feb. 2005.

[6] C. Xin andM. Song, ‘‘Analysis of the on-demand spectrum access architec-

ture for CBRS cognitive radio networks,’’ IEEE Trans. Wireless Commun.,

vol. 19, no. 2, pp. 970–978, Feb. 2020.

[7] J. Mitola and G. Q. Maguire, ‘‘Cognitive radio: Making software radios

more personal,’’ IEEE Pers. Commun., vol. 6, no. 4, pp. 13–18, Aug. 1999.

[8] Y.-C. Liang, Y. Zeng, E. C. Y. Peh, and A. T. Hoang, ‘‘Sensing-throughput

tradeoff for cognitive radio networks,’’ IEEE Trans. Wireless Commun.,

vol. 7, no. 4, pp. 1326–1337, Apr. 2008.

[9] J.-F. Chamberland and V. V. Veeravalli, ‘‘Wireless sensors in distributed

detection applications,’’ IEEE Signal Process. Mag., vol. 24, no. 3,

pp. 16–25, May 2007.

[10] A. Ghasemi and E. S. Sousa, ‘‘Collaborative spectrum sensing for oppor-

tunistic access in fading environments,’’ in Proc. 1st IEEE Int. Symp. New

Frontiers Dyn. Spectr. Access Netw., Nov. 2005, pp. 131–136.

[11] Z. Quan, S. Cui, and A. H. Sayed, ‘‘Optimal linear cooperation for spec-

trum sensing in cognitive radio networks,’’ IEEE J. Sel. Topics Signal

Process., vol. 2, no. 1, pp. 28–40, Feb. 2008.

[12] M. Karimi, S. M. S. Sadough, and M. Torabi, ‘‘Improved joint spectrum

sensing and power allocation for cognitive radio networks using proba-

bilistic spectrum access,’’ IEEE Syst. J., vol. 13, no. 4, pp. 3716–3723,

Dec. 2019.

VOLUME 9, 2021 23165



A. Mustafa et al.: Dynamic Spectrum Sensing Under Crash and Byzantine Failure Environments

[13] M. Karimi and S. M. S. Sadough, ‘‘Improved spectrum sensing and

achieved throughput of multiband cognitive radio systems under prob-

abilistic spectrum access,’’ AEU-Int. J. Electron. Commun., vol. 86,

pp. 8–16, Mar. 2018.

[14] M. Karimi, S. M. S. Sadough, and M. Torabi, ‘‘Robust spectrum access

for hybrid interweave-underlay cognitive radio systems using probabilistic

spectrum access,’’ IET Signal Process., vol. 13, no. 9, pp. 806–813, 2019.

[15] A. Ahmadfard, A. Jamshidi, and A. Keshavarz-Haddad, ‘‘Probabilistic

spectrum sensing data falsification attack in cognitive radio networks,’’

Signal Process., vol. 137, pp. 1–9, Aug. 2017.

[16] M. Riahi Manesh, S. Subramaniam, H. Reyes, and N. Kaabouch, ‘‘Real-

time spectrum occupancy monitoring using a probabilistic model,’’ Com-

put. Netw., vol. 124, pp. 87–96, Sep. 2017.

[17] R. Olfati-Saber, J. A. Fax, and R. M. Murray, ‘‘Consensus and coop-

eration in networked multi-agent systems,’’ Proc. IEEE, vol. 95, no. 1,

pp. 215–233, Jan. 2007.

[18] A. Hajihoseini Gazestani and S. Ali Ghorashi, ‘‘Distributed diffusion-

based spectrum sensing for cognitive radio sensor networks considering

link failure,’’ IEEE Sensors J., vol. 18, no. 20, pp. 8617–8625, Oct. 2018.

[19] V. V. Veeravalli, ‘‘Decentralized quickest change detection,’’ IEEE Trans.

Inf. Theory, vol. 47, no. 4, pp. 1657–1665, May 2001.

[20] C. Sun, W. Zhang, and K. B. Letaief, ‘‘Cluster-based cooperative spectrum

sensing in cognitive radio systems,’’ in Proc. IEEE Int. Conf. Commun.,

Jun. 2007, pp. 2511–2515.

[21] X.-L. Huang, Y. Xu, J. Wu, and W. Zhang, ‘‘Noncooperative spectrum

sensing with historical sensing data mining in cognitive radio,’’ IEEE

Trans. Veh. Technol., vol. 66, no. 10, pp. 8863–8871, Oct. 2017.

[22] A. Zaeemzadeh, M. Joneidi, N. Rahnavard, and G.-J. Qi, ‘‘Co-SpOT:

Cooperative spectrum opportunity detection using Bayesian clustering in

spectrum-heterogeneous cognitive radio networks,’’ IEEE Trans. Cognit.

Commun. Netw., vol. 4, no. 2, pp. 206–219, Jun. 2018.

[23] C. Chen, H. Cheng, and Y.-D. Yao, ‘‘Cooperative spectrum sensing in

cognitive radio networks in the presence of the primary user emulation

attack,’’ IEEE Trans. Wireless Commun., vol. 10, no. 7, pp. 2135–2141,

Jul. 2011.

[24] A. Vosoughi, J. R. Cavallaro, and A. Marshall, ‘‘Trust-aware consensus-

inspired distributed cooperative spectrum sensing for cognitive radio ad

hoc networks,’’ IEEE Trans. Cognit. Commun. Netw., vol. 2, no. 1,

pp. 24–37, Mar. 2016.

[25] Z. Li, F. R. Yu, andM. Huang, ‘‘A distributed consensus-based cooperative

spectrum-sensing scheme in cognitive radios,’’ IEEE Trans. Veh. Technol.,

vol. 59, no. 1, pp. 383–393, Jan. 2010.

[26] V.-D. Nguyen and O.-S. Shin, ‘‘Cooperative prediction-and-sensing-based

spectrum sharing in cognitive radio networks,’’ IEEE Trans. Cognit. Com-

mun. Netw., vol. 4, no. 1, pp. 108–120, Mar. 2018.

[27] R. Rajkumari and N. Marchang, ‘‘Secure non-consensus based spectrum

sensing in non-centralized cognitive radio networks,’’ IEEE Sensors J.,

vol. 18, no. 9, pp. 3883–3890, May 2018.

[28] H. Tang, F. R. Yu, M. Huang, and Z. Li, ‘‘Distributed consensus-based

security mechanisms in cognitive radio mobile ad hoc networks,’’ IET

Commun., vol. 6, no. 8, pp. 974–983, May 2012.

[29] R. Niu and P. K. Varshney, ‘‘Performance analysis of distributed detection

in a random sensor field,’’ IEEE Trans. Signal Process., vol. 56, no. 1,

pp. 339–349, Jan. 2008.

[30] W. Zhang, Z. Wang, Y. Guo, H. Liu, Y. Chen, and J. Mitola, ‘‘Distributed

cooperative spectrum sensing based on weighted average consensus,’’ in

Proc. IEEE Global Telecommun. Conf., Dec. 2011, pp. 1–16.

[31] P. Hu and M. Ibnkahla, ‘‘Consensus-based local control schemes for spec-

trum sharing in cognitive radio sensor networks,’’ in Proc. 26th Biennial

Symp. Commun., May 2012, pp. 115–118.

[32] N. Michelusi, M. Nokleby, U. Mitra, and R. Calderbank, ‘‘Multi-scale

spectrum sensing in dense multi-cell cognitive networks,’’ IEEE Trans.

Commun., vol. 67, no. 4, pp. 2673–2688, Apr. 2019.

[33] J. Kim and J. P. Choi, ‘‘Sensing coverage-based cooperative spectrum

detection in cognitive radio networks,’’ IEEE Sensors J., vol. 19, no. 13,

pp. 5325–5332, Jul. 2019.

[34] S. Macdonald, D. C. Popescu, and O. Popescu, ‘‘A hybrid framework for

spectrum sharing in cognitive radio systems with dynamic users,’’ IEEE

Commun. Lett., vol. 23, no. 10, pp. 1871–1874, Oct. 2019.

[35] M. Karimi, S. M. S. Sadough, and M. Torabi, ‘‘Optimal cognitive radio

spectrum access with joint spectrum sensing and power allocation,’’ IEEE

Wireless Commun. Lett., vol. 9, no. 1, pp. 8–11, Jan. 2020.

[36] A. Ali and W. Hamouda, ‘‘Advances on spectrum sensing for cognitive

radio networks: Theory and applications,’’ IEEE Commun. Surveys Tuts.,

vol. 19, no. 2, pp. 1277–1304, 2nd Quart., 2017.

[37] A. Nafkha and B. Aziz, ‘‘Closed-form approximation for the performance

of finite sample-based energy detection using correlated receiving anten-

nas,’’ IEEE Wireless Commun. Lett., vol. 3, no. 6, pp. 577–580, Dec. 2014.

[38] A. A. Alkheir and H. T. Mouftah, ‘‘An improved energy detector using

outdated channel state information,’’ IEEE Commun. Lett., vol. 19, no. 7,

pp. 1237–1240, Jul. 2015.

[39] S. Dikmese, P. C. Sofotasios, M. Renfors, and M. Valkama, ‘‘Subband

energy based reduced complexity spectrum sensing under noise uncer-

tainty and frequency-selective spectral characteristics,’’ IEEE Trans. Sig-

nal Process., vol. 64, no. 1, pp. 131–145, Jan. 2016.

[40] A. F. Eduardo and R. G. Gonzalez Caballero, ‘‘Experimental evaluation

of performance for spectrum sensing: Matched filter vs energy detector,’’

in Proc. IEEE Colombian Conf. Commun. Comput. (IEEE COLCOM),

May 2015, pp. 1–6.

[41] M. Tavana, A. Rahmati, V. Shah-Mansouri, and B. Maham, ‘‘Cooperative

sensing with joint energy and correlation detection in cognitive radio

networks,’’ IEEE Commun. Lett., vol. 21, no. 1, pp. 132–135, Jan. 2017.

[42] S. K. Ghosh, J. Mehedi, and U. C. Samal, ‘‘Sensing performance of energy

detector in cognitive radio networks,’’ Int. J. Inf. Technol., vol. 11, no. 4,

pp. 773–778, Dec. 2019.

[43] L. Gahane and P. K. Sharma, ‘‘Performance of improved energy detector

with cognitive radio mobility and imperfect channel state information,’’

IET Commun., vol. 11, no. 12, pp. 1857–1863, Aug. 2017.

[44] K. Bouallegue, I. Dayoub, M. Gharbi, and K. Hassan, ‘‘Blind spectrum

sensing using extreme eigenvalues for cognitive radio networks,’’ IEEE

Commun. Lett., vol. 22, no. 7, pp. 1386–1389, Jul. 2018.

[45] V. M. Patil and S. R. Patil, ‘‘A survey on spectrum sensing algorithms

for cognitive radio,’’ in Proc. Int. Conf. Adv. Hum. Mach. Interact. (HMI),

Mar. 2016, pp. 1–5.

[46] C. Charan and R. Pandey, ‘‘Eigenvalue-based reliable spectrum sensing

scheme for cognitive radio networks,’’ in Proc. Int. Conf. Nascent Technol.

Eng. (ICNTE), Jan. 2017, pp. 1–5.

[47] C. Liu, H. Li, J. Wang, and M. Jin, ‘‘Optimal eigenvalue weighting detec-

tion for multi-antenna cognitive radio networks,’’ IEEE Trans. Wireless

Commun., vol. 16, no. 4, pp. 2083–2096, Apr. 2017.

[48] U. Salama, P. L. Sarker, and A. Chakrabarty, ‘‘Enhanced energy detection

using matched filter for spectrum sensing in cognitive radio networks,’’ in

Proc. Joint 7th Int. Conf. Informat., Electron. Vis. (ICIEV) 2nd Int. Conf.

Imag., Vis. Pattern Recognit. (icIVPR), Jun. 2018, pp. 185–190.

[49] S. Dannana, B. P. Chapa, and G. S. Rao, ‘‘Spectrum sensing using matched

filter detection,’’ in Intelligent Engineering Informatics. Singapore:

Springer, 2018, pp. 497–503.

[50] B. A. Kumar and P. T. Rao, ‘‘MDI-SS: Matched filter detection with

inverse covariance matrix-based spectrum sensing in cognitive radio,’’ Int.

J. Internet Technol. Secured Trans., vol. 7, no. 4, pp. 353–363, 2017.

[51] B. A. Odhavjibhai and S. Rana, ‘‘Analysis of matched filter based spectrum

sensing in cognitive radio,’’ Intl. Res. J. Eng. Technol., vol. 4, no. 4,

pp. 578–581, 2017.

[52] A. Kumar and P. NandhaKumar, ‘‘OFDM system with cyclostationary

feature detection spectrum sensing,’’ ICT Exp., vol. 5, no. 1, pp. 21–25,

Mar. 2019.

[53] M. S. Murty and R. Shrestha, ‘‘VLSI architecture for cyclostationary

feature detection based spectrum sensing for cognitive-radio wireless net-

works and its ASIC implementation,’’ in Proc. IEEE Comput. Soc. Annu.

Symp. VLSI (ISVLSI), Jul. 2016, pp. 69–74.

[54] P. Sepidband and K. Entesari, ‘‘A phaser-based real-time CMOS spectrum

sensor for cognitive radios,’’ in Proc. IEEE Radio Freq. Integr. Circuits

Symp. (RFIC), May 2016, pp. 274–277.

[55] W.-L. Chin, C.-W. Kao, and Y. Qian, ‘‘Spectrum sensing of OFDM signals

over multipath fading channels and practical considerations for cognitive

radios,’’ IEEE Sensors J., vol. 16, no. 8, pp. 2349–2360, Apr. 2016.

[56] L. Xiao and S. Boyd, ‘‘Fast linear iterations for distributed averag-

ing,’’ in Proc. 42nd IEEE Conf. Decision Control, vol. 5, Dec. 2003,

pp. 4997–5002.

[57] F. Mirali and H. Werner, ‘‘Distributed weighting strategies for improved

convergence speed of first-order consensus,’’ in Proc. Amer. Control Conf.,

May 2017, pp. 942–947.

[58] C. Xi, R. Xin, and U. A. Khan, ‘‘ADD-OPT: Accelerated distributed

directed optimization,’’ IEEE Trans. Autom. Control, vol. 63, no. 5,

pp. 1329–1339, May 2018.

23166 VOLUME 9, 2021



A. Mustafa et al.: Dynamic Spectrum Sensing Under Crash and Byzantine Failure Environments

[59] R. Xin and U. A. Khan, ‘‘A linear algorithm for optimization over directed

graphswith geometric convergence,’’ IEEEControl Syst. Lett., vol. 2, no. 3,

pp. 315–320, Jul. 2018.

[60] W. Yu, H. Wang, F. Cheng, X. Yu, and G. Wen, ‘‘Second-order consensus

in multiagent systems via distributed sliding mode control,’’ IEEE Trans.

Cybern., vol. 47, no. 8, pp. 1872–1881, Aug. 2017.

[61] M. Kenyeres and J. Kenyeres, ‘‘Comparative study of distributed estima-

tion precision by average consensus weight models,’’ J. Commun. Softw.

Syst., vol. 13, no. 4, pp. 165–177, 2018.

[62] M. S. Albergo, G. Kanwar, and P. E. Shanahan, ‘‘Flow-based generative

models forMarkov chainMonte Carlo in lattice field theory,’’Phys. Rev. D,

Part. Fields, vol. 100, no. 3, Aug. 2019, Art. no. 034515.

[63] D. Van Ravenzwaaij, P. Cassey, and S. D. Brown, ‘‘A simple introduction

to Markov chain monte–carlo sampling,’’ Psychonomic Bull. Rev., vol. 25,

no. 1, pp. 143–154, 2018.

[64] B. Ballnus, S. Hug, K. Hatz, L. Görlitz, J. Hasenauer, and F. J. Theis,

‘‘Comprehensive benchmarking of Markov chain Monte Carlo methods

for dynamical systems,’’ BMC Syst. Biol., vol. 11, no. 1, pp. 1–18,

Dec. 2017.

[65] E. Montijano, J. I. Montijano, and C. Sagues, ‘‘Fast distributed consensus

with Chebyshev polynomials,’’ in Proc. Amer. Control Conf., Jun. 2011,

pp. 5450–5455.

[66] R. Carli and M. Dotoli, ‘‘A distributed control algorithm for optimal

charging of electric vehicle fleets with congestion management,’’ IFAC-

PapersOnLine, vol. 51, no. 9, pp. 373–378, 2018.

[67] M. Kenyeres, J. Kenyeres, V. Skorpil, and R. Burget, ‘‘Distributed aggre-

gate function estimation by biphasically configured metropolis-hasting

weight model,’’ Radioengineering, vol. 26, no. 2, pp. 479–495, Jun. 2017.

[68] M. Toulouse, H. Le, and C. Phung, ‘‘Defense strategies against Byzantine

attacks in a consensus-based network intrusion detection system,’’ Infor-

matica, vol. 41, no. 2, pp. 193–207, 2017.

[69] I. R. Fitri, J.-S. Kim, and H. Song, ‘‘Distributed economic dispatch

for power systems,’’ in Proc. 11th Asian Control Conf., Dec. 2017,

pp. 2808–2812.

[70] A. A. Zabolotsky and E. A. Mavrychev, ‘‘Distributed detection and imag-

ing inMIMO radar network based on averaging consensus,’’ in Proc. IEEE

10th Sensor Array Multichannel Signal Process. Workshop, Jul. 2018,

pp. 607–611.

[71] Z.-T. Hu, C.-L. Fu, L. Zhou, and Z. Guo, ‘‘Distributed Kalman filter based

on Metropolis–Hastings sampling strategy,’’ Mach. Vis. Appl., vol. 29,

no. 6, pp. 1033–1040, Aug. 2018.

[72] R. D. Payne and B. K. Mallick, ‘‘Two-stage metropolis-hastings for tall

data,’’ J. Classification, vol. 35, no. 1, pp. 29–51, Apr. 2018.

[73] K. Martin and K. Jozef, ‘‘Influence of random leader appointment on

convergence rate of network size estimation,’’ UPB Sci. Bull. C, vol. 79,

no. 4, pp. 57–68, 2017.

[74] B.-S. Shin, M. Yukawa, R. L. G. Cavalcante, and A. Dekorsy, ‘‘A hybrid

dictionary approach for distributed kernel adaptive filtering in diffusion

networks,’’ in Proc. IEEE Int. Conf. Acoust., Speech Signal Process.,

Apr. 2018, pp. 3414–3418.

[75] J. Yang, G. O. Roberts, and J. S. Rosenthal, ‘‘Optimal scaling of

random-walk metropolis algorithms on general target distributions,’’ 2019,

arXiv:1904.12157. [Online]. Available: http://arxiv.org/abs/1904.12157

[76] R. Dwivedi, Y. Chen, M. J. Wainwright, and B. Yu, ‘‘Log-concave sam-

pling: Metropolis-hastings algorithms are fast!’’ in Proc. Conf. Learn.

Theory, 2018, pp. 793–797.

ALI MUSTAFA received the B.Sc. degree in

computer engineering, Pakistan, in 2005, and the

master’s degree in mobile computing from the

University of Bradford, U.K., in 2008. He is

currently pursuing the Ph.D. degree with the

Department of Electrical Engineering, Bahria

University Islamabad, Pakistan, under the super-

vision of Dr. Muhammad Najam ul Islam and

cosupervision of Dr. Salman Ahmed (UET

Peshawar). Since 2011, he has been an Assistant

Professor with the Department of Electrical and Computer Engineering,

COMSATS University Islamabad, Attock Campus, Pakistan. His research

interests include wireless communications, multi-agent systems, and wire-

less sensor networks. He was a Reviewer of various reputable international

journals.

MUHAMMAD NAJAM UL ISLAM (Member,

IEEE) received the bachelor’s degree in electrical

engineering from the University of Engineering

and Technology, Lahore, in 1999, the master’s

degree in computer sciences from LUMS, Lahore,

in 2005, the master’s degree in embedded systems

from the University of Nice-Sophia Antipolis,

France, in 2006, and the Ph.D. degree in electri-

cal engineering from Telecom Paris Tech, France,

in 2010. He has worked as an Assistant Manager

with NESCOM, from 1999 to 2003. He has also worked as an Adjunct

Faculty, a Research Assistant, and a Teaching Assistant with LUMS, from

2003 to 2004. Since January 2011, he has been a Professor with the Depart-

ment of Electrical Engineering, Bahria University, Islamabad. During his

doctoral studies, he was working with EURECOM, Sophia Antipolis on the

research theme of flexible radios for multi-standard wireless communication

devices.

SALMAN AHMED (Senior Member, IEEE) has

studied with UET Peshawar, Pakistan, in 2005,

Universiti Teknologi Petronas, Malaysia, in 2007,

and the University of Alberta, Edmonton, AB,

Canada, in 2013. He worked with the Malaysian

Ministry of Science, Technology and Innovation,

as a Research Officer. He is currently working

as an Assistant Professor with the Department of

Computer Systems Engineering, UET Peshawar.

His research interests include multi-rate digital

signal processing, optimal sampled data control systems, multi-agent sys-

tems, and cyber security. He has received some prestigious awards in his

academic career, such as the University Gold Medal from UET Peshawar,

the Provost Doctoral Award from the University of Alberta, Canada, and

the Research Assistantship from NSERC, Government of Canada, and the

Graduate Assistantship from Universiti Teknologi Petronas, Malaysia.

VOLUME 9, 2021 23167


