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Abstract
The imperfect spectrum monitoring (SM) is a major obstacle to detect the emergence of primary user (PU) quickly during

the cognitive users’ (CUs’) data transmission which results data-loss and introduces the interference at PU. The cooper-

ation in CUs for SM is an effective solution to improve its performance. Therefore, in this paper, a scenario, where CUs can

cooperate with each other for SM is presented and have analyzed the effect of cooperation on various performance metrics

namely, the data-loss, interference efficiency, and energy efficiency. An algorithm is illustrated for the computation of

data-loss under various conditions of the traffic intensity of PU and probability of SM error. Moreover, the closed-form

expressions of these metrics are derived for the cooperative and non-cooperative SM. Further, the simulation results are

presented for various scenarios of traffic intensity, probability of SM error and channel gain between the CUs’ transmitter

to PU receiver. Furthermore, the Monte-Carlo simulation results are exploited to consider the random nature of the PUs’

traffic intensity as well as to support the numerically simulated results.
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1 Introduction

The cognitive radio (CR) is a prominent technology relying

on the dynamic spectrum access (DSA) mechanism in

order to overcome the spectrum scarcity issue which is

originated due to static spectrum allocation policy [1–5].

For DSA, the unlicensed/cognitive user (CU) is allowed to

access the spectrum of licensed/primary user (PU) in such a

way that the PU communication remains impervious. The

DSA mechanism comprises the spectrum sensing, spec-

trum analysis and decision, spectrum sharing/accessing and

spectrum mobility [1]. The CU senses its environment in

order to perceive the idle channels and then analyze these

channels. Further, the most suitable channel is selected

according to the CUs’ application and share this channels’

information with all other CUs in the network so that they

avoid accessing the same channel. Furthermore, the com-

munication is established on the same channel using

appropriate spectrum accessing technique [6]. In addition

to this, it is possible that the PU resume its communication

during CUs’ data transmission period and at that time the

CU needs to stop the communication on that channel.

However, in order to continue the CUs’ unfinished trans-

mission, the CU switches its communication on other

suitable idle channel and this process is known as spectrum

handoff/mobility [7, 8]. For the spectrum mobility, there is

a need to detect the emergence of PU simultaneous to the

data transmission by CU which is a challenging task

however the spectrum monitoring (SM) allows this func-

tionality for CU. In the SM, the CU exploits the statistics of
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the received signal such as receiver error count (REC),

energy level etc. to detect the emergence of PU [9].

The SM is proposed by Boyd et al. [9]. in 2012 and

further explored by various researchers [10–13]. The key

idea for SM is the change in the receiver statistics i.e. error

count. The CU receiver receives the data (in the form of

packets) with tolerable number of error in the packet which

is known as REC. The emergence of PU creates interference

at the CU receiver which increases the number of errors and

that change in REC is used to detect the emergence of PU.

Similarly, the energy level also increases on the emergence

of PU which is also used to detect the same. In [10], the

authors have investigated the problem of SM over the

Rayleigh fading channels and have explored the concept of

multiple antennas on the CU in order to reduce the effect of

multipath fading using the diversity combining techniques.

It is reported that the proposed technique outperforms the

only REC technique. In [11], the authors have proposed an

energy ratio SM algorithm for the orthogonal frequency

division multiplexing (OFDM) based cognitive radio net-

work (CRN) and reported that the proposed approach out-

performs the receiver statistics method in terms of detection

delay however, the complexity is twice than that of the

energy detector. Orooji et al. [12] have proposed a decision

statistic for SM using REC and have analyzed the detection

and false-alarm probabilities. Furthermore, the authors have

exploited an optimization problem to maximize the channel

utilization using constraint on the detection delay. Recently,

the authors in [13] have analyzed the effect of SM on the

‘‘energy and data loss of CU’’ and ‘‘interference at the PU

due to CU transmission’’. It is observed that the introduction

of SM in the high-traffic CRN (HTCRN) improves ‘‘energy-

and data-loss of the CU’’ as well as the ‘‘interference at the

PU due to CU transmission’’ as compared to that of the

conventional (without SM system) HTCRNs. In [8], the

authors have exploited the SM and prediction techniques

simultaneously, to improve the performance of spectrum

mobility/handoff. The AND and OR fusion rules are used to

combine the results of both techniques. Various SM tech-

niques discussed in [9–13] are considered to be perfect

which means these are able to detect the emergence of PU

quickly and correctly (spectrum monitoring error is zero).

However, the consideration of SM as a perfect phenomenon

is an impractical scenario since the SM relies on the

received signal which is affected by the channel having

random nature. Therefore, in [14], the authors have intro-

duced the concept of imperfect SM and studied its effects on

data-loss, power wastage, interference efficiency and

energy efficiency in CRNs [14]. This study reveals that the

imperfection in SM degrades the performance of CRN. To

the best-of-authors’ knowledge, the prominent ways to

overcome the effects of imperfection in SM are unexplored.

A potential way to manage the imperfections is cooperation

among CUs. Therefore, to improve the performance of

CRN with imperfect SM, we have exploited the cooperation

among CUs in this paper. The contribution in this paper is

summarized as follows.

• We have proposed a potential and feasible framework

of cooperative SM (CM) for CRN which is analyzed for

different scenarios of the traffic intensity and spectrum

monitoring error.

• The closed-form expressions of the achieved through-

put, data-loss, interference efficiency and energy effi-

ciency are derived.

• The Monte-Carlo simulations are exploited in order to

consider the effect of random events i.e. traffic intensity

of PU.

This paper is structured as follows. In the Sect. 2, the

system model of the proposed framework is described. The

Sect. 3 comprises performance analysis of the proposed

system model and simulation results with their analysis are

presented in Sect. 4. Finally, Sect. 5 concludes the work

with future perspectives.

2 System model

In the proposed system model, a PU network is considered

in which the transceiver pair communicates using a channel

having bandwidth B as shown in Fig. 1. The CRN com-

prises N number of CU pair which are allowed to exploit

the spectrum of PU in such a way that all the CUs get equal

bandwidth and thus the bandwidth allocated to each CU is

B/N. The proposed model comprises high-traffic environ-

ment having traffic intensity of PU greater than 0.5.

Therefore the CUs perform spectrum prediction in the

previous time frame during the data transmission in order

to select the channel with highest idle probability for

spectrum sensing in the current frame. This result the

improvement in the sensing process since it saves the

sensing time and energy spent on the sensing of active

channels [15–18]. Here, the time allocated for spectrum

prediction in the time frame (T) is null however, the fix

power (PP) is required. The spectrum prediction is well

explored in literature [15–18]. Therefore, in this paper, the

key intent is on cooperative SM.

In the current frame, the CU performs spectrum sensing

for time s and starts data transmission for time (T - s)

with power P1 on the idle sensed channel. In the data

transmission period, the process of SM is performed,

simultaneous to the data transmission in order to know the

emergence of PU. The SM emerges as a significant phe-

nomenon only when the PU resumes its communication

during the data transmission, therefore, in order to consider

this event, we have assumed that the probability of PUs’
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emergence in the data transmission period is provided by

the traffic intensity of PU (q). The traffic intensity of PU is

assumed to be a binary stochastic hypothesis, in which 0

and 1 represents the idle and active channels, respectively

[19]. Moreover, the average arrival and channel holding

time of PU is modeled as Poisson distribution (parameter

k) and Binomial distribution (parameter l), respectively

[20]. Thus the probability of channel to be active/busy

(PðH1)) is defined as: PðH1Þ ¼ l=k however, the proba-

bility of the channel being idle (PðH0Þ) is defined as:

PðH0Þ ¼ k� lð Þ=k. In the considered model, the proba-

bility of the channel to be idle PðH1Þ is assumed as the

traffic intensity of the PU channel (q) which means

q ¼ PðH1Þ ¼ l=k. The large value of traffic intensity

means the PU emerges in the initial part of data trans-

mission period however the low value signifies the emer-

gence of PU in the later part. The number of packet

transmitted during the data transmission period is N0: In

addition to this, every CU performs spectrum sensing

during sensing period individually and cooperate with each

other to formulate the final decision on the state of channel

i.e. either idle or active. If the final decision is active, all

the CUs start data transmission in the form of packets. For

cooperation, the CUs need to share the data with the fusion

center and one effective way of data sharing for moving

users is presented in [21]. There is prospect that the PU

resumes its communication during the data transmission

then at this time, it is the responsibility of the CU to detect

the emergence of PU and stops the communication. The

detection of emergence of PU is potential phenomenon

which is achieved by applying SM. In the proposed model,

the SM is assumed as the imperfect phenomenon which is a

feasible scenario and imperfections in this process are

presented by the probability of SM error (Pme) The

imperfection in SM means the emergence of PU is not

detected immediately, however detected after certain

detection delay. This imperfection causes due to channel

uncertainties and/or the hardware system errors. The higher

value of Pme indicates that there is more delay in the

detection of PU. The delay in detection of the emergence of

PU results the continuation of CU communication and

causes the data collision/loss as well as introduces the

significant interference at PU. The interference power at

PU depends on the channel gain between CU transmitter

and PU receiver hsp
� �

which is also known as interference

link. Therefore, in order to diminish the effect of imper-

fections, the cooperation between CUs play an important

role. The CUs decide the state of emergence of PU either 0

or 1and reports to the controlling unit (CU) where the final

decision is achieved by combining all the reported state

using l out of N rule, which is a hard decision combining

rule used to fuse the data. If the final decision confirms the

emergence of PU, all the CUs stop their communication

otherwise continues. Further, the cooperation in the SM

improves the probability of SM error. When the data are

fused using l out of N rule (hard fusion rule), the proba-

bility of SM error (Qme) is defined as [22]:

Qme ¼
XN

j¼l

ðNj CÞ Pmeð Þ j 1 � Pmeð ÞN�j ð1Þ

where C signifies the mathematical combination. More-

over, NPPU ,NPCU , hss, and hsp denote the noise power at PU

receiver, noise power at CU receiver, channel gain from

CU transmitter to CU receiver, channel gain from CU

transmitter to PU receiver, respectively.

3 Performance analysis of proposed CRN

In this section, the effect of imperfect SM on the data-loss

of proposed CRN is illustrated. The data-loss occurs in the

CRN when the PU reappears during the data transmission

Fig. 1 The scenario of the

proposed cooperative SM in

cognitive radio networks
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of CU and the probability of reappearance is yielded by the

traffic intensity of PU. The perfect SM is an impractical

scenario in which the reappearance of PU is detected very

quickly which means within a data packet time1 (loss of

that single packet). On the other hand, the imperfect SM is

a feasible scenario in which the data-loss is the function of

the probability of SM error (Pme). In the considered CRN,

the fix number of packets gets lost among the total number

of packets, which depends on the SM error. In the con-

sidered CRN, the computation of number of packets lost

among total number of packets follows the Binomial dis-

tribution [20]. The Binomial distribution yields the discrete

probability distribution, Pp x=Xð Þ, to achieve exactly x

successes out of X Bernoulli trials (where the results of

each Bernoulli trial is true with probability p and false with

probability ð1 � p)). Similarly, in the proposed CRN, the

discrete probability distribution P k=Noð Þ of obtaining

exactly k number of packets lost out of No (where the data-

loss result is true with probability Pme and false with

probability ð1 � Pme).Thus, the probability of data-loss due

to probability of SM error in the non-cooperative SM2,3

(NCM) is defined as:

PNCM

k

No

� �
¼ No

k C � Pmeð Þk 1 � Pmeð ÞNo�k ð2Þ

Similarly, the probability of data-loss due to probability of

SM error in the cooperative monitoring (CM) is presented

as:

PCM

k

No

� �
¼ No

k C � Qmeð Þk 1 � Qmeð ÞNo�k ð3Þ

Further, the average number of data packets lost (kavg) (see

footnotes 2, 3) for the cooperative and non-cooperative

monitoring are evaluated, respectively by computing the

expectation of variables as follows:

kNCM avg ¼
XNo

k¼1

k � PNCM

k

No

� �
ð4Þ

kCM avg ¼
XNo

k¼1

k � PCM

k

No

� �
ð5Þ

There is loss of one single packet even for Pme ¼ 0.

Therefore, to compute the total number of packet lost in the

CRN (kan) for both the cases, one packet need to add to kavg

which is presented as: kan NCM ¼ 1 þ kavg NCM

� �
and

kan CM ¼ 1 þ kavg CM

� �
.

In the proposed CRN, the communication is established

using frame structures which means after fix time interval

i.e. the frame time (T), the CU periodically repeats the

process of spectrum sensing and data transmission.

Therefore, it is possible that the CU switches from data

transmission mode to spectrum sensing mode of the next

frame, immediately after the emergence of PU because of

ending of the data transmission interval. In this case, the

number of packets lost relies on the time of emergence of

PU which is the function of traffic intensity (q) in the

proposed CRN. Thus, the complete data loss in the pro-

posed CRN (kcomp) is not only the function of the SM error

but also of the traffic intensity of PU.

Therefore, to find the complete data-loss in the proposed

CRN, there is need to compute the total number of packets to

be transmitted after the emergence of PU (kTAEPU) which

relies on the traffic intensity and computed

as:kTAEPU ¼ 1 � qð Þ � No. The complete data loss in the

non-cooperative ðkcomp NCM) and cooperative ðkcomp CM)

CRN is:

kcomp NCM ¼ kan NCM if kTAEPU � kan NCM

kTAEPU if kTAEPU\kan NCM

� �
ð6Þ

kcomp CM ¼ kan CM if kTAEPU � kan CM

kTAEPU if kTAEPU\kan CM

� �
ð7Þ

If the number of packets to be transmitted after the

emergence of PU is greater than the total number of

packets lost due to monitoring error for the non-coopera-

tive and cooperative case, then the complete data loss in the

proposed CRN is kan NCM and kan CM , respectively,

otherwise kTAEPU . The complete data-loss of the proposed

CRN for the non-cooperative is illustrated in Algorithm 1,

where three scenarios are discussed as follows. (1) q = 0,

which means the PU will not appear in the data transmis-

sion phase which results no data loss even if the proposed

system has SM error which means, in this special case there

is no significant role of the SM. (2) (0\ q\ 1) &&

Pme ¼ 0ð Þ, which means the emergence of PU is confirmed

and the monitoring system is perfect. In this case, the

emergence of PU is detected within a packet transmission

time and particular that packet data get lost. 3) (0\ q\ 1)

&& Pme ¼ 0ð Þ, which is a practical state of affairs. If we

avoid the effect of q, the data loss in this case due to

monitoring error is the function of Pme as derived in (2).

However, the total data-loss is the number of packets lost

due to Pme plus one data packet, because the particular

packet lost even when Pme is zero. On the other hand, on

the consideration of the effect of q, the complete data loss

in the proposed CRN becomes the function of both the Pme

and q, which is calculated as given in (6). Similarly, in the

cooperative case, the data-loss becomes the function of Qme

and q which is derived in (7).

1 Assumption: The perfect SM system is very quick and ideal, even

though a particular packet is required to compute decision statistics.
2 The subscript NCM represents the non-cooperative spectrum

monitoring
3 The subscript CM represents the cooperative spectrum monitoring.
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Due to the imperfection in SM, the CU unable to detects

the emergence of PU quickly, and continue the data trans-

mission, even after the emergence of PU which results the

interference at the PU receiver. The CU transmission starts

interfering with the PU transmission when the PU emerges

and continue this till the detection of emergence. As the

detection of emergence of the PU during data transmission

period is the function of Pme and Qme for non-cooperative

and cooperative case, respectively, therefore the interfer-

ence at the PU is also the function of Pme and Qme.

For the non-cooperative SM case, the number of packets

lost after the emergence of PU, relies on the Pme and Qme.

The starting time (Is) and ending time (IE) of the interfer-

ence at PU depends on the traffic intensity (q) of PU and on

the Pme and Qme for the cooperative and non-cooperative

SM cases, respectively, which are computed as:

Is ¼ 1 � qð Þ � T � Tsð Þð Þf g þ Tsð Þf g ð8Þ

IE NCM ¼ Is þ kcomp NCM � PT
� �

ð9Þ

IE CM ¼ Is þ kcomp CM � PT
� �

ð10Þ

where PT is the packet duration and defined

as:PT ¼ T � Tsð Þ=No. Now, the various performance

metrics have to compute by using the above analysis of the

data-loss in Algorithm 1. The performance metrics

exploited further are the achieved throughput and data-loss,

interference efficiency and energy efficiency which are

computed as follows.

3.1 Computation of achieved throughput
and data loss

The throughput obtained due to collision free data-trans-

mission is defined as the achieved throughput (RA),

whereas the throughput obtained during collision is con-

sidered as data-loss of the network. The achieved

throughput of the proposed CRN is computed as:

RA ¼ ððIs � TsÞ=TÞ � log2 1 þ P1hss

NPCU

� �
ð11Þ

In the non-cooperative SM, kcomp NCM number of packets

lost which relies on the probability of the SM error due to

which the total data loss time is: kcomp � PT . Therefore, the

data-loss in this case is calculated as:

DLNCM ¼ ðkcomp NCM � PTÞ
T

� �
� log2 1 þ P1hss

NPCU

� �

ð12Þ

Similarly, in case of cooperative SM the data loss (DLCM):

DLCM ¼ ðkcomp CM � PTÞ
T

� �
� log2 1 þ P1hss

NPCU

� �
ð13Þ

3.2 Computation of the interference efficiency

The interference efficiency (IE) [23, 24] is a prominent

performance metric if the CU introduces interference at the

PU which is defined as the number of bits transmitted per

unit of energy imposed on the PU. In the proposed CRN, it

is ratio of the achieved throughput to the power received at

PU receiver when the original state of PU is active and due

to which the units are bits/joule/Hz. Now, the power

received at PU receiver due to CU transmission is con-

sidered as the interference to the PU communication (IF)

and for the non-cooperative and cooperative SM denoted as

IFNCM and IFCM , respectively, which are computed as:

Wireless Networks (2019) 25:989–997 993
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IFNCM ¼ kcomp NCM � PT

T

� �
� P1 � hsp ð14Þ

IFCM ¼ kcomp CM � PT

T

� �
� P1 � hsp ð15Þ

Further, the interference efficiency for the non-cooperative

and cooperative SM case is computed as follows:

IENCM ¼ RA

IFNCM

ð16Þ

IECM ¼ RA

IFCM

ð17Þ

3.3 Computation of the energy efficiency

The energy efficient nature of CRN supports the green

communication concept and liberates the customers from

futile power consumption. Therefore, the effect of non-

cooperative and cooperative SM on the energy efficiency

of the proposed CRN is analyzed. The energy efficiency

(EE) [25, 26] is defined as the ratio of achieved throughput

to the power consumed by the system and its units are bits/

joule/Hz. The power consumed for the non-cooperative and

cooperative SM case is defined as:

PCNCM ¼ ðIE NCM � TsÞ
T

� P1

� �
þ Ps þ PP ð18Þ

PCCM ¼ ðIE CM � TsÞ
T

� P1

� �
þ Ps þ PP ð19Þ

where PP and PS are the powers required for the spectrum

prediction and sensing techniques. Therefore the EE for the

non-cooperative and cooperative SM case is computed as

follows:

EENCM ¼ RA

PCNCM

ð20Þ

EECM ¼ RA

PCCM

ð21Þ

4 Results and discussion

This section presents the numerically simulated results of

the data-loss, interference efficiency and energy efficiency

for the proposed cooperative SM CRN model and have

compared with the non-cooperative SM CRN. The IEEE

802.22 is the first wireless standard relies on cognitive

radio [27] used to form the wireless regional area network

(WRAN), therefore the simulation parameters selected in

proposed CRN are inspired by WRAN standard and are

presented in the Table 1. Moreover, in order to validate the

proposed CRN, we have exploited the randomness in

emergence of PU using traffic intensity of PU and the

Monte-Carlo simulation for the 10,000 runs.

The variations of data-loss (in the form of packets) for

cooperative and non-cooperative SM are presented in

Fig. 2. The cooperative SM outperforms the non-coopera-

tive SM in terms of data-loss. Moreover, it is palpable that

the data-loss for non-cooperative SM increases almost

linearly however, in case of cooperative SM, it remains

constant for certain value of Pme till the Qme achieved the

value which causes packet loss greater than one. The

relation between the interference efficiency and probability

of SM error for cooperative and non-cooperative SM with

different traffic intensities is illustrated in Fig. 3. The

interference efficiency is an improved metric in case of the

cooperative monitoring as compared to that of the non-

cooperative SM for all considered values of the traffic

intensity. In addition to this, the non-cooperative SM

depicts the exponential decay of interference efficiency

with increase of probability of SM error, however, in case

of cooperative monitoring, the interference efficiency fol-

lows the fix value till the Qme causes data loss greater than

one and then starts decaying. Moreover, the increase in q
results the decrease in achieved throughput for certain

value of Pme as well as Qme and interference efficiency is

the ratio of achieved throughput to the interference intro-

duced at PU. Therefore, the interference efficiency is large

for small values of q and reduces with its increment in both

the cases of cooperative and non-cooperative SM.

The variations of interference efficiency with channel

gain from CU transmitter to the PU receiver (hsp) for

various values of the traffic intensity is depicted in Fig. 4.

The rate of change of interference efficiency is significantly

large for small values of hsp however it decays with

increase in the hsp. Moreover, the cooperative SM outper-

forms the non-cooperative SM in terms of interference

efficiency. As the channel gain from CU transmitter to PU

receiver increases for fix value of the channel gain form

CU transmitter to CU receiver, the interference efficiency

decays almost exponentially. The relation between the

energy efficiency and probability of SM error for various

values of the traffic intensity is presented in Fig. 5.

The energy efficiency is more in cooperative SM as

compared to that of the non-cooperative SM however it

Table 1 The simulation parameters for the proposed HTCRN

Parameter Value Parameter Value Parameter Value

T 100 ms No 100 hss 0.8

N 10 P1 6 W hsp 0.2

Ts 2.5 ms NPPU 0.4 W NPCU 0.4 W

PP 0.2 W PS 0.2 W
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decreases with increase in the probability of SM error for

both the cases i.e. non-cooperative and cooperative spec-

trum monitoring. In addition to this, the energy efficiency

shows inversely proportional relation with the traffic

intensity which means energy efficiency decreases with

increase of the traffic intensity.

5 Conclusion

In this paper, we have exploited the cooperative SM in the

CRN and have analyzed the data-loss, achieved through-

put, interference efficiency as well as energy efficiency. It

is concluded that the cooperative SM outperforms the non-

cooperative SM in terms of the aforementioned perfor-

mance metrics. Further, the Monte-Carlo simulations have

been exploited to validate the numerically simulated

results. This paper explores the homogeneous CRN in

which all the CUs have same SM error, however the case of

CUs with different SM error is more feasible which will be

explored in the future communication.

Acknowledgements The authors are sincerely thankful to the editor

and anonymous reviewers for their critical comments and suggestions

to improve the quality of manuscript. The authors are also grateful to

Indian Space Research Organization (ISRO) vide project no. ISRO/

Res/4/619/14-15 for financial aid.

References

1. Haykin, S. (2005). Cognitive radio: Brain-empowered wireless

communications. IEEE Journal on Selected Areas in Communi-

cation, 23(2), 201–220.

2. Mitola, J., & Maguire, G. Q. (1999). Cognitive radio: Making

software radio more personal. IEEE Personal Communication,

6(4), 13–18.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0

10

20

30

40

50

60

Probability of spectrum monitoring error

Av
er

ag
e 

nu
m

be
r o

f p
ac

ke
t l

os
t

Cooperative Monitoring
Non-cooperative Monitoring

Fig. 2 The variations of data-loss with probability of SM error

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0

20

40

60

80

100

120

140

160

Probability of spectrum monitoirng error

In
te

rfe
re

nc
e 

Ef
fic

ie
nc

y

Cooperative Monitoring
Non-cooperative Monitoring

ρ = 0.5

ρ = 0.7

ρ = 0.9

Monte-Carlo
0.3 0.35 0.4 0.45 0.5

0

5

10

15

20

25

Fig. 3 The relation between interference efficiency (bits/joule/Hz)

and probability of SM error

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

20

40

60

80

100

120

140

160

Channel gain between CU transmitter to PU receiver

In
te

rfe
re

nc
e 

Ef
fic

ie
nc

y

  Cooperative Monitoring

Non-cooperative Monitoring

ρ =0.5

ρ =0.7

ρ =0.9

Fig. 4 The variations of interference efficiency (bits/joule/Hz) and

channel gain from CU transmitter to PU receiver (hss ¼ 0:8)

0 0.1 0.2 0.3 0.4 0.5
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Probability of spectrum monitoirng error

En
er

gy
 e

ffi
ci

en
cy

Cooperative monitoring
Non-cooperative Monitoring

ρ = 0.5

ρ = 0.7

ρ = 0.9

Monte-Carlo

Fig. 5 The relation between energy efficiency (bits/joule/Hz) and

probability of SM error

Wireless Networks (2019) 25:989–997 995

123



3. Zhao, Q., & Sadler, B. M. (2007). A survey of dynamic spectrum

access: Signal processing, networking, and regulatory policy.

IEEE Signal Processing Magazine, 24(3), 79–89.

4. Alkyldiz, I. F., Lee, W.-Y., Vuran, M. C., & Mohanty, S. (2006).

NeXt generation/dynamic spectrum access/cognitive radio wire-

less networks: A survey. Computer Networks, 50(13),

2127–2159.

5. Thakur, P., Singh, G., & Satashia, S. N. (2016). Spectrum sharing

in cognitive radio communication system using power con-

straints: A technical review. Perspectives in Science, 8, 651–653.

6. Thakur, P., Kumar, A., Pandit, S., Singh, G., & Satashia, S. N.

(2017). Advanced frame structures for hybrid spectrum accessing

strategy in cognitive radio communication system. IEEE Com-

munication Letters, 21(2), 410–413.

7. Christian, I., Moh, S., Chung, I., & Lee, J. (2012). Spectrum

mobility in cognitive radio networks. IEEE Communication

Magazine, 6(6), 114–121.

8. Thakur, P., Kumar, A., Pandit, S., Singh, G., & Satashia, S. N.

(2017). Spectrum mobility in cognitive radio network using

spectrum prediction and monitoring techniques. Physical Com-

munication, 24, 1–8.

9. Boyd, S. W., Frye, J. M., Pursley, M. B., & Royster, T. C., IV.

(2012). Spectrum monitoring during reception in dynamic spec-

trum access cognitive radio networks. IEEE Transactions on

Communication, 60(2), 547–558.

10. Soltanmohammadi, E., Orooji, M., & Pour, M. N. (2013).

Improving sensing-throughput trade-off for cognitive radios in

Rayleigh fading channels. IEEE Transactions on Vehicular

Technology, 62(5), 2118–2130.

11. Ali, A., & Hamouda, W. (2015). Spectrum monitoring using

energy ratio algorithm for OFDM-based cognitive radio net-

works. IEEE Transactions on Wireless Communication, 14(4),

2257–2268.

12. Orooji, M., Soltanmohammadi, E., & Pour, M. N. (2015).

Improving detection delay in cognitive radio using secondary-

user receiver statistics. IEEE Transactions on Vehicular Tech-

nology, 64(9), 4041–4055.

13. Thakur, P., Kumar, A., Pandit, S., Singh, G., & Satashia, S. N.

(2017). Performance analysis of high-traffic cognitive radio

communication system using hybrid spectrum access, prediction

and monitoring techniques. Wireless Networks. https://doi.org/10.

1007/s11276-016-1440-7.

14. Thakur, P., Kumar, A., Pandit, S., Singh, G., & Satashia, S. N.

(2017) Performance analysis of high-traffic cognitive radio net-

work with imperfect spectrum monitoring technique. IEEE Sen-

sors Journal (under review).
15. Xing, X., Jing, T., Cheng, W., Huo, Y., & Cheng, X. (2013).

Spectrum prediction in cognitive radio networks. IEEE Wireless

Communications, 20(2), 90–96.

16. Barnes, S. D., Maharaj, B. T., & Alfa, A. S. (2016). Cooperative

prediction for cognitive radio networks. Wireless Personal

Communications, 89(4), 1177–1202.

17. Jian, Y., & Hang-Sheng, Z. (2015). Enhanced throughput of

cognitive radio networks by imperfect spectrum prediction. IEEE

Communication Letters, 19(10), 1338–1341.

18. Thakur, P., Kumar, A., Pandit, S., Singh, G., & Satashia, S. N.

(2017). Performance analysis of cognitive radio networks using

channel-prediction-probabilities and improved frame structure.

Digital Communication and Networks. https://doi.org/10.1016/j.

dcan.2017.09.012.

19. Pandit, S., & Singh, G. (2015). Backoff algorithm in cognitive

radio MAC protocol for throughput enhancement. IEEE Trans-

actions on Vehicular Technology, 64(5), 1991–2000.

20. Kay, S. M. (1998). Fundamentals of Statistical Signal Process-

ing: Detection Theory (Vol. 2). Englewood Cliffs: Prentice Hall.

21. Jiang, C., Zhang, H., Han, Z., Ren, Y., Leung, V. C. M., &

Hanzo, L. (2016). Information-sharing outage-probability analy-

sis of vehicular networks. IEEE Transactions on Vehicular

Technology, 65(12), 9479–9492.

22. Akyildiz, I. F., Lo, B. F., & Balakrishnan, R. (2011). Cooperative

spectrum sensing in cognitive radio networks: A survey. Physical

Communication, 4(1), 40–62.

23. Mili, M. R., & Musavian, L. (2017). Interference efficiency: A

new metric to analyze the performance of cognitive radio net-

works. IEEE Transactions on Wireless Communication, 16(4),

2123–2138.

24. Thakur, P., Kumar, A., Pandit, S., Singh, G., & Satashia, S. N.

(2017). Performance analysis of SMC-MAC protocol for dis-

tributed cognitive radio networks. IEEE Transactions on Vehic-

ular Technology (under review).
25. Chatterjee, S., Maity, S. P., & Acharya, T. (2016). Energy effi-

ciency in cooperative cognitive radio network in the presence of

malicious users. IEEE System Journal. https://doi.org/10.1109/

jsyst.2016.2631219.

26. Karmokar, A., Naeem, M., & Anpalagan, A. (2015). Green metric

optimization in cooperative cognitive radio networks with sta-

tistical interference parameters. IEEE System Journal. https://doi.

org/10.1109/jsyst.2015.2451996.

27. IEEE 802.22 Standard, May 2005. [Online]. http://www.ieee802.

org/22/.

Prabhat Thakur has received

M.Tech. degree in Electronics

and Communication Engineer-

ing from the Department of

Electronics and Communication

Engineering, Jaypee University

of Information Technology,

Waknaghat, Solan, India in

2015. He worked as Assistant

Professor in the Department of

Electronics and Communication

Engineering, in Gulzar Group of

Institutions, Ludhiyana, India

from July 2015 to November

2015. He joined as Junior

Research Fellow in the Department of Electronics and Communica-

tion Engineering, Jaypee University of Information Technology,

Waknaghat, Solan, India in November, 2015. He is currently pursuing

for his Ph.D. degree in the same department. His current research

interests are spectrum sharing and throughput enhancement in cog-

nitive radio communication system.

Alok Kumar has received

B.Tech. degree from U.P.

Technical University Lucknow,

India in 2007. He received

M.Tech. degree in Communi-

cation System from the Depart-

ment of Electronics and

Communication Engineering,

IIT BHU VARANASI, India in

2011. He is pursing Ph.D.

degree from Jaypee University

of Information Technology,

Waknaghat, Solan, India. He is

working as Assistant Professor

in the Department of Electronics

and Communication Engineering, Jaypee University of Information

Technology, Waknaghat, Solan, India, since November 2nd 2015. He

996 Wireless Networks (2019) 25:989–997

123

https://doi.org/10.1007/s11276-016-1440-7
https://doi.org/10.1007/s11276-016-1440-7
https://doi.org/10.1016/j.dcan.2017.09.012
https://doi.org/10.1016/j.dcan.2017.09.012
https://doi.org/10.1109/jsyst.2016.2631219
https://doi.org/10.1109/jsyst.2016.2631219
https://doi.org/10.1109/jsyst.2015.2451996
https://doi.org/10.1109/jsyst.2015.2451996
http://www.ieee802.org/22/
http://www.ieee802.org/22/


worked as Assistant Professor in the Department of Electronics and

Communication Engineering, in G.L.A. University Mathura, India

from July 2011 to October 2015. He worked as a Telecom Engineer in

ZTE Telecom Pvt. Ltd., from 2007 to 2008. His area of research

interests is next generation communication system, cognitive radio,

energy efficiency in wireless network.

Shweta Pandit has received

B.Tech. (Honours) degree from

Himachal Pradesh University,

Shimla, India in 2010. She also

received M.Tech. and Ph.D.

degree in Electronics and Com-

munication Engineering from

the Department of Electronics

and Communication Engineer-

ing, Jaypee University of Infor-

mation Technology,

Waknaghat, Solan, India in

2012 and 2015, respectively.

Currently, she is working as

Assistant Professor in the

department of Electronics and Communication Engineering, Jaypee

University of Information Technology, Waknaghat, Solan, India. Her

area of research interests is next generation communication system,

cognitive radio, wireless network, and capacity enhancement and

interference reduction in wireless channel.

G. Singh received Ph.D. degree

in Electronics Engineering from

the Indian Institute of Technol-

ogy, Banaras Hindu University,

Varanasi, India, in 2000. He was

associated with Central Elec-

tronics Engineering Research

Institute, Pilani, and Institute for

Plasma Research, Gandhinagar,

India, respectively, where he

was Research Scientist. He had

also worked as an Assistant

Professor at Electronics and

Communication Engineering

Department, Nirma University

of Science and Technology, Ahmedabad, India. He was a Visiting

Researcher at the Seoul National University, Seoul, South Korea. At

present, he is Professor with the Department of Electronics and

Communication Engineering, Jaypee University of Information

Technology, Wakanaghat, Solan, India. He is an author/co-author of

more than 250 scientific papers of the refereed Journal and Interna-

tional Conferences. His research and teaching interests include RF/

Microwave Engineering, Millimeter/THz Wave Antennas and its

Applications in Communication and Imaging, Next Generation

Communication Systems (OFDM and Cognitive Radio), and

Nanophotonics. He has more than 18 years of teaching and research

experience in the area of Electromagnetic/Microwave Engineering,

Wireless Communication and Nanophotonics. He has supervised

various Ph.D. and M.Tech. theses. He has worked as a reviewer for

several reputed Journals and Conferences. He is author/co-author of

four books ‘‘Terahertz Planar Antennas for Next Generation Com-

munication’’, ‘‘MOSFET Technologies for Double-Pole Four-Throw

Radio-Frequency Switch’’, ‘‘Spectrum Sharing in Cognitive Radio

Networks’’, and ‘‘Medical Image Watermarking: Techniques and

Applications’’ published by Springer.

S. N. Satashia obtained his

Diploma in Electronics and

Communication form Gujarat

Technical Education Board and

Bachelor of Engineering in

Electronics and Communication

from Gujarat University and

Joint Space Applications Centre

in 1984. He was mainly in

technology development for

various satcom based commu-

nication system for various

application like meteorological

data dissemination system for

IMD, news dissemination sys-

tem for PTI, Satellite Based Rural Telegraphic Network for NE State,

portable MSS Type-D terminal for voice communication, hand held

MSS Type-C terminal for reporting and small message communica-

tion, Distress Alert Transmitter for safety of fisherman in sea, Auto-

matic Weather Data collection system for weather prediction,

Cyclone warning system for sending warning message, Tide gauge

and Tsuna meter data collection for Tsunami prediction, handheld and

portable terminals for high power MSS satellite etc. Presently, he is

Group Director-Satcom and Navigation Ground System Group

(SNGG) and also project Director-Communication Support under

DMSP, GSAT-11 Ground System Realization and GSAT-19 Ground

System Realization.

Wireless Networks (2019) 25:989–997 997

123


	Performance analysis of cooperative spectrum monitoring in cognitive radio network
	Abstract
	Introduction
	System model
	Performance analysis of proposed CRN
	Computation of achieved throughput and data loss
	Computation of the interference efficiency
	Computation of the energy efficiency

	Results and discussion
	Conclusion
	Acknowledgements
	References




