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Abstract Cognitive radio was introduced to fill up the
imbalance between spectrum scarcity and spectrum under-
utilization. So to make such an ideology work, a network
which can utilize all the available channel in the best efficient
manner, without causing any harmful interface to primary
user (PU) and maintaining the Quality of Service (QoS) for
cognitive user (CU) is required. In both Mesh as well as
ad-hoc networks, effective utilization of the white-spaces by
the CUs maintaining the QoS for both primary and CU is
a challenging task due to the frequent and instant change
in their channel status. In this paper an intelligent-MAC (i-
MAC) for cognitive radio (CR) using two transceivers based
on hybrid approach of combination of cooperative decision
and contention-free approach is proposed. Cooperative deci-
sion, to overcome hidden node or the case when there is
no common channel between the CU’s and contention-free
approach, to solve the issues in contention mechanism, where
same channel is selected simultaneously by multiple CU’s.
Proposed CR-i-MAC permits an effective dynamic spectrum
access to CUs without effecting the QoS for PU’s. The simu-
lative performance analysis of proposed CR-i-MAC is tested
in various critical cases like multi-channel single-radio and
multi-channel multi-radio over different on demand routing
protocols like dynamic source routing, ad-hoc on demand
distance vector and weighted cumulative expected transmis-
sion time using network simulator (NS-2). The performance
of the network is measured on the basis of parameters
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like throughput, delay and interference. The analysis of the
simulation results shows that the proposed CR-i-MAC out-
performs various other CR MAC’s in terms of both increased
throughput and reduced delays thereby making the system
stable and efficient.

Keywords Cognitive radio networks - Contention-free -
Dynamic spectrum access - Spectrum management - Hidden
node - Cooperative

1 Introduction

Cognitive radio (CR) is an emerging technology equipped
to figure out the problem of spectrum scarcity. Opportunis-
tically detecting the vacant portions of the spectrum and
transmitting over them, while safeguarding the working of
licensed or primary users (PUs) [1,2]. Innovations in wireless
technologies like software defined radios (SDRs), provide
solution to limitations in legacy wireless communication
systems. Inefficient utilization and management of radio fre-
quency (RF) spectrum for both licensed and unlicensed bands
is one of the basic and foremost problem of legacy wire-
less communication. Even now a days, Regulatory Agencies
manages RF spectrum by allocating fixed portions of radio
spectrum to so called PU. This ensures interference free com-
munications between two end users and at the same time
suffers from spectrum wastage during non-communicable
periods. To take control over the spectrum scarcity and
underutilization, several bodies headed by the Federal Com-
munications Commission (FCC), have been taking action to
make a new prototype for spectrum management. FCC in
2002, reported that more than 70 % of the allocated Radio
Spectrum is idle at particular times or geographic locations
[3]. To keep up pace with growing demand, more efficient
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dynamic spectrum access (DSA) technologies are required
[4,5] . This forces, to adapt to the dynamically changing spec-
trum resource, learning about the spectrum occupancy and
making decisions on the quality of the available spectrum
resource, which includes its expected duration of use, prob-
ability of disruption caused by the licensed users. Thus, CR
Networks help to make efficient use of the available spectrum
holes for CR operation [3]. In addition, frequencies reserved
for public service may experience intermittent use and the
frequent quiet periods may also be used for CR transmis-
sion.

In each of the above cases, an important consideration is
the error-free detection of spectrum holes and utilize them in
best dynamic way without causing any performance degra-
dation to the PUs fixed to that particular band. Lot of research
have already been done over the physical layer sensing. This
motivates the research in cognitive radio-medium access con-
trol (CR-MAC) protocols, with an aim for providing efficient
means of sensing the channel to determine its occupancy,
and sharing the spectrum among the other CR. While doing
so, maintain zero or bearable interference to the licensed
user, as they have priority usage over the channel than cog-
nitive users. The CR-MAC protocols differ from standard
MAC, as CR-MAC schemes have close coupling of hardware
support of the system with the physical layer. To illustrate
this in detail, the carrier sense mechanism used by MAC
layer in standard-MAC’s does not disclose complete infor-
mation regarding the channel owing, as they are incapable
to differentiate between the energy radiated by PUs or other
secondary user in the spectrum [6]. Moreover, in case of colli-
sion, re-transmission of packets starts but in cognitive radio
networks, transmission must terminate immediately due to
PU activity. To differentiate this, the physical layer may sup-
port the MAC layer in the implementation of the sensing
strategy and identifying the origin of the radiated power by
baseband analysis of the spectrum shape. A general frame-
work of the spectrum functions and the inter-layer coupling
is shown in Fig. 1. Based on the RF stimuli from the physical
layer RF environment, the sensing scheduler of CR-MAC
can determine the sensing and transmission times. Spectrum
Access can manage the availability of the spectrum when
required. The spectrum sensing block plays critical role, both
in terms of long term channel characterization and ensur-
ing the vacant channel at time of actual data transmission
[7.8].

Therefore the MAC for DSA based cognitive radio net-
works (CRNs) needs to designed in such a way that sensing
of spectrum holes and continuous monitoring of dynamic
changing environment is detected instantly. This is very chal-
lenging task as interest of not only PU but also the cognitive
user is required. Various MAC protocols for CRN’s have
been proposed in [9-32] based on mesh as well as ad-hoc
networks.
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Fig. 1 Cognitive radio MAC capabilities [8]

In this paper, issues in CR-MAC strategy’s in which there
is collision in detection of same channel by multi cogni-
tive users and hidden node problems. Both these issues are
solved by using hybrid approach of combination of coopera-
tive decision, to overcome hidden node or the case when there
is no common channel between the CU’s and contention-free
approach, to solve the issues in contention mechanism, when
same channel is selected simultaneously by multiple CU’s.
This permits an effective DSA to Cognitive Users as well as
maintain QoS for PU’s.

The rest of the paper is organized as follows. Section 2,
discusses the present state of research and the gaps in this
research area. Section 3, describes the system model covering
the environmental scenario in Sect. 3.1, Proposed CR-i-MAC
in Sect. 3.2 and numerical analysis of the proposed approach
in Sect. 3.3. Simulative performance analysis of the proposed
model is done in Sect. 4, discussing the simulation environ-
ment in Sect. 4.1 and Simulation results in Sect. 4.2. In Sect.
5 conclusion is drawn.

2 Present state of research and research gaps

Countless CR-MAC protocols have been proposed so far
to overcome one or the other issues but concentrating on
CR-MAC’s for multiple channels featuring hidden node
problem or collision mechanism [9-30] are few remarkable
researches.

Zhao et al. [9] proposed decentralized CR-MAC proto-
col based on the concept of partially observable Markov
decision processes (POMDP). This concept not only reduces
the system complexity but also enhance the system perfor-
mance by ensuring synchronous hopping within the spectrum
bands. In [10] Hsu et al. proposed a statistical channel alloca-
tion (SCA)-MAC protocol for decentralized CRNs based on
CSMA/CA protocol, which providing minimum interference
to PUs, as the negotiation of transmission parameters is done
over the control channel before setting up link between the
sender and receiver. In an other proposal Motamedi etal. [11],
proposed distributed spectrum-agile MAC protocol, based
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on CSMA/CA protocol for dense networks with dynamic
channel selection algorithm. Felegyhazi et al. [19] also used
CSMA/CA concept with game theory approach. Complexity,
impractical and instability are certain issue associated with
game theories. All of the above systems have decentralized
control, so hidden node problem exists in them. To solve
this Cordeiro et al. [12] proposed Cognitive-MAC (C-MAC)
based on sharing of information during the beaconing period,
to solve hidden node problem and Rendezvous channel (RC)
for coordination within the nodes, but increases system com-
plexity. Chen et al. [13] proposed a cluster-based framework
for CRN which have the ability to adapt logically, to the
dynamic changing environment based on sharing by local
common channels, Neighbour discovery and cluster forma-
tion. In [14] Jia et al. features, hardware constrained MAC
(HC-MAC) protocol for efficient spectrum sensing, sharing
and access decision for ad-hoc CRNs without any synchro-
nization within the network, but suffers from hidden node
problem and deafness. Su et al. [15] propose a cross layer
design of MAC protocol for multi-channel with cooperation
with spectrum sensing at physical layer and packet schedul-
ing mechanism at MAC layer, using different transceivers
for control channel and data channels, while in [17], Cogni-
tive Radio EnAbled Multichannel (CREAM-MAC) protocol
is proposed, to solved the hidden node and synchronization
associated in [15] but traps into issue of more communication
overheads.

In [16,20,25,27,30,33,34] all authors worked on multi-
channel networks without common control channel (CCC)
and solved the issues like channel saturation, multi-channel
hidden problem and Denial of Service (DoS) [16] featur-
ing, congested CRNs [20], decentralized CRNs whereas [25],
focuses on minimum interference, channel access time and
packet loss [27], named it as Concurrent Access MAC (CA-
MAC) and [30] as Dynamic Common Control Channel-based
Medium Access Control (DCCC-MAC) protocol for central-
ized CRNs. All have same ultimate goal of less interference,
less delays and high throughputs but differ in their implemen-
tation. In [21,29] proposed solution to hidden node problem
in multi-channel CRN environments. Ke et al. in [21] used
cooperative detection based time division multiple access
(TDMA) approach named Multi-channel CR MAC (MCR-
MAC) while Khatiwada et al. [29] used directional antenna
for the same and named it as Multi-Channel MAC proto-
col for Directional Antennas (MCMDA). Lau et al. [24]
proposed a Bi-directional CR MAC (Bi-MAC) protocol for
easy negotiation and reserve bandwidth. Hamdaoui et al.
[18], proposed Opportunistic Spectrum MAC (OS-MAC) for
opportunistic sensing, accessing and sharing, and compared
its performance with an Ideal-MAC protocol. Kahraman et
al. in [22] proposed a Protection and Fairness oriented Cog-
nitive Radio MAC protocol (PROFCR) for ad-hoc CRNs by
completely eliminating the process of spectrum sensing. CUs

take decisions for channel selection by calculating state vari-
ables of channels using only local information. This process
reduces hand-overs count, thereby decreases the delays due
to frequent channel shifting. The new concept of active and
passive primary users is proposed by Dappuri et al. [26] in
which PUs transmit their intention over the channel through
beacons before actual transmission starts.

Lim et al. [23] proposed a Self-scheduling Multi-channel
Cognitive MAC (SMC-MAC) protocol using single trans-
ceiver, allowing multiple cognitive users to transmit data over
the sensed vacant channels by combining two cooperative
channel sensing algorithms, Fixed Channel Sensing (FCS)
and Adaptive Channel Sensing (ACS) along with slotted
contention mechanism to exchange channel request infor-
mation for self-scheduling. Pandit et al. [28] extended the
work of Lim and proposed a novel distributed CRN with
back-off algorithm in the Self-scheduled Multichannel Cog-
nitive radio MAC (SMC-MAC) protocol for the contention
solving among the cognitive users and hence, reserve the
licensed channels for data transmission. This back-off algo-
rithm allows the cognitive users to access the idle channel
within the same cycle time during collision which was not
possible in [23] explained in detail in Sect. 3. However this
back-off algorithm introduces more overheads and delays
making the system more complex and complicated. More-
over in this technique the contention slots are made flexible
i.e. increase in collisions of cognitive users the contention
slot increases, thereby decreasing the data transmission time
of that Cycle time. In short, performance of the network
degrades as the cognitive users increases or PUs activ-
ity increases. To overcome this a novel approach of using
two transceivers is proposed, in which best quality channel
according to the requirement of the cognitive user is chosen
and sharing of information is passed over to other cognitive
users which not only avoids simultaneous accessing of one
channel by different cognitive users but also solves the prob-
lem of multi-channel hidden node problem.

3 System model

In this section the detailed overview of the system is
discussed, covering the environment scenario, Proposed CR-
i-MAC and its numerical analysis.

3.1 Environment scenario

Simulation environment of the network is kept as simple as
possible to analysis the proposed CR-i-MAC as shown in
Fig. 2. We are considering two types of networks, primary
user network and cognitive user network. Primary user net-
work is presumed to be as modern cellular network with
Pch orthogonal channels and traffic is based upon Poission
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Fig. 2 Network model

Distribution [32]. Cognitive users senses the idle primary
channels (P.y) and opportunistically utilize those channel
until required by the PUs. We are using MAC-layer sensing
mechanism and assuming the sensing to be perfecti.e no false
alarm and missed detection [35-37]. Cognitive user network
is composed of cognitive user having two transceiver in full-
duplex mode with SDR which allow the cognitive user/node
to switch to the required channel. Two transceivers allows
the CU to transmit and receive signal from different chan-
nel simultaneously, thereby allowing the node to transmit
over one channel and at the same time listening to the other
channel within the same cycle time discussed in next sub-
section. Accuracy of the system increases with the increase
in sensing by each terminal as continuous monitoring of the
primary channels detect the presence of PU. This restricts
the use of primary channel by cognitive user when required
by PU and maintains the QoS for PUs. Power consumption
and complexity increases as the frequent sensing by each CU
increase therefore the concept of sharing the sensed results
with the other CU’s is used to limit the excessive sensing of
channels by each terminal, which also provide a solution to
hidden node problem.

3.2 Proposed CR-i-MAC

Whole process of CR-i-MAC is divided in three interval,
Sensing & Sharing interval (Tss), Contention interval (Tc)
and Transmission interval (7t). Sensing & Sharing interval
is quite similar to the sensing-sharing time-frame of [14,23,
28]. Sensing of the channel and sharing of the sensed data to
other CU’s within the network is done during the T’ss interval.
Decision for the appropriate channel according to the demand
of the CU is done during the Tc time-frame, whereas the final
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data transmission from the source to destination over the pre-
decided channel and its successful ACK (Acknowledgement)
by the destiny in response to the error free delivery of data, is
done during the 7t time-frame. To improve the performance
of the system, T'ss and Tc should be as small as possible so
that the time-frame for 77 increases significantly. So in this
proposed model, techniques to reduce T'ss and Tc¢ is used, so
that the overall performance of the network is enhanced in
terms of increased throughput and reduced delays, also the
interference level is within the tolerable range (Table 1). All
these three process constitutes one Cycle time, immediately
after the receiving of ACK by the corresponding CU in the
Tt interval, the next cycle starts and this goes on unless or
until PU appears. Detailed description of each process is as
follows:

3.2.1 Sensing and sharing (Tss)

Sensing is considered as the most vital part for cognitive
radio networks (CRN5). To determine the performance of the
network, accurate sensing and sensing-time are the essential
parameters. In this proposed model sensing-time is consid-
ered and sensing is assumed to be perfect i.e. no false alarms
or missed detections. Sensing issues related to false alarms
and missed detections are discussed and solved in [36,37].
So to improve the performance of the system, CU’s should
sense as many primary channel as possible. Complexity, cost,
power consumption and sensing-time are the factor directly
associated with sensing [38]. In short it can be said that
increased sensing increases the complexity, power consump-
tion, cost and sensing-time of the system thereby degrading
the performance of the overall network. So to balance this,
trade-off needs to be maintained so that all the primary chan-
nel are sensed without increasing the system complexity,
cost, power and sensing-time. This is done by cooperation
within CU’s i.e sharing of sensed data by CU’s with other
CU’s. To make clear understanding, network scenario with
five Primary channels (Pcn) and four CU’s is considered.
Each CU’s is required to sense all the five (P.y,), but in this
proposed model, motive is to sense all the primary channels
not an individual sensing of all primary channels by each CU.

In this proposed model Sensing and Sharing Time-frame
is similar to [14,23,28], which is divided in (Pcp) slot which
is equal to no. of Primary Channel present in the network and
each slot is further divided into three sub-slots as shown in
Fig. 3. CU’s randomly selects the ‘i’ channel, | <i < Py
and senses during the 1st sub-slot and shares the sensed data
over the control channel during the 2nd and 3rd sub-slot. The
sharing of result is done using tone signal ‘0/1’. The sub-slot
tones ‘0’ in 2nd and 3rd sub-sloti.e. ‘00’ for channel sensed-
idle, ‘01° for channel sensed-busy and ‘11’ for channel not-
sensed as shown in Table 2. The not-sensed ‘11’ case is
treated as busy channel in contention-time frame so that no
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Table 1 List of symbols and

notations Description Notation/symbol Equation no.
Total number of primary channels Py 3
Sensing and sharing interval Tss 17
Contention interval Tc 17
Transmission interval Tt 17. 18, 19, 20, 21
Total number of cognitive users M 7,8,12,12 13, 14,15 16
Maximum interference time T; 1,2
Probability of interference P(i) 1,2
Time interval between two primary calls T 1
Exponential distribution rate A 1,2
Cycle time Tc, Tcycle 1,2
Utilization a 3,4
Number of idle channels Nidie 3,6, 10
Probability of channel to be idle P (Nydie) 3
Number of sensed idle channels Stdle 4,5,6,10, 11, 19, 21
Probability of sensed channel to be idle P (Staie) 4,5,10,11
Maximum sensed channels SMax 4,5
Average of sensed idle channels Avg[Sigie] 5,6,11
Accuracy n 6,7,8
Probability that idle channel is not-sensed PNot-sensed 8,9
Probability that idle channel is sensed Psensed 9,10
Successful allocation of contention slot Psuccess 13, 14
Maximum throughput T hviax 19
Data rate R 19, 20, 21
Throughput for contention based approach T hContention 20
Throughput for contention-free based approach T hContention-free 21
Gueine Table 2 Status of sensing and State Status
Sensing & Sharing Contention Transmission sharing sub-slot
Tos To Tt 00 Sensed idle
Y Y 01 Sensed busy
! ‘ ’ ‘ ‘/P*‘J\‘ i 11 Not sensed

1 2 3

SS slot

lst Subslot,,,2nd Subslof; 3rd Subslot

SS slot

Fig. 3 Sensing and sharing time-frame

errors occurs during the simulation process. Algorithm 1 in
next sub-section shows the complete process of Sensing &
Sharing Time-Frame.

3.2.2 Contention interval (Tc)

After the sensing and sharing of sensed data by the CU’s,
the process of decision making i.e. the channel allocation by

the CU’s is done, this takes place within the contention time-
frame of the cycle time. This process is novel and completely
different from other contention process discussed in the Sect.
2. In this process the Contention time-frame is divided into
‘M’ slots which are equal to no. of CU’s present in the net-
work and no collision will occur while allocating the channels
to the CU as shown in Fig. 4, while in [14,23,28] contention
slots are dependent on Primary channels and is endangered
to the problem of collisions of selecting same contention slot
with different CUs.

To understand this a network model with four CU’s and
five primary channels is considered. The sensed result by the
CU’s during the Tss time interval is represented in Fig. 5.
From this figure it can be seen that CU1 detects Chl and
Ch2 as idle and all other channels as busy. Busy can be the
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Call 1 Call 2
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Fig. 4 Contention time-frame
Channels
———
Ch1 Ch2 Ch3 Ch4 Chb
cu1 Idle Idle Busy Busy Busy
o
73
2 cu2 Busy Idle Idle Idle Busy
2
S| cus| e Busy | Idle Busy | Busy
o
(&)
cuU4 Idle Idle Busy Busy Busy

Busy: if sensed Busy or Not-Sensed
Idle: if sensed idle

Fig. 5 Sensed data representation

case if the sensed result is busy or not-sensed as shown in
Table 2. CU2 detects Ch2, Ch3 and Ch4 as idle, CU3 detects
Chl and Ch3 as idle whereas CU4 detects Chl and Ch2 as
idle. ChS5 is detected always busy, this may be the case of PU
using this channel. Now firstly, the least common channel
will be selected by the corresponding CU as in this case Ch4
is detected idle only by CU2, so Ch4 will be win case for
CU2. Now the next least common channel i.e Ch3 will be
considered. Ch3 is detected idle by CU2 and CU3, as Ch4 is
already assigned to CU2 so Ch3 will be the win case for CU3.
Now Chl and Ch2 are left with, so in this case the channel
is allocated either randomly or according to the demand and
requirement of the CU. Algorithm 2 in the next sub-section
show the pseudo-code for Contention Time-Frame.

3.2.3 Transmission interval (Tt)

Immediately after the allocation of channels is done during
the Contention Time-Frame the transmission of data packets
from source to destination starts over the channel allocated
during the Contention interval. After the successful deliv-
ery of data a corresponding Acknowledgement (ACK) is
received by the source, confirming the end of error-free trans-
mission as shown in Fig. 6. As described earlier the CU node
is equipped with two Transceivers one for transmission and
other for continuous monitoring of the PU activities. So, if
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Fig. 7 Maximum interference time

during this transmission process PU emerges, CU vacant
the Primary channel, the next cycle starts and resumes the
transmission to the destination over the next allocated chan-
nel. Algorithm 3 in the next sub-section show the complete
process of Transmission Interval.

3.3 Numerical Analysis

In this section numerical analysis of the proposed CR-i-MAC
in context to the different parameters used for Cognitive
Radio Network is discussed. The statistics for primary chan-
nels are based on [23,32].

To detect the emergence of PU, continuous monitoring of
PU channels need to be done, whereas continuous monitoring
causes interference, so to enable continuous monitor without
interfering with the PU to maintain QoS for both Primary as
well as Cognitive Users, Maximum interference time needs
to be analysed. Maximum interference time is the maximum
time an CU is allowed to interfere with PU communication or
simply we can say that time interval between the two calls as
shown in the Fig. 7. T; can also be considered as Cycle Time
i.e. combined time-frame for sensing, Sharing, Contention
and Transmission process.

According to Willkomm et al. [32] calculated the maxi-
mum interference time (7;) using the camulative distribution
function, if the call arrival process is exponential. Therefore
the probability of interference P (i) that CU interfere with
PU is expressed as follows:-

P(i)=P[T <Tj]=1-¢ (1

where, T is an inter-arrival time between two primary calls
having exponential distribution rate of A. So, from Eq. 1, we
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can calculate 7; from as:-

In(1 —P)

Ti=-— @

This Maximum interference time 7; is considered as Cycle
Time T, hereafter. All the PU channels needs to be sensed
with this Cycle Time T,.. Considering, the total no. of Pri-
mary User channels are ‘P, and all have same utilization «
and this can be considered as probability that PU channel is
busy. If ‘Ngie” be the total no. of channels to be idle, there-
fore the probability that channel is idle will follow binomial
distribution [23] as follows:-

P —
P(Nuie) = (NI(;}II ) - O‘)ﬁ’ile X (xPCh Nidle
(&
where, 0 < Nygie < Pen 3)

If “Siqie” be the sensed idle channels by single CU from
the total sensed channels ‘Syax” Eq. 3 becomes:

P(Stqre) = (iﬁ?x) a1 - a)SIdle « o SMax—Sidie
(&

where, 0 < Sigle < SMax 4)
The Average no. of sensed idle channel will be :-
SMax
Avg[Sidie] = Z Stdle X P (Sidte) (%)

Stdie=0

Ratio of Idle channels i.e. Eq. 3 and Sensed-Idle channels
i.e. Eq. 4, will drive the probability ‘n’ that an idle channel
is sensed among the idle channels by an CU as:-

Sensed idle channels

" Number of idle channels

_ Avg[Sidie] (6)
Avg[Nygie]

As the CUs senses the primary channels independently,
the probability P ()’ that an idle channel is sensed by ‘jth’
CU among ‘Mcy’ cognitive users follows the binomial dis-
tribution as:

P(j) = (M;?U) W x (1= Ve
where, 0 < j < Mcy @)

Now from above equation Probability that an idle channel
is not-sensed, ‘ Pnot-sense . can be calculated as:

PNot-sensed = (1 — n)MCU (8)

Therefore the Probability that an idle channel is sensed
will be:-

Psensed = 1 — Pnot-sensed (9)

Now the probability distribution of sensed idle channels,
‘Stale” from idle channels, ‘Nygie” by each cognitive user can
be calculated using Eqs. 4 and 9 as:

N p—
P (Sidie) = ( SII((;llle) (PSensed)SIdle (1= Psensed)NIU‘le Sidie

(<

where, 0 < Sygle < Nide (10)

The average no. of sensed-idle channels by ‘Mcy’ cogni-
tive users will be:

Nidie

Avg[Siael = D Sigie X P(Siaie) (11

Stdle=0

After the sensing by each CU, the sensed results is further
shared with the other CUs, to mitigate the problem of hid-
den channels or to speed up the sensing process. Algorithm 1
show complete process of sensing & Sharing Interval as dis-
cussed earlier in this section.

Algorithm 1 Sensing and Sharing Time-Frame

1: procedure SENSING AND SHARING OF SENSED RESULT BY
COGNITIVE USERS

2: Initiate:- P.j, < 6 > Available Primary Channels
3: Smax < 0 > Maximum channel sensed
4: Stdate < 0 > Sensed-Idle Channels
5: count = 1

6: Ch_Num[.]

7. fori =1to P, do

8: if i == Ch_Num[count] then

9: count++

10: Sense the status of channel ’i’

11: if Ch_Num[count] == I DLE then

12: Sldle ++

13: Broadcast 00 > Sensed-Idle
14: else if Ch_Num[count] == Busy then

15: Broadcast 01 > Sensed-Busy
16: else

17: Channel Not-Sensed > Not-Sensed
18: end if

19: SMax ++

20: if Syrax < P, then

21: Goto Step 7

22: end if

23: end if

24: end for

25: end procedure

After sensing and sharing the sensed data within the
‘Mcu’ cognitive users, the CU’s start competing to reserve
the sensed-idle channels during the Contention Time-frame.
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In [23,28] each CU randomly selects a contention slot from
the total number of contention slots ‘M’ in the Contention
intervals. Random allocation of channel to the CUs not only
increase the system complexity and contention interval but
also cause allocation of same contention slot to multiple CUs.
The numerical analysis as shown in [23] is expressed as:

P(S) _ (MEU) rs(l _ r)MCU—s

where, 0 < s < Mcy (12)
where, ‘s’ is the no. of CU that randomly selects the con-
tention slot and ‘P (s)’ represents the probability of the same.
‘M’ are the total no. of contention slot therefore ‘1/M’ will
the probability of selecting each contention slot. If ‘s = 1’

the successful allocation of contention slot is be expressed
as:-

M -
PSuccess = P(1) = (1 CU)r(l — ryMev=t (13a)
= Mcy r(1 —ryMev! (13b)

If variable, ‘¢’ contains the value of successful CUs then
its probability will be given as:-

M _
P(t) = ( ¢ ) (PSuccess)t(l - PSuccess)M !

where,0 <t <M (14)

The average number of successful CUs is calculated from
(12) as:

M
Avg[T]= >t P(t) (15)

t=0

Therefore the average no. of collided CUs will be:-

M
Avg[Cl=Mcy — > _t- P(1) (16)
t=0

According to the [23,28], the average number of success-
ful CUs tends to increase as the number of contention slots
increases as shown in Fig. 8. For successful allocation of
contention slot to CU, minimum 100 to 200 contention slot
are required. Increasing contention slots no doubt increases
accuracy and reliability but at the same time increases com-
plexity and delay. Moreover with the increased contention
slots the Contention Interval increases which in turns reduces
the transmission interval. So to overcome these problems, a
completely new approach of allocating the channels to the
cognitive user is applied, as discussed earlier in this Section.

@ Springer

Algorithm 2 Contention Time-Frame

1: procedure ALLOCATION OF CHANNELS
2: Initiate:- 1 <i < Py,

> Primary Channels

3 count = |

4 fori =1to P, do

5 if Chli] == IDLE then

6: count ++

7 Switch(count)

8: Case 0

9: Occupied by Primary User

10: Case 1

11: Assign to the Corresponding Cognitive User
12: Case 2

13: if Both CU are not assigned then
14: Random Channel or By Demand
15: else

16: Chli] not assigned to CU

17: end if

18: end if

19: end for

20: end procedure

Variation in successful CUs with contention slot
25 T T T T

Average Successful CUs

0 100 200 300 400 500
Contention Slots

Fig. 8 Effect on successful sensing of CUs by varying contention slots

The pseudo-code for this contention approach is shown in
Algorithm 2.

Immediately after the successful allocation of channels by
the CUs, the transmission of data over the reserved primary
channels during the contention interval starts. As the whole
Cycle time is composed of T'ss, Tc and T't as:

Tcycle=Tss+Tc+ Tt (17)
Therefore ‘Tt can be expressed as:

Tt =Tcycle — (Tss + Tc) (18)
To increase the Transmission ‘7T't’ Time-frame, ‘Tss’ and
‘Tc’ should be as less as possible. In this proposed CR-
i-MAC, Contention free approach is used, which reduces

the time-frame of both ‘T'ss’ and ‘T'c’. Reducing the ‘T'c’
and ‘T'ss’, an equivalent increase of ‘Tt’ time is measured,
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enhancing the performance of the system. Maximum achiev-
able throughput is considered to be the throughput when all
the sensed idle channels are utilized by available CUs. So,
maximum achievable throughput can be computed as product
of the average number of sensed idle channels ‘Avg[Sie]’,
time interval for transmission per Cycle time ‘(7't/ T cycle)’
and data rate ‘R’. Therefore the maximum throughput is
given as [23]:

Avg[Sigie] - Tt - R
Th = 19
Max Tcycle (19)

In contention based approach, the throughput is calculated
as [23] and [28] as:

N -Chyge - Tt - R
ThContention = = (20)
Tcycle

where, ‘N’ are successful CUs and ‘Chyqje’ are sensed-idle
channels. In contention based approach, cases when channel
is sensed idle even then, the channel is not allocated to the
CU, due to collision during the contention interval. But in
this CR-i-MAC, contention free approach is used (discussed
earlier in this section) which overcomes this problem. The
algorithm of the Transmission interval is shown in Algo-
rithm 3. Therefore the throughput is only dependent on no.
of sensed idle-channel as:

Stale - Tt - R

ThContention—free = T (2 1 )
Tcycle

Algorithm 3 Transmission Time-Frame

1: procedure TRANSMISSION OF DATA PACKETS
2: Initialize: 1 < j M > M Total no. of CU’s

3: CU[j]

4: ACK =1 > Acknowledgement
5: if Ch[i] = CU[j] then > Assigned in algo 2
6: Transmit over the assigned channel

7. if ACK Received then

8: Transmission Successful

9: else

10: Repeat algorithm 1 > Next Cycle starts
11: end if

12: end if

13: end procedure

4 Performance evaluation
4.1 Simulation environment

To test the network, an artificial environment is created using
Network Simulator (NS2). In this environmental set-up 6
nodes are used, out of which 2 are configured as PUs and
four mobile Cognitive Users as shown in Fig. 9. PUs are con-
figured to parameters similar to [39], with non-overlapping

Fig. 9 Network model

Table 3 Simulation parameters

Parameters Values

Simulation tool
Network topology
Network area

Mobile nodes
Primary user
Cognitive user
Primary user channels
Routing protocol
Propagation model

Cognitive user mobility

NS2-2.31 with CRCN patch [41,42]
Ad-hoc random

1000 x 1000 m?

6

2

4

5

AODV/WCETT

Two-ray ground

Speed = 0-2 m/s (random)
PT? = 0-12 s (random)

Traffic type Constant bit rate (CBR)
Packet size = 500 bytes
PORP = 4 packets/s
Simulation time 50s

4 Pause time
b Packet outgoing rate

transmission range shown in Fig. 9, as Node 1 and Node 2,
whereas Node 3, 4, 5 and 6 are Cognitive Users. Node 3 and
5 are in range of PUI and Node 4 and 6 in range of PU2.
System model is explain in detail in Sect. 3 and the simula-
tion parameters used for the simulation are tabled under the
Table 3.

The proposed CR-i-MAC is implemented based on IEEE
802.11 MAC [39], configured with cognitive capabilities
using Cognitive Radio Cognitive Network (CRCN) patch, as
build over environment based on NS2. 6 nodes are deployed
over the network area of 1000 x 1000 m?. Random node
mobility is assigned with node speed varying from O to 2
m/s and random pause time 0 to 12 s. This proposed CR-i-
MAC is tested over both shortest-path routing protocols like
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Throughput of proposed CR-i-MAC with Diff. Routing Protocols Delay of proposed CR-i-MAC with Diff. Routing Protocols
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Fig. 10 Throughput of proposed CR-i-MAC

AODV/DSR and link-quality routing protocol like WCETT
[40]. The performance of proposed CR-i-MAC is compared
with various other existing CR-MACs. The motive is to
check the performance of proposed CR-i-MAC using multi-
ple radios and channels. Simulation is repeated by simulating
the network environment with single and two interface node
configuration. The network is tested and analysed with 1, 3,
5 channels per radio. The accuracy of the system is measure
up-to 2 decimal values i.e. 1/100 of second. The average
throughput, delay and interference with the PU is calcu-
lated as discussed earlier in previous section. The simulative
results of all 100 value over a second is calculated and plotted
as average throughput, delay and Interference.

4.2 Simulation results

For the fair and effective testing of the proposed CR-i-MAC,
experimented simulation is done by using this proposed
CR-i-MAC over both distance vector (AODV) and dynamic
source routing (DSR) protocol and Link quality routing
protocol (WCETT). In the simulation results, AODV/DSR
protocols configured for multi channel CR is used and named
as AODV and DSR respectively in the graphs.

In the first experiment the proposed CR-i-MAC is simu-
lated with AODV, DSR and WCETT at 1 channel per PU.
Fig. 10. shows the simulated average throughput in bytes
per second over the period of time. As this experimental set-
up is for single radio, the proposed CR-i-MAC performance
equally well with all the routing protocols like AODV, DSR
and WCETT. The overall average throughput is observed
to be 37520 byte/s for WCETT, 38208 bytes/s for AODV
and 38368 bytes/s for DSR. DSR protocol perform better
for single channel low-mobile networks, therefore simulation
shows marginally improved throughput. The average delay
for the same first experimental set-up is plotted in Fig. 11
shown below. The overall average delay using DSR is 2.906
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Fig. 11 Delay of proposed CR-i-MAC

Throughput analysis of proposed CR-i-MAC for Multi-Radio
Multi-Channels
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Fig. 12 Average throughput of proposed CR-i-MAC for 1 and 2 radio
multi-channels environment

ms, AODV is 2.83 and 2.735 ms for WCETT. So, from the
simulation result, it can be concluded that the proposed CR-
i-MAC perform equally well with different types of routing
protocol, making the proposed protocol universal friendly
with any working environment.

Now to analyse the performance of the system over multi-
channel network using single radio and two radio, the nodes
of the network are configure with 1-interface and 2-interfaces
per node. Total five channels per radio are made available and
simulated for four different cases. Case I using SMC-MAC
[23,28] with back-off algorithm using 1-Radio, Case 2 using
SMC-MAC with 2-Radio, Case 3 using Proposed CR-i-MAC
with 1-Radio and Case 4 using proposed CR-i-MAC with 2-
Radio. The average throughput is calculated from the trace
file and plotted as shown in Fig. 12. The graph shows that the
average throughput of the proposed CR-i-MAC doubles for
two radios, this is due to the change in decision making dur-
ing the contention slot ‘(7T'c)’ of the Cycle-Time. As in this
proposed CR-i-MAC, allocation of channel is made using
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Fig. 13 Interference on primary users. a Interference on PU 1, Channel 1 for SMC (back-off)-MAC. b Interference on PU 2, Channel 1 for SMC
(back-off)-MAC. ¢ Interference on PU 1, Channel 1 for Proposed CR-i-MAC. d Interference on PU 2, Channel 1 for Proposed CR-i-MAC

the common channel available between the source and desti-
nation Cognitive User. This reduces the system complexity.
The throughput of the systems depends upon the data rate and
transmission time ‘7't as discussed in previous section Eq.
21. Increased throughput, seen in Fig. 12 is due to reduced
‘T c’, which significantly increases the ‘T't’ time-frame.
This increased throughput shows the efficient utilization
of all the available idle licensed channels by the cognitive
users, in the absence of PUs. To maintain the QoS for PUs,
Cognitive Users need to vacate the channel when required
by the PU and shift to the other idle channel in the next
Cycle time explained in details in Sect. 3. This process require
continuous monitoring of the channels to detect the immedi-
ate emergence of PU. This continuous monitoring not only
consume power but also cause interfere with the PU. So to
maintain interference under the level of consideration, the
monitoring of channels is done within the maximum inter-

ference time ‘7;’. This is considered as the Cycle time, that
is the time interval between two successive calls as discussed
in detail in Sect. 3 Numerical Analysis computed in Eq. 2.
The simulated results shows remarkable reduction in interfer-
ence level in the proposed CR-i-MAC protocol. As there are
two PU nodes, so interference on both the node is simulated
and compared with the existing SMC-MAC [23] SMC-MAC
with Back-off approach [28] as shown in Fig. 13. The aver-
age interference value observed over PUI using proposed
CR-i-MAC is 0.01 Watts, which is almost half to that of
the SMC-MAC Protocol, which is 0.02 Watts. The spike
show the PU activities Fig. 13a, c. While in PU2 case, mar-
ginal decrease in the interference vlaue is seen. More dense
sensing interference, as marked in Fig. 13c, d is seen, as
more frequent channel monitoring is done to maintain the
QoS for PUs, without any increase in system complexity and
delay.
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Fig. 14 Average throughput of proposed CR-i-MAC with existing CR
MAC’s

To validate the performance of the proposed CR-i-MAC,
comparative performance analysis with the various co-
related CR MAC protocols, discussed in detail in Sect. 2.
Various CR MAC’s based on multi-channel approach like C-
MAC, HC-MAC, MCR-MAC, SMC-MAC and SMC-MAC
with Back-off by [12,14,21,23,28] respectively, are simu-
lated over common environment set-up having two primary
nodes with five primary channels, four cognitive mobile node
as described earlier in Fig. 9, and using WCETT as routing
protocol. The simulation results are graphed in Fig. 14. C-
MAC and SMC-MAC performs better when interference is
negligible i.e. when PU activities or Cognitive Users are less,
but with the increase in PU activity or dense networks the per-
formance deteriorates extremely thereby making the system
unstable for highly active or large Cognitive Radio Networks.
As per Numerical Analysis in Sect. 3, with the increase
in cognitive users the contention slots increases, which in
turn increases Contention interval ‘T'c’ and thereby reduc-
ing the corresponding transmission interval ‘7T'¢’. From Eq.
20, throughput is directly proportional to ‘Tt time-frame,
therefore, significant drop in average throughput is seen after
30 s. Whereas in the proposed CR-i-MAC contention free
approach is used in which common channels between the
two node is selected thereby consistent average throughput
of 40 MB/s is seen throughout the simulation time as depicted
in Fig. 14, thereby making the system stable and efficient for
small as well as large networks.

Moreover with the increase in contention slot, the com-
plexity of the system increases which adds additional delays.
To simulate the delay, the start time Ty by the source node
and end time T¢nq by the destination node is noted and dif-
ference between the T.pg and Ty, computes the delay as:

Delay = Teng — Tstart (22)

@ Springer

Time (seconds)

Fig. 15 Average delay of proposed CR-i-MAC with existing CR
MAC’s

Average delay of the proposed CR-i-MAC with the same
experimental set-up is plotted in Fig. 15. The delay for MCR-
MAC is much high (i.e. 1.79 s) so, plotting it over the same
graph is not possible therefore, its values are omitted. The
overall average delay for C-MAC, HC-MAC, SMC-MAC,
SMC-MAC with Back-off and proposed CR-i-MAC is 3.549,
12.697, 3.531, 2.874 and 2.596 ms respectively as shown in
the Fig. 15.

5 Conclusion

In this paper Cognitive Radio Intelligent MAC (i-MAC) is
proposed, which is based on hybrid approach of combination
of cooperative decision (to overcome hidden node or the case
when there is no common channel between the CU’s) and
contention-free approach (to solve the issues in contention
mechanism, when same channel is selected simultaneously
by multiple CU’s). This permits an effective DSA to Cogni-
tive Users as well as maintain QoS for PU’s. This proposed
CR-i-MAC is tested in every critical case. Simulation results
show that proposal works equally well in cases of single
radio, but when used with two radios, multi-channel envi-
ronment, throughput doubles. Under extensive simulation,
comparative performance analysis of the proposed CR-i-
MAC with the existing cognitive radio MAC'’s is also done.
C-MAC and SMC-MAC perform better for small cogni-
tive radio networks, whereas the performance deteriorates
extremely for large Cognitive Radio Networks thereby mak-
ing the system unstable for dense networks. The proposed
CR-i-MAC overcomes these limitations, and makes the sys-
tem stable and efficient in term for both increased throughput
and reduced delay. The proposed CR-i-MAC increases the
network performance by 12.45 % in terms of overall through-
put, whereas the delay is decreased by 26.48 %.
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