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Abstract—In this paper, we have explored a novel concept of the
medium access control (MAC) protocol for the distributed cogni-
tive radio network. We have implemented the backoff algorithm
in the self-scheduled multichannel cognitive radio MAC (SMC-
MAC) protocol for the contention solving among the cognitive
users and, hence, reserve the licensed channels for data transmis-
sion. In this control channel protocol, the cognitive users share
the sensing results with each other, and each channel is divided
into four intervals such as idle, sensing–sharing, contention, and
data transmission. However, the backoff algorithm has been im-
plemented during the contention interval to enhance the number
of successful users and, hence, has increased the throughput of
cognitive radio network. The backoff algorithm has significantly
minimized the competition and, hence, collision among the cogni-
tive users while reserving the unutilized licensed channels.

Index Terms—Backoff algorithm, cognitive radio, contention,
medium access control (MAC) protocol, self-scheduled, sensing
and sharing, throughput.

I. INTRODUCTION

R ECENTLY, spectrum scarcity has become the bottleneck
for the development of wireless communication. As the

growing numbers of unlicensed wireless devices have over-
crowded the industrial–scientific–medical band of the radio-
frequency spectrum, the cognitive radio has tried to alleviate
the utilization pressure on affected bands by constantly sensing
and utilizing the spectrum opportunities in the radio spectrum.
A key challenge in the cognitive radio network is to have an
efficient sensing and noninterfering spectrum access decision,
which enables the users to reserve chunks of the spectrum for
certain periods of time. The problem of allocating spectrum
for the cognitive radio network poses new challenges that have
not arisen in traditional wireless technologies. The cognitive
radio provides the capability of dynamically adjusting both
the center frequency and communication bandwidth for each
transmission according to the environment. The traditional
wireless network uses a fixed channel bandwidth and center
frequency for each transmission, and therefore, the spectrum
allocation for the channels of predefined bandwidth has been
conventionally easy to model as discussed in detail in the
fixed allocation [1], [2]. However, the modeling of variable
bandwidth communication in the cognitive radio is much more
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complicated. The limitations of fixed spectrum allocation [2]
have been avoided with the help of cognitive radio technol-
ogy by providing flexible use of the spectrum using two new
spectrum allocation methods, namely, dynamic spectrum access
(DSA) [3] and opportunistic spectrum access (OSA) [4], [5],
which defines a set of techniques and models to support the
dynamic management of the frequency bands for wireless com-
munications systems. These new spectrum licensing methods
improve the spectrum efficiency and enhance the performance
of communication systems. Therefore, the DSA or OSA is the
key approach in the cognitive radio communication system,
which is adopted by a cognitive radio user to access the radio
spectrum opportunistically [2].

First, the cognitive radio should identify the spectrum holes
[6] in the licensed user’s spectrum band, and second, it should
utilize them in a flexible manner, according to the medium
access control (MAC) scheme. After identifying the available
spectrum resource through spectrum sensing, decision on opti-
mal sensing, transmission time, and proper coordination with
other users for the spectrum access are the important char-
acteristics of the MAC protocol. Furthermore, the throughput
maximization of a cognitive radio user with the help of a frame
structure is demonstrated in [7] and [8]. Moreover, the MAC
protocol is responsible for the spectrum sensing and spectrum
access decisions, as discussed in [9]–[11]. The main objectives
of the cognitive radio MAC (CR-MAC) protocol design are as
follows:

1) to optimize the spectrum sensing and spectrum access
decision;

2) to control the multiuser access in the multichannel
network;

3) to allocate the radio-frequency spectrum and schedule the
traffic transmission;

4) to support the spectrum trading function.

In addition to this, another potential method for sharing the
licensed user’s unutilized spectrum is the game theory [12]–
[14]. For DSA-based cognitive radio networks, MAC proto-
cols followed by the traditional wireless networks need to be
modified to add the sensing and adaptation functionalities. The
design of MAC protocols of the cognitive radios is a very
challenging task due to the requirement of the coexistence of
unlicensed users with the licensed users. Such protocol of cog-
nitive system needs to achieve the highest spectrum utilization
by detecting all the spectrum opportunities and access the spec-
trum so that the collision with the other cognitive users would
be minimized. Some of the cognitive radio MAC protocols
have been discussed in [15]–[19]. The hardware-constrained
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MAC (HC-MAC) protocol considers the hardware constraints
and proposed an efficient spectrum sensing with access/sharing
decision [15]. In addition to this, network synchronization is
not required in HC-MAC. However, this protocol suffers from
a multichannel hidden terminal problem [15]. A distributed
spectrum-agile MAC protocol has been proposed in [16], which
is a multichannel carrier sense multiple-access-based protocol
equipped with a dynamic channel selection algorithm. This
model can be used for single or multiple channels and single
or multiple users. The protocol discussed in [16] needs two
transceivers. One is tuned to the control channel, and the
other is tuned to the one of the idle licensed channel; network
synchronization is required in the protocol also. In [17], the
C-MAC protocol for the distributed cognitive radio network is
proposed. However, C-MAC has some technical issues such
as nonoverlapping beacon, quiet periods without any central
entity, and rendezvous channel availability [17]. In addition
to this, network synchronization must be needed in C-MAC,
which makes it more complex. Furthermore, a self-scheduled
multichannel cognitive-radio MAC (SMC-MAC) protocol has
been proposed in [18], in which the cooperation among the
cognitive users is incorporated to enhance the throughput by
utilizing more idle channels for the data transmission than
the idle channels sensed by a single cognitive user. However,
the potential technical issues of SMC-MAC are discussed in
detail later in this paper. The cognitive-radio-enabled multi-
channel (CREAM) MAC protocol has been discussed in [19],
in which, although there is no hidden terminal problem and can
work without network synchronization, there is communication
overhead in this protocol. In this paper, we have explored
SMC-MAC protocol for the distributed cognitive radio net-
work to improve the throughput of communication system.
In SMC-MAC, the less number of contention slots during
the contention interval results in significantly more number of
collisions among cognitive users. However, the large number
of contention slots increases the successful cognitive users and
decreases the data transmission interval since the total cycle
time is fixed, which is the major limitation of SMC-MAC
protocol, as discussed in [18]. Moreover, in SMC-MAC, it
has not been possible that the collided cognitive users in the
contention interval can once again select a contention slot to
be successful in that cycle time because all the cognitive users
have selected the contention slot randomly, and once collision
is detected in the chosen contention slot, the collided cognitive
users wait for the next cycle time for the transmission. In the
proposed method, the backoff mechanism has been applied to
resolve the contention among the collided cognitive users to
increase the number of successful users so that if the collision
is detected among cognitive users, the collided cognitive users
again attempt to utilize another contention slot in the same cycle
time using backoff mechanism to become successful and hence
can transmit data during the data transmission interval. In this
case, the contention interval is made flexible, which increases
and decreases its contention slots according to the number of
collisions between cognitive users. For example, the numbers
of contention slots are more for large number of collisions
compared with less number of collided cognitive users. The re-
mainder of this paper is organized as follows. In Section II, the

system model and analysis for the proposed scheme has been
described. Furthermore, in Section III, numerical simulation
results of the analysis have been discussed. Finally, Section IV
concludes this paper.

II. MEDIUM ACCESS CONTROL PROTOCOL

AND SYSTEM DESIGN

We have considered the distributed cognitive radio network
and its MAC protocol as in SMC-MAC [18]. Here, we have
presented the system model, proposed MAC protocol, and its
numerical analysis.

A. System Model

We have considered a primary user network, which have Nch

licensed channels and a cognitive radio network comprising
NCU cognitive users. The primary network is assumed to be a
cellular network, and the traffic of cellular network is based on
Poisson distribution. The cognitive users of cognitive network
will utilize the Nch licensed channels of the primary network
for communication applications at the time when they (licensed
channels of the primary network) are idle. It is also assumed
that the sensing performed by a cognitive user is perfect so
that there is no probability of false alarm [7] in the sensing
results. In addition to this, there is one control channel for
the cognitive users to exchange the control information. This
channel is assumed to be always available to the cognitive
network, and the cognitive user terminal is equipped with
single transceiver (full-duplex mode) that can change frequency
to switch among multiple channels. However, if a cognitive
user wants to transmit/receive its data on/from different idle
channels simultaneously, it should have multiple transceiver
systems. In addition, to increase the performance of cognitive
system, it is desirable that a cognitive user should sense as many
licensed channels as possible. Since we know that there are
different sensing techniques in cognitive radio systems and each
technique requires some mathematical computation [5] of the
received signals to detect the presence or absence of a primary
user, therefore, as more and more licensed channels are sensed
by a cognitive terminal, there is an increase in the complexity
and power consumption of the terminal. This results in the
tradeoff between the number of sensed channels and complexity
or power consumption. However, based on this consideration,
we attempt to reduce the number of sensed channels by each
terminal and shared the sensing results with other cognitive
users so that more number of licensed channel information is
available at each cognitive terminal in comparison with the
channels that it has sensed.

B. Proposed MAC Protocol

The proposed MAC protocol consists of the control channel
on which the cognitive users share the sensing results of each
other and Nch licensed channels, as shown in Fig. 1(a). The
control channel cooperation among the cognitive users is per-
formed by presenting all the sensing results of cognitive users
on the control channel, and then the idle channel/channels from
the pool of the total available idle channels, whose information
is available on the control channel, has been selected by the
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Fig. 1. (a) MAC protocol for distributed cognitive network. (b) Contention slot expansion of MAC protocol.

cognitive users. Each channel is divided into cycle time Tcycle,
which is further divided into four intervals, i.e., idle Tidle,
sensing–sharing Tss, contention Tct, and data transmission
Ttr, as shown in Fig. 1(a). Furthermore, it is assumed that, for
the Tidle and Tss intervals, all the cognitive users are tuned to the
control channel. However, cognitive users compete to reserve
the idle licensed channel during Tct interval and then tuned
to the selected idle channel/channels. The sensing–sharing and
contention intervals are further divided into number of slots
[18], as shown in Figs. 1 and 2. The sensing–sharing interval
has a number of slots equal to the number of licensed channels,
and each cognitive user will randomly select a sensing–sharing
slot to sense that particular selected slot number licensed
channel during that slot period. Let us consider that there
are 20 licensed channels in the network, then the number of
sensing–sharing slots will be 20 as well, and out of these
20 slots, whichever slots the cognitive users select, they will

start sensing that channel. Suppose a cognitive user has selected
the third slot; therefore, that cognitive user will sense the
third channel only. However, sensing of the third channel is
performed during the first subslot of slot 3, and during the
second and third subslots, the sensing information of channel 3
is shared with other users by broadcasting the sensing results,
as described in Fig. 3, and all the other cognitive users that are
tuned to the control channel will store the broadcasted sensing
information. It is also possible that more than one user can sense
the same licensed channel during sensing–sharing interval;
however, sensing of the same channel by two or more users
is not a problem, but broadcasting of the same information by
the users on the same channel simultaneously causes corrupted
sensing information. Therefore, to avoid this problem, we have
considered that the cognitive user, after sensing a channel
during the first subslot of the selected sensing–sharing slot,
will randomly wait for some time during the second subslot



1994 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 64, NO. 5, MAY 2015

Fig. 2. Control channel structure (a) without the backoff algorithm during the contention interval and (b) with the backoff algorithm during contention interval.

to broadcast sensing information. During this random waiting
time of the second subslot, if the cognitive user listens to any
transmission, it would know that another user has also selected
the same channel for sensing and is broadcasting the sensing
information; therefore, the cognitive user will not transmit its
own sensing information to avoid collision and will get that
channel sensing results from the already broadcasted informa-
tion. However, it is out of the scope of this paper that how each
user will select the time randomly for waiting during the second
subslot. This procedure of sensing and sharing is performed by
all the cognitive users during their selected slot, and hence,
each cognitive user has sensing information of the channels
sensed by it and also by the other users, which resulted in the
reduced sensing time. A cognitive user is able to send a frame
successfully in the transmission interval of the idle licensed
channel/channels only if that cognitive user is not having a
collision with other cognitive users in the contention interval,
which is possible only if each transmitting cognitive user has
chosen different contention slots in the contention interval. The
collision by a cognitive user is detected by listening to the
cognitive radio clear-to-send (CR-CTS) [18] frame that has
been sent by the destination cognitive user in response to the
cognitive radio ready-to-send (CR-RTS) [18] frame transmitted
by the source cognitive user on the selected contention slot
in the control channel, and it is clear that if more than one
source cognitive user has selected the same contention slot,
they will not receive CR-CTS frame correctly, hence detect
collision. This probability of collision is significantly high if
the number of contention slots is limited and the cognitive users
are significantly more. However, the large number of contention
slots, although increases the success rate of cognitive users
in the cognitive network, simultaneously decreases the data
transmission interval and hence the throughput of the cognitive

network. Therefore, the number of contention slots should be
optimized for the cognitive network MAC protocol so that the
throughput of cognitive network will also enhance with the
minimum number of contention slots, which has been discussed
in Section III in this paper. Since all the cognitive users know
the already selected idle channel/channels during the contention
slots because of the exchange of CR-RTS and CR-CTS frames
on the control channel and will not request to utilize that idle
channel/channels on its own CR-RTS frame during its selected
contention slot, they have cooperation among each other. On the
CR-RTS frame, the source cognitive user sends list of available
idle channels to the destination cognitive user. However, it
might be possible that at the destination cognitive user location,
all those channels are not idle; therefore, the destination user
will send the CR-CTS frame with selected list of the idle
channel/channels on which source and destination users will
transmit data during the data transmission interval. The CR-
RTS and CR-CTS frame’s structure with different fields has
been discussed in detail in [18]. Let us consider that there are
six cognitive users in the network and want to transmit data to
their respective cognitive receiver. The cooperation of cognitive
users is shown in Fig. 1(a), where the data of cognitive user 2
(CU2) are transmitted on channel 3, which is sensed idle by
cognitive user 4. However, cognitive user 4 (CU4) is not able to
transmit its data because it has collision with another cognitive
user 5 in the third contention slot. This collision occurs because
cognitive users 4 and 5 have selected the same third contention
slot to reserve the idle licensed channels for data transmission;
therefore, only four out of six cognitive users are successful.
Fig. 1(b) shows the detailed description of contention interval.
The interframe spacing between CR-RTS and CR-CTS frame
is given by cognitive radio short-interframe-spacing (CR-SIFS)
as IEEE 802.11 [20].
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Fig. 3. Flow diagram of the proposed MAC protocol.
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Since we have considered that the cognitive user is having
full-duplex capability, a cognitive node can simultaneously
transmit and receive. The selection of licensed idle channel by
the cognitive user during the contention interval will switch
cognitive node to the selected channel, and after this, on the
selected licensed channel, if the primary user signal has been
sensed by the cognitive node, the node will stop transmission
of its own signal to protect the primary user on that channel.
Since sensing is performed almost throughout the cycle time by
cognitive node, however, during sensing–sharing interval, the
sensing results are also shared with other users to incorporate
cooperation and enhance performance of the cognitive net-
work. Moreover, in SMC-MAC [18], it has been proposed that
each cognitive user randomly chooses a contention slot, which
makes it more vulnerable to collision among the cognitive
users. Therefore, to reduce the number of collisions, we have
modified the control channel’s contention interval, as shown
in Fig. 2(b), by using the backoff algorithm in the contention
interval. By taking an example, it has been shown in Fig. 2(a)
that cognitive user 3 (CU3) and cognitive user 5 (CU5) are
having collision during Tct in SMC-MAC and hence cannot re-
serve the licensed channels during the current Tcycle. However,
in the proposed method, the performance can be improved by
modifying the control channel, as shown in Fig. 2(b), which
again allows collided cognitive users to select another con-
tention slot in the same Tcycle. As shown in Fig. 2(b), cognitive
user 3 (CU3) and cognitive user 5 (CU5) after collision again
select a contention slot from contention window with the help
of backoff algorithm, and if the selected contention slots are
different, both the cognitive users become successful otherwise;
if there is collision again, then the contention window size is
increased and the same procedure is followed. However, this
whole procedure has been presented with the help of a flow
diagram, as shown in Fig. 3.

C. Performance Analysis

Here, the numerical analysis of the proposed MAC protocol
is performed, and different parameters of the cognitive network
are discussed.

1) Sensing–Sharing Analysis: In [21], the behavior of cel-
lular communication system subscribers, which follows the
Poisson distribution and the exponential distributed arrival time
between two calls, is shown. The Poisson process is a Markov
process with state transitions limited to the next higher state
or to the same state and having a constant transition rate.
Therefore, for the given Poisson distribution of primary net-
work cellular calls, with interarrival time T and average rate
λ, the distribution of waiting times between successive calls is
computed using the cumulative distribution function [21]

pi=P (T ≤Tcycle)=1−P (T ≥Tcycle)=1−exp(−λTcycle)

where pi is the given probability of cognitive user interfering
with the primary user, and Tcycle is the maximum interference
time a cognitive user is allowed to interfere with the primary
user. Hence, Tcycle is calculated as Tcycle = − ln(1 − pi)/λ.
In this paper, it has been assumed that all the licensed channels

have same utilization probability α. Therefore, the probability
p(l) that the number of idle licensed channels is l, which
follows the binomial distribution as given by [18] is expressed
as follows:

p(l) =

(
Nch

l

)
(1 − α)lαNch−l, 0 ≤ l ≤ Nch (1)

where Nch is the total number of licensed channels, and the
average number of licensed idle channels is [18]

E[L] =

Nch∑
l=0

lp(l) (2)

where p(l) is from (1). Let us assume that the cognitive user
can sense only Chmax channels randomly among the total
Nch licensed channels. Then the probability distribution of the
number of sensed idle channels m among the maximum sensed
licensed channels Chmax by a single cognitive user is [18]

p(m)=

(
Chmax

m

)
(1−α)mαChmax−m, 0≤m≤Chmax. (3)

Thus, the average number of sensed idle channels by a cognitive
user is

E[M ] =

Chmax∑
m=0

mp(m) (4)

where p(m) is from (3). Then, the probability that a channel is
being sensed by a cognitive user is given by

μ =
Number of channels each cognitive user would sense

Total number of licensed channels

or

μ =
Chmax

Nch
. (5)

Now, the probability distribution that a channel is sensed by j
cognitive users among total NCU cognitive users follows the
binomial distribution as given by

p(j) =

(
NCU

j

)
μj(1 − μ)NCU − j, 0 ≤ j ≤ NCU.

From (5), we can obtain the probability that a channel is not
sensed by anyNCU number of cognitive users, which is given by

pnosensed = (1 − μ)NCU . (6)

From (6), the probability that a channel is sensed by at least one
cognitive user is

psensed = 1 − pnosensed. (7)

The probability distribution of the number of sensed idle chan-
nels n among E[L] idle licensed channels by NCU cognitive
users is determined using (2) and (7) as

p(n)=

(
E[L]

n

)
(psensed)

n(1 − psensed)
E[L]−n, 0 ≤ n ≤ E[L].

(8)
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From (8), the average number of sensed idle channels by NCU

cognitive users is calculated as

E[N ] =

E[L]∑
n=0

np(n) (9)

where p(n) is from (8).
2) Contention Analysis: After sensing the licensed channels

and sharing the results of sensing among NCU cognitive users
during the sensing–sharing interval, the cognitive users com-
pete with each other to reserve the idle licensed channels during
the contention interval. Each cognitive user, which has data to
send to its intended receiver, randomly selects a contention slot
among total number of contention slots Q in the contention
interval. Now, the following two cases are considered, i.e.,
one in which without backoff (without contention resolving)
method is applied and the other in which the backoff algorithm
is applied. The case without the backoff algorithm is for the
existing SMC-MAC protocol, which has been already discussed
in [18].

a) Without backoff algorithm: Since the contention slot
selection by each cognitive user is random, it is possible that
two or more cognitive users have selected the same contention
slot, which results in collision and collided cognitive users
cannot reserve idle licensed channels for the data transmission
during data transmission interval. However, the case in which
a contention slot is selected by a single cognitive user results
in the successful contention slot and the data are transmitted
over the reserved idle licensed channel/channels during the
transmission interval by the successful cognitive user. Since we
have Q number of contention slots, the probability of selecting
each contention slot is r = 1/Q. The number of cognitive users
that select a given contention slot is denoted by random variable
s, which follows the binomial distribution

p(s) =

(
NCU

s

)
rs(1 − r)NCU−s, 0 ≤ s ≤ NCU. (10)

The probability of a contention slot being successful is
determined from (10) when s = 1, i.e., when the single cog-
nitive user has selected a given contention slot. Therefore, the
probability of success from (10) is given as

psuccess = p(1) =

(
NCU

1

)
r1(1 − r)NCU−1

=NCUr(1 − r)NCU−1. (11)

Let t be the random variable that denotes the number of
successful cognitive users and the probability of cognitive t
users being successful as

p(t) =

(
Q

t

)
(psuccess)

t(1 − psuccess)
Q−t, 0 ≤ t ≤ Q. (12)

The average number of successful cognitive users is calcu-
lated from (12) and is defined as

E[T ] =

Q∑
t=0

tp(t). (13)

From (12), the average number of collided cognitive users is

E[C] = NCU −
Q∑
t=0

tp(t) (14)

where p(t) is from (12).
b) With backoff algorithm: In the proposed scheme, af-

ter the first instant detecting the collision during contention
interval, the contention window size will increase according
to the backoff algorithm, and then, the cognitive user again
selects another contention slot from the increased contention
window; now, if there is collision again, we further increase
the contention window size. In this case, the contention interval
is made flexible, and when there are more collided cognitive
users, the contention slots are increased to minimize the colli-
sion. Therefore, it is evident that with the increase in the number
of cognitive users, the congestion problem arises, and to solve
this problem, we have to increase the contention window size;
hence, the number of contention slots in the contention interval
will significantly increase. In the numerical simulation section,
we have achieved the optimized number of the contention slots
using the proposed MAC protocol with the backoff algorithm
at which all the users become successful. Therefore, in the
proposed method, there is an implementation of the backoff
algorithm in the control channel’s contention interval, and its
algorithm is described as follows:

Algorithm:

Step 1: Variable declaration
N_CU = Number of cognitive users
CW = No. of contention slots initially
CW_new=CW + 24 which is selected initially by cogni-

tive users which undergoes collision for the first
time during contention interval //taken by default

Count = number of collided cognitive users
N = Number of successful cognitive users
Ttr = transmission time
Chidle = average number of idle licensed channels

used by each cognitive user
Tcycle = cycle time
R = data rate per channel
Step 2: Count the number of collided cognitive users in the
contention interval
FOR N_CU = 10 to 50 //taken by default

N_CU cognitive users randomly select contention
slots between 1 and CW
IF N_CU cognitive users have selected different
contention slots

N_CU cognitive users are successful
ELSE

Count = count the number of cognitive users
which have selected the same contention
slots

N = N_CU-Count
END
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Step 3: Solve contention among collided cognitive users with
the help of backoff algorithm
X = the number of cognitive users which have selected
the same contention slot
X cognitive users selects randomly a contention slot between
CW and CW_new
IFXcognitive users have selected different contention slots

N = N +X
ELSE

CW_new = 2∗CW_new
Follow step 3 again

END
Step 3 is followed for all N_CU cognitive users, which have
selected the same contention slot during step 1
END

3) Data Transmission and Throughput Analysis: The suc-
cessful cognitive users transmit their data in the data transmis-
sion interval on the idle channels selected during contention
interval. The data transmission interval Ttr is defined by sub-
tracting the idle time Tidle, the sensing–sharing time Tss, and
the contention time Tct from the cycle time Tcycle [18]. This
transmission interval is utilized for the computation of the
throughput of cognitive users [18]. However, the maximum
achievable throughput is the throughput for the case when all
the sensed idle channels are utilized by total NCU cognitive
users. Therefore, the maximum achievable throughput is de-
fined as the product of the average number of sensed idle chan-
nels E[N ], amount of time available for the data transmission
per cycle interval (Ttr/Tcycle), and data rate per sensed idle
channel R. Hence, the maximum throughput is given as [18]

Thmax =
E[N ]TtrR

Tcycle
(15)

where E[N ] is from (9). However, the throughput without the
backoff algorithm Thwo_bo in the contention interval of the
successful users is the minimum of the Chidle × S and
the average number of sensed idle channels in (9). Therefore,
the throughput of cognitive users is given as [18]

Thwo_bo =
E [min (Chidle × S,E[N ])]TtrR

Tcycle
(16)

where Chidle is the number of idle channels that a cognitive
user is allowed to use, and S is the number of success-
ful cognitive users during the contention interval. Therefore,
(Chidle × S) defines the total number of idle channels in which
all successful cognitive users transmit data. The throughput
with backoff algorithm Thw_bo in the contention interval of
the successful users is given as

Thw_bo =
N ∗ Chidle ∗ Ttr ∗ R

Tcycle
(17)

where N is the number of successful users after the backoff
algorithm in the contention interval.

Fig. 4. Response of the average number of sensed idle channels by all
cognitive users to the number of channels sensed by each cognitive user for
the 5 and 10 cognitive user network.

Fig. 5. Response of the number of sensed idle channels with respect to the
traffic load of primary users for NCU = 10.

III. SIMULATION RESULTS

The MAC protocol parameters for cognitive user network are
employed from IEEE 802.11a [20]. The simulation parameters
are the following: Single slot time is 9 μs and CR-RTS,
CR-CTS, and CR-SIFS frame times are 24 μs, 24 μs, and 16 μs,
respectively. The data rate of each channel is 54 Mb/s, Tidle =
CR-SIFS + 2 × single slot time, Tss = 3 ×Nch × single slot
time, and Tct = Q× ((CR-RTS) + (CR-SIFS) + (CR-CTS)).
The simulation results of the sensing–sharing analysis, which
is discussed in Section II-C1, have been presented in Figs. 4
and 5. The total number of licensed channels is assumed to
be Nch = 20 and Chidle = 1. In Fig. 4, the numerical results
are presented using (9) for the case when the total number of
cognitive users is NCU = 5, NCU = 10, and the traffic load
α is assumed to be 0.5.Since a cognitive user is able to sense
only the fixed number of channels given by Chmax, Fig. 4
shows that, as the number of channels sensed by each cognitive
user increases, the number of idle channels detected by NCU

(number of cognitive users) also increases. However, more
mathematical computations are required for sensing with the
increase in Chmax, and it makes the cognitive radio terminal
less energy efficient. Furthermore, Fig. 5 demonstrated the
actual number of idle channels and number of idle channels
sensed by NCU = 10 cognitive users for different values of
Chmax and its dependency over α. Fig. 5 reveals that there is a
gap between the actual number of idle channels and the number
of sensed idle channels when Chmax = 2, which is due to the
small number of channels sensed by the individual cognitive
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Fig. 6. Total number of successful cognitive users with and without backoff
algorithm with parameters CR-RTS = 24 μs and CR-CTS = 24 μs.

Fig. 7. Throughput comparison with varying traffic load of the licensed
channels with parameters Tcycle = 1 s, Chmax = 2, CR-RTS = 24 μs, and
CR-CTS = 24 μs.

user. However, it has been demonstrated in Fig. 5 that, as
the cognitive user’s ability to sense the licensed channels
increases, i.e., as the value of parameter Chmax increases,
the total number of idle channels sensed by all the cognitive
users approaches to the total number of available idle channels.
Moreover, there are some limitations of the SMC-MAC [18],
which is discussed through the numerical simulation, and the
proposed scheme has avoided these limitations as demonstrated
in Figs. 6 and 7. Thus, it is clear that the large number of
contention slots increases the successful cognitive users but
decreases the data transmission interval due to the fixed cycle
time, which is one of the major limitations of SMC-MAC
protocol, as discussed in [18]. In addition, in SMC-MAC, it
has not been possible that the collided cognitive users in the
contention interval can once again select the contention slot
in that cycle time. Therefore, data transmission could not be
possible in the same cycle because all the cognitive users have
selected the contention slots randomly, and once collision is
detected in the chosen contention slot, the collided cognitive
users will have to wait for the next cycle time for the data
transmission. However, in the proposed method, when the
binary exponential backoff mechanism is applied to resolve the
contention among collided cognitive users, more users become

Fig. 8. Average throughput variation with the traffic load for the parameters:
Chmax = 2, Tcycle = 1 s, Q = 10, CR-RTS = 24 μs, and CR-CTS = 24 μs.

successful, as shown in Fig. 6, which reveals the total number
of successful users with and without the backoff algorithm for
the same number of contention slots. The SMC-MAC protocol
is without the contention resolving algorithm, as discussed in
detail in [18], and it is clearly shown in Fig. 6 that the total
number of successful cognitive users is significantly more in the
case when the backoff algorithm is applied. Furthermore, Fig. 7
shows the comparison of several throughputs, as presented in
Section II-C3 with the traffic load of the primary users for
the same number of contention slots, and it is clear that the
throughput is significantly more for the backoff contention
algorithm case, as compared to the without backoff algorithm. It
is clear in Fig. 7 that the throughput with the backoff algorithm
is close to the maximum achievable throughput. Therefore,
it is necessary that when the number of cognitive users is
more, the contention slots required are also more. Since, in the
wireless communication system, the number of transmitting
cognitive users is randomly changing, having a fixed number
of contention slots is not practical. However, the number of
contention slots must vary according to the number of cognitive
users to enhance the performance. The data transmission and
throughput analysis has been numerically simulated and
discussed further in Fig. 8,which shows the average throughput
variation with the traffic load for cognitive users 5 and 10 with
Chmax = 2, Tcycle = 1 s, and Q = 10. Therefore, all the idle
channels among Nch = 20 are not utilized for the transmission
of data, and hence, the average throughput for NCU = 5
is significantly less, as compared with that for NCU = 10.
Furthermore, in Fig. 9, we have obtained the optimized number
of contention slots required in the proposed MAC protocol for
which all the cognitive users become successful. For example,
the optimum number of contention slots for NCU = 10 and
20 is 30 and 60, respectively, because at this value of the
contention slots, all the cognitive users are successful and
hence the throughput will be maximized. However, if we
further increase the contention slots from 30, the throughput
will start reducing, as shown in Fig. 10. Moreover, it is clear
in Fig. 9 that as the number of cognitive users in the network
increases, the MAC protocol will need more contention slots
to make all the users successful, as compared with the network
having fewer users. Therefore, to resolve the congestion among
the increased number of cognitive users, we have to increase
the contention window size and hence the number of the
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Fig. 9. Optimized number of the contention slots for NCU = 10 and NCU =
20 with parameters CR-RTS = 24 μs and CR-CTS = 24 μs.

Fig. 10. Throughput variation in the proposed MAC protocol with number of
contention slots for NCU = 10, NCU = 20, and α = 0.5.

contention slots in the contention interval, which is clear in
Fig. 9 where for NCU = 10, the optimized contention slots
required are 30; however, for NCU = 20, this value is 60 to
make all users in the network successful.

IV. CONCLUSION

In this paper, the SMC-MAC protocol for the distributed
cognitive radio communication system with backoff algorithm
has been proposed. The proposed method has significantly
enhanced the performance of cognitive communication systems
by increasing the number of successful cognitive users for the
data transmission. Hence, the proposed method has enhanced
the throughput compared with the existing SMC-MAC proto-
col, as reported in [18] for the distributed cognitive network,
which is demonstrated by the numerical simulation results. The
proposed MAC protocol has contention slots, which depends
upon the number of cognitive users compare with the fixed slots
in SMC-MAC.
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