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Abstract

contemporary scheme.

Finding holes from the underutilized portion of spectrum at various times and locations is the most important
function in cognitive radio networks (CRNs). This requires efficient sensing policy at the MAC layer that can discover
more idle channels in less time. Whereas, the sensing policy depends on the channel sensing order that decides how
a secondary user senses the primary user band in minimum period of time. Spectrum sensing policies for searching
idle channels from the underutilized primary band can significantly affect the performance of secondary user in terms
of throughput, reliability, and energy efficiency. In this paper, we have analyzed MAC protocol structure for ad hoc
radio networks which used random channel sensing. This results in poor performance, either due to the channels
being skipped or the time for sensing the band being significantly longer. We propose a parallel sensing scheme with
sequential channel selection order as part of MAC protocol, which can discover all the free channels in the primary
user band in less time. For the proposed scheme, we have performed analysis over the number of channels sensed
and the number of idle channels discovered. Furthermore, energy efficiency and throughput of the system have also
been evaluated. The results show considerable improvement for the proposed scheme when compared with the

Keywords: Cognitive radio network, Sensing order, Distributed network, MAC layer

1 Introduction

Spectrum demand has increased over the years due to
exponential growth in the wireless technologies and appli-
cations. Also, the existing spectrum has limited space to
accommodate future services as it has already been allo-
cated to different services, thus resulting into spectrum
scarcity [1]. However, the studies show that the existing
spectrum is not being fully utilized as there are poten-
tial opportunities in the form of spectrum holes in space
and time [2, 3]. Cognitive radio has emerged to gain ben-
efits from the underutilized spectrum resources [4]. In a
cognitive radio network (CRN), depending on the activ-
ity of primary users, the number of channels available to
secondary users (SUs) always varies in time and space,
whereas, in traditional networks it remains fixed [5].
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Cognitive radio exploits the spectrum opportunities in
the existing underutilized licensed and unlicensed bands,
which improves the overall spectral efficiency [6]. For
example, the IEEE 802.22 standard for CRN opportunis-
tically uses the existing TV band for transmission; both
networks coexist without any noticeable disturbance [7].
Therefore, CRN is treated as a secondary network in
waiting with low priority; where, secondary user (SU)
opportunistically accesses the spectrum holes or vacant
channels of the primary user (PU) from the underuti-
lized primary network band. CRN is required to sense the
primary user band for spectrum holes by protecting the
PUs; however, the aim is to discover maximum number of
spectrum holes accurately and quickly.

Sensing is an important function of cognitive radio,
mostly implemented at physical layer; however, some of
its features such as determining the sensing time, sensing
order, and method of sharing sensing results among con-
tending SUs are carried out at MAC layer [8]. Designing
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a MAC protocol which could accurately sense and utilize
the spectrum opportunities for optimal network perfor-
mance is a challenging task [9]. The ultimate goal of the
MAC layer sensing is to maximize the pool of available
resources to CRN’s SUs, with minimal delay yet with accu-
racy. This requires efficient sensing policies with optimal
sensing period and order. Sensing order represents the
sequence in which the channels of primary network are
searched by SUs to discover the opportunities. Proper
and well-defined sensing order can improve the perfor-
mance of SUs in terms of throughput, delay, and energy
efficiency [10].

In CRN, available spectrum holes in PU band are the
most precious resource. When SUs sense the PU band,
then missing the discovery of the vacant PU channels,
such as due to inefficient sensing mechanism, would tan-
tamount to missed opportunity. Therefore, by using opti-
mal sensing scheme in multiple channel and single radio
environment, the secondary users can maximize the pool
of available resources under the constraints of detection
accuracy and latency. Which, in turn, improves the overall
performance of CRN MAC protocol in terms of through-
put, delay, and energy efficiency. Therefore, finding better
sensing scheme and channel selection order in CRN MAC
protocol has been a problem of interest in the literature
[11-14].

In [15], spectrum sensing schemes are proposed with
adaptive sensing window and BER-assisted detection that
improve probability of detection and spectrum utilization.
However, comparison of these schemes are only given
with the fixed sensing window and adaptive sensing win-
dow. In [16], authors propose a cooperative spectrum
sensing MAC protocol that optimizes the sensing and
access parameters and compares this with non-optimized
design for better throughput. In both schemes, compari-
son is not given with the other relevant schemes.

In [17], parallel cooperative spectrum-sensing is pro-
posed for infrastructure-based CRNs, wherein a number
of SUs simultaneously sense multiple channels from the
spectrum. Each SU is assigned to sense a particular chan-
nel, and when SU finds that channel occupied by PU,
it sends sensing message request to base station (BS).
Through coordination, base station selects different SUs,
such that each SU senses the channels in parallel and
reports back the status of that channel to BS. Similarly in
[18], cooperative parallel spectrum sensing is proposed for
a centralized CRN; all the SUs send their sensing results
to a central node and the central node allocates channel
to each SU based on gathered information and previous
history.

In [19], efficient spectrum hole discovery with MAC
layer sensing is proposed wherein the delay in finding
the idle channels is minimized by optimizing the sens-
ing period. Also, more idle channels in the PU band
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are discovered by channel sequencing algorithm taking
into consideration the ON/OFF channel usage patterns.
Comparative analysis with and without optimized sensing
period is performed for different performance scenarios.
Performance analysis with and without optimal chan-
nel sequencing is also performed for different scenarios.
However, the comparative analysis with any other scheme
is not given.

In [20], a channel sensing order for a multichannel CRN
has been proposed in which the channels are sensed in
descending order according to their achievable data rates,
but with unknown free probabilities of the primary user
channels. This results in efficient use of available channels
during SU spectrum access. In [21], authors have devised
an optimal sensing order for the CRN with cooperative
centralized sensing, where sensing and access decisions
are sequentially made by the central coordinator. The
optimal sensing order with and without SU rate adapta-
tion is calculated. Cognitive throughput is compared for
the two cases when coordinator uses random sensing and
intuitive sensing order; however, this requires knowledge
of primary channel free user probabilities.

Authors in [22] propose a collision-free adaptive chan-
nel sensing order for a distributed CRN. Here, without any
coordination, every SU goes through a phase and finally
selects different channel sensing order. The unique sens-
ing order for each SU in the network ensures that different
channels are sensed, thus increasing the overall num-
ber of channels searched by the CRN and consequently
increasing the probability of finding more idle channels.
Discovery of higher number of holes improves the per-
formance of CRN, particularly, the throughput and data
delivery time. Although, the authors have explained how
to achieve collision-free sensing order, but have not pro-
vided any information on how different CR nodes may
communicate with each other and have also assumed
zero probability of misdetection. In [20-22], sensing order
is based on PU probabilities, SU’s achievable data rates
and random permutations of available channels. How-
ever, the scheme lacks in energy efficiency and has higher
computational complexity.

A contention-based, hardware-constrained cognitive
MAC protocol (HC-MAC) is presented in [23] that incor-
porates sensing/stopping process and considers trans-
mission constraints before sensing, thereby reducing
the sensing time when the sensed spectrum fulfills the
requirements of SUs in CRN. The drawback is that due
to a single radio and absence of synchronization, multi-
ple channel hidden terminals can cause collisions during
the transmissions. In [24], fairness-oriented media access
control protocol (FMAC) is proposed to bring fairness
in access among the contending SUs of different CRNs
by introducing three state spectrum sensing model. Here,
channel busy state is further classified into channel busy
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by PU or channel busy by SU of other CRN. The pro-
posed sensing algorithm can distinguish between the two
busy states. Contention-based multichannel MAC (CBM-
M) protocol for a distributed CRN separates the sensing
mechanism from SUs by placing separate sensor nodes
[25]. Accuracy in the sensing mechanism during PU reap-
pearance for non-slotted CRN has been emphasized in [26].
In [27-29], the sensing and sharing phase are combined
and divided into time slots which exactly map the chan-
nels in the PU band. Each SU randomly selects a channel,
senses its availability, and shares the information in the
same time slot. Despite cooperative sensing among SUs
through common control channel, there remain channels
which are not sensed by any SU and there are some chan-
nels sensed by multiple SUs simultaneously, as shown in
Fig. 1. In the former case, opportunities are missed and in
the later case energy is unnecessarily wasted by multiple
scans for the same channel. Besides waste of the resources
in sensing and sharing phase; in [27], it is also noticed
that the waste of resources occurs in the contention phase
due to collisions and unattempted slots. In order to reduce
waste of resources due to contention, an enhancement is
introduced in [28] that allows an SU to reattempt random
access during the same cycle by back-off algorithm. In
another scheme, introduced in [29], a collision-free chan-
nel access mechanism is devised to reduce this waste of
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resources. The sharing of sensing results, in the above
mentioned CRN MAC schemes [27-29], are carried out
by sending 1/0 tone signal on the second and third sub-
slots of the sensing and sharing phase, as shown in Fig. 1.
However, in all these schemes, sensing is considered per-
fect and the probabilities of false alarm and misdetection
have not been taken into account.

In this paper, we propose an efficient spectrum sens-
ing scheme for a distributed CRN MAC. It considerably
reduces the overall sensing and sharing phase time to
extend the data transmission time for SUs in a given
transmission cycle. Additionally, it minimizes the chan-
nel skipping problem during sensing, which maximizes
the pool of available resources. Building upon the works
in [27-29], we can enhance the efficiency in sensing. We
separate the sensing and sharing phases in such a way that
sharing phase starts after the sensing phase is complete.
We present the idea of forming SU groups according to
their IDs, and the SU groups are assigned equal portion
of spectrum for parallel sensing. In our proposed sens-
ing scheme, SU groups simultaneously sense the assigned
portion of the PU band in parallel and share the sensing
results among the SUs in a separate sharing phase. Thus,
the total time of the sensing phase is reduced as every
SU group has to sense an assigned portion of the spec-
trum in parallel and share the sensing result sequentially
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on the common control channel. This results in maxi-
mum number of vacant PU channels being discovered
in shorter period of time, consequently, increasing the
overall throughput by leaving extended time for data
transmission and improving energy efficiency.

The remaining paper is organized as under. Section 2.1
describes the system model. Section 2.2 presents the
detailed description of proposed sensing scheme. Perfor-
mance is analyzed in Section 3. Numerical and simulation
results are discussed in Section 4. Finally, the work is
concluded in Section 5.

2 Parallel sensing scheme with sequential order
in CRN MAC

In this section, we present our proposed parallel sens-
ing scheme for an ad hoc CRN MAC protocol and
discuss its salient features. Performance analysis of the
proposed scheme has also been discussed. First, we
describe the system model and working of the CRN MAC
protocol.

2.1 System model

We consider a primary network with time slotted access,
where a PU occupies these slots synchronously during
fixed time t or remains idle. The primary traffic pattern
is assumed to be Poisson distributed as in [30]. We con-
sider a distributed secondary network, which by a sensing
mechanism, discovers ‘M’ available channels out of ‘N’ pri-
mary channels, such that M < N. One common control
channel is assumed to be available for Ng, secondary users
at all times, this channel has enough capacity to handle
all the messages required for coordination and sharing the
sensing results among the SUs. Therefore, after synchro-
nization, such as in [23], each SU has full knowledge of
vacant channels available in the PU band.
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We have considered the case where SUs cannot trans-
mit or receive at the same time as they are equipped
with a single antenna; as such, they are only capable of
sensing multiple channels one by one. The goal of a cog-
nitive user is to accurately sense as many idle channels
as possible from the underutilized primary band with due
consideration of the energy consumption during sensing
and sharing. Starting with the simplest case of sensing
groups, we have divided the SUs into two groups, based
on their user IDs. The primary band is also equally divided
into the same number of portions, portion 1 contains odd
numbered channels (1, 3,5,7,9, .., Ncx — 1) and portion 2
contains even numbered channels (2,4, 6, 8, 10, .., Nc) as
shown in the Fig. 2. Each group of SUs has the responsi-
bility to sense one portion of the PU band, thus reducing
the sensing load of each SU. Cognitive users can access
data channel for transmission after successfully passing
through series of phases, such as idle phase (Tiqle), par-
allel sensing phase (Tps), sharing phase (Tshar), and con-
tention phase (Tcont) as shown in Fig. 3. In Tps, each SU
belonging to a particular group senses the allotted por-
tion of the primary band in sequential order. Since all
the SU groups sense the designated portion of PU band
in parallel, the overall sensing time is reduced without
channel skipping. The contention and data transmission
phases of our scheme are similar to those in SMC-MAC
protocol [27].

SUs detect the primary signal during T}s through simple
energy detection scheme, such that

y(t) + n(t) Channel busy
n(t) Channel free,

where, y(¢) is the PU’s signal and n(%) is the white noise.
Details of the proposed sensing scheme are discussed in
the following section.

x(t) = { (1)
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2.2 Proposed sensing scheme

The sensing and sharing phase of the proposed CRN MAC
protocol are shown in Fig. 3, where one cycle (T¢ycle) of a
common control channel is divided into different phases,
i.e, Tidle, Tps: Tshars Tconts and Ttran.

In parallel sensing phase T, SUs sense the idle channels
from the primary band in such a manner that improves
spectrum utilization, throughput, and energy efficiency by
squeezing the overall sensing time. The sensing order is
designed such that two groups of SUs, according to their
IDs, sequentially search the primary band in the reduced
time. The basic idea is to form SU groups by using their
IDs. For example, two groups of SUs are formed as shown
in Fig. 2; an SU with even numbered ID falls in first group
and one with odd numbered ID in the second group. Like-
wise, more SU groups (Ng) can be formed and an SU’s
group ID (Gjq) is obtained as follows:

Gid = (Uid mod Ng) +1, (2)

where, mod represents the modulo operation which gives
the remainder and Ujq is the user ID of the SU.
The total number of channels assigned to each group is
N

Ngch = . 3
gch Ng ( )

The following two types of IDs can be used for grouping
the SUs:

1. Temporary IDs assigned to SUs after joining the
network.
2. Using MAC address as SU ID.

A unique temporary ID can be assigned to an SU when
joining the network through coordination messages over
the common control channel. However, this method is not
viable as it saturates the common control channel due to
the excessive messaging, when the number of SUs enter-
ing or leaving the network grow. Therefore, it is more

appropriate to use MAC addresses as user IDs for sec-
ondary nodes in CRN, without extra burden on common
control channel. Algorithm 1 in next the section also
describes the process of parallel sensing scheme.

The following benefits are achieved in our proposed
parallel sensing scheme as compared to the available
schemes in the literature.

1. Reduced sensing phase.
2. Discovering more idle channels in PU band.
3. Energy efficient sensing.

2.2.1 Reduced sensing phase

For Ne, PU channels there are N, /Ny slots in the sens-
ing phase (T)s) of the transmission cycle. In each slot of
the sensing phase, N, channels are sensed simultaneously,
in parallel. For example, when we divide the SUs into two
groups then two PU channels are sensed simultaneously
in parallel. Each group member senses all the channels
assigned to the group sequentially one by one. The first
group of SUs with odd IDs sequentially senses the alter-
nate PU channels starting from channel 1 and the second
group of SUs with even IDs senses the alternate PU chan-
nels starting from channel 2, as depicted in Fig. 3. Thus,
with respect to T as in [27] and also shown in Fig. 1, in
one Tcycle these two SU groups now sense the PU band in
half time. In this manner, the sensing phase time T}, can
be further reduced by creating more groups

TSS

Ths = —, 4
» =N, (4)

where T is the sensing and sharing time for SMC-MAC
protocol [27].

The reduced sensing time is adjusted in the data trans-
mission time, thus increasing the throughput by a factor
of N,.
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2.2.2 Discovering more idle channels in PU band

The price of leaving out a vacant channel is too high in
CRN, as the overall network performance is highly depen-
dent on discovering the opportunities and then tapping
them efficiently. So, ideally it is desirable to scan all the
channels to find their availability or otherwise. However,
this leads to more power consumption in the sensing
phase, which is not desirable in a wireless network with
nodes having limited battery at their disposal. Also, it
extends the sensing phase time, leaving less time for actual
data transmission in the transmission cycle Tcycle.

The proposed parallel sensing scheme has the capabil-
ity to exploit the maximum available opportunities in the
PU band, as each SU group simultaneously senses the
specific portion of the PU band in sequence without skip-
ping any PU channels. In the considered example of two
groups of SUs, all members of an odd ID SU group will
sense channels 1, 3,5, 7, ..., Noh, — 1 and the members of the
other group will sense channels 2,4, 6,8, ..., Nch, as shown
in Fig. 3. In this case, the probability of an idle PU chan-
nel left out is low; only when all members fall in the same
group. This probability diminishes as the number of SUs
grow in the CRN. Increased number of users in a group
increases the accuracy of the system, i.e., reduced false
alarm and misdetection. However, even if there is a single
member in a group, all channels assigned to the group will
be sensed, thus, the proposed sensing scheme maximizes
the pool of available resources in the CRN.

2.2.3 Energy efficient sensing

When an SU senses more channels in PU band it con-
sumes more energy. The energy conservation during the
sensing phase requires that fewer channels in the PU band
be sensed. But at the same time, it is desirable that collec-
tively all SUs sense all the primary channels to maximize
the pool of idle channels available to SUs. In the proposed
parallel sensing scheme, the energy conservation can be
achieved by forming more SU groups. When we cerate
more SU groups, then it implies that every SU has to sense
less number of primary channels, thus saving energy dur-
ing the parallel sensing phase. For example, if there are 5
SU groups in the CRN then primary band channels are
also divided into 5 portions and each group has the onus
of only 1/5th of the band, thus saving the SU energy by a
factor of 5.

The parallel sensing scheme is more efficient as it saves
time, energy and discovers more number of idle channels
for CRN from the PU band; however, it requires a delicate
trade-off among contradicting requirements.

2.3 Sharing scheme

In the proposed protocol, the sharing phase follows the
sensing phase. Channels can be sensed in parallel, but
the status, idle, or otherwise as sensed by SUs, cannot be
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shared in parallel. So, sharing phase has the same num-
ber of time slots as the number of PU channels N, i.e.,
one-to-one mapping. All time slots in the sharing phase
are further divided into two sub-slots, and each sub-slot
has a duration of only one bit. The first sub-slot is used to
represent whether the channel has been sensed or not and
the second sub-slot is used to communicate the busy or
idle PU channel status, as in [27]. Whether the PU chan-
nel is idle or busy, its information is shared by every SU in
the corresponding mapped time slot of Tghar. When an SU
senses idle PU channel during parallel sensing phase, then
it shares the results in the corresponding slot of the shar-
ing phase by sending tone 1 in the first sub-slot and 0 in
the second. Similarly, when an SU senses busy PU chan-
nel during the parallel sensing phase, then it shares the
results in the corresponding sharing slot by sending tone
1 in both sub-slots, as shown in Table 1. The final decision
about the availability of a PU channel is made on the basis
of collective information received.

In our proposed protocol, contention phase (7¢ont) and
data transmission phase (Tiapn) are similar to [27]; where,
after parallel sensing (T}s) and sharing phase (Tspar), M
slots are available in the contention phase for the SUs.

3 Performance analysis

To evaluate the performance of the proposed parallel
sensing scheme, we analyze the number of idle chan-
nels sensed, energy consumption during sensing, and the
throughput gain.

The Tcyce for the SUs to sense the PU is derived
from the primary user channel model in the network
as described in [30]. The distribution of PU arrival is
assumed to be exponential with rate X . When the inter-
arrival time (Ti) of PU is less than or equal to Tcycle,
the probability P; that SU will interfere with the PU is
evaluated by using the cumulative distribution function.

pP=P (Tint = Tcycle) =1— ¢ ey (5)
Evaluating Tcycle from (5)

In(1—P)
Tcycle = _fl (6)

Table 1 Status of the sharing sub-slots in sharing phase

Slot State Status

First bit 1 Channel sensed idle
Second bit 0

First bit 1 Channel sensed busy
Second bit 1

First bit 0 Channel not sensed
Second bit 0
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3.1 Idle channel analysis in parallel sensing scheme

Let K be the number of idle channels out of N, channels
in the PU band and the probability of busy channels is y,
then the probability of k idle channels is [27]

N,
p(k) = ( ,jh)(l “ N 0<k<Na  (7)
Thus, the average number of idle channels is
Nen
E[K]=")_ kpx(k) (8)
k=0

In our proposed parallel sensing scheme, there are
N parallel groups and Ny, secondary users select these
groups for sensing on the basis of their user IDs. The aver-
age number of channels sensed (S) by Ny, secondary users
in the parallel sensing scheme is

1\
E[S]= N |:1 — (1 — ]Vg) :|

From (9), the average number of idle channels discov-
ered by a single SU will be

Nch 1 Nsu
N [1— <1 - Ng) }(1 -y (10

From (8) and (10), the probability n of discovered idle
channels out of total available idle channels in PU is
derived as follows:

_ E[Side]

T E[K]
where E[Sjqle] is the discovered idle channels in PU band
by a single SU and E[K] is the total number of idle
channels in PU band.

)

E [Sigle] =

(11)

3.2 Energy consumption analysis in parallel sensing
scheme

The energy consumption by the SU during Tcycle can be

expressed as

Esy = Eps + Eshar + Econt + Etran (12)

where, Eps, Eshars Econt, and Egrap are the energy consumed
in parallel sensing, sharing, contention, and data transmis-
sion. Energy consumed during the sensing phase depends
upon the sensing algorithm [31]. Since, we are only inter-
ested in energy consumption during the parallel sensing
phase, which is given as

Eps = Pps~Tps: (13)

where Py is the total power consumed during parallel
sensing phase. From (13), the energy consumed by a single
SU during parallel sensing phase T} is found as

Nch

Eps = pr.Tps.——

N’ (14)
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where 7, is the time spent by a single SU to sense a sin-
gle channel and p; is the power consumed during sensing
of single channel. The sensing duration () for a single
channel is 1 ms [32] .

3.3 Throughput analysis in parallel sensing scheme
One cycle is divided into Tidle, Tpss Tshars Tconts and Tiran.
The data transmission time is evaluated as
(Tidle + Tps + Tshar + Tcont) (15)

Ttran = cycle —

and can be increased by minimizing the overhead delay

Nch
Tps = Tps—— (16)
ps ps ’
Ng
where 7ps is the sensing duration of each channel and N,
is the number of parallel sensing groups.
Results of PU channel status after sensing in Tps are
shared in Tgh,r, which can be evaluated as
Tshar = Nch-Tshars (17)
where T4, is the time taken by SU to share the sensing
results of each primary channel. The outcome of the shar-
ing phase is M idle channels out of N¢y, PU channels. Now,
M channels are available for the contention phase. Time
taken by the T¢ont is evaluated as

Teont =M [T(CR—RTS) ~+ T(CrR-sIFS) + T(CR—CTS)],
(18)

where T(cr—rTs) and T(cr—crs) is the time taken by SU to
send and receive the CR-RTS and CR-CTS messages.

In general, transmission time can be increased by reduc-
ing the sensing, sharing, and contention phase time;
however, reliable discovery requires increased sensing
duration. This will increase the number of discovered
idle channels, which in turn increases the number of
contention slots (M) in the contention interval, thus
decreasing the transmission time per cycle. So, there are
trade-offs involved and require optimization of involved
parameters to maximize the throughput. In our pro-
posed sensing scheme, while keeping the same s without
compromising on reliability, the overall sensing time is
reduced by forming more parallel SU groups (Ng). This
in turn not only neutralizes the effect of increased con-
tention phase time but also more than compensates by
leaving more time for transmission, thereby, providing
improved throughput.

In parallel sensing scheme, the throughput is obtained by

E[Sidle] Ttran-R-Ngy

, (19)
Tcycle

Th(pS) =
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where E[Siqle] is the average number of idle channels dis-
covered by a single SU and R is the data rate of each
channel. The above equation can be expressed as

NSU
Nen [1 -(1-%) ] (1= ¥)-Tiran-R

Thps) = (20)

Tcycle

Algorithm 1 Parallel sensing

Step 1.Variable declaration
Nch= Number of channels in primary band
M= Number of sensed idle channels in primary band
Nsy= Number of secondary users
Ng= Number of parallel groups where SU sense sequen-
tially
Load P= Traffic in the primary band [0-1]
Step 2.Discovering idle channels from primary band
through parallel sensing
for i =1 to 10 // primary traffic range, i.e, Load P do
Nchgtatus= Generate traffic for N, channels
SUjqs= Assign random ID to each node
SUgrp= Create parallel SU groups based on SUjgs

forj = 1 To N, do
if Nchgtatus () < Load P then
Set channel status to 1, the channel is busy
else if Nchgatys () > Load P then
Set channel status to 0, the channel is idle
end if
end for
forj =1 To N, do
if Nchgtatus (j) = 0 // idle channels in PU band then
Find the SU in relevant group N, by taking mod
of (Nch, Ng) and then counting the total number
of idle channels
end if
end for
end for

4 Analytical and simulation results

In this section, we present the numerical and simula-
tion results of the proposed parallel sensing scheme and
compare it with the SMC-MAC protocol [27].

The major simulation parameters for the evaluation
of our proposed scheme are summarized in Table 2.
Whereas, the basic parameters are the same as in IEEE
802.11 MAC [33]. The deployment of SUs is random, and
it is assumed that they are within the transmission range
of each other.
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Table 2 Simulation parameters
Parameters Value
Number of primary channels (Nch) 100
Primary traffic load (y) 0-1
Number of secondary users (Ns) 1-50
Number of SU groups (Ng) 1-15
Tidle 54 s
Slot duration in sensing Tps ms
Slot duration in sharing zspar 37 ns
T(crR=sIFS) 16 s
T(CR—RTS) 24 us
T(cr—cTs) 24 s

4.1 Sensed and discovered idle channels

First, we will analyze the average number of channels
sensed in parallel sensing scheme by the SUs, when there
are 100 channels (Ng,) in the PU band and number of
parallel groups (N,) are 1 to 10 as shown in Fig. 4. Here,
we can see that the parallel sensing scheme senses all the
channels in the PU band when there is only one group.
When the number of groups is increased, then the num-
ber of sensed channels by the SUs decreases. However,
despite increased parallel groups (Nj), by increasing the
number of SUs will discover more channels in the PU
band. For example, we see that when there are 10 parallel
groups (Ng) and 30 SUs, the average discovered or sensed
channels will be nearly 95 out of 100.

Figure 5 shows the average number of idle channels dis-
covered by the SUs when load on the primary band is 50%.
Here, we see that 48 out of 50 channels are discovered idle
when load on primary is 50%. So, it is evident that in par-
allel sensing scheme, the average number of idle channels
discovered by the SUs is high, whereas missed or skipped
idle channels are rare.

Figures 6 and 7 show the average number of idle chan-
nels discovered by the SUs when the traffic load on pri-
mary (y) varies from 0 to 1 for different configurations
of parallel groups (Ng) and number of secondary users
(Nsy). For average number of idle channels discovered by
the SUs, Fig. 6 shows two planes representing number of
secondary users, i.e., Ny = 30 and Ny, = 10 that con-
verge at point N, = 1 and diverge towards N, = 10. It
is observed that when Ng, = 30, then at point N, = 10
and y = 0, 96% idle channels are discovered. But, for
Ns, = 10 at the same point, i.e, N; = 10and y = 0,
75 idle channels are discovered. Figure 7 shows three
planes representing parallel number of groups N, = 2,
N; = 10, and N, = 15, where 100, 96, and 88 idle chan-
nels are discovered out of 100 PU band channels at point
when Ny, = 30andy = 0.
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Now, we present the simulation results of the proposed
parallel sensing scheme and find out the average number
of discovered idle channels by the SUs and then compare it
with the sensing scheme discussed in the SMC-MAC [27]
protocol.

Figures 8 and 9 show simulation results of proposed
parallel sensing scheme and comparison with the sens-
ing scheme in the SMC-MAC protocol [27] by employ-
ing different configurations of parallel number of groups
(Ng) and maximum random number of channels (chpax)
selected. Where, N, represents the number of paral-
lel groups of SUs that simultaneously sense the PU
band sequentially according to their IDs in the pro-
posed parallel sensing scheme, whereas chp.x repre-
sents the random number of channels selected by each
SU from the primary band in SMC-MAC [27] sens-
ing scheme. Here, we can see that the average num-
ber of idle channels discovered varies linearly with PU
traffic load.

Proposed and reference schemes are compared for dif-
ferent values of chyax and Ng. Now, for the ease of analy-
sis, we take only one scenario where number of secondary

users are Ny, = 2. So, in Fig. 8a, with chmax = 5 and
N, 2, our proposed parallel sensing scheme dis-
covers 66% more idle channels from the PU band than
the reference sensing scheme at 0 load on primary. In
Fig. 8b, with chypax = 2 and Ny = 2 proposed parallel
sensing scheme discovers 72% more idle channels. Simi-
larly, in Fig. 8c, with chmax = 2 and N; = 5 proposed
parallel sensing scheme discovers 32% more idle channels
from the PU band. Moreover, in Fig. 8d, with chpyax = 2
and N, = 5 proposed sensing scheme discovers 26%
more idle channels from the PU band. It is observed that
for each configuration given in Fig. 8, our scheme out-
performs the reference scheme by discovering more idle
channels from the PU band. However, in terms of average
number of idle channels discovered, we can equate these
two different sensing schemes by taking chpmax = 10 and
N, = 10 as shown in Fig. 9.

Figure 10 shows the simulation and analytical results of
our proposed parallel sensing scheme. The average num-
ber of idle channels discovered by the SUs, when the
traffic load on primary band varies form 0 to 1 is verified
by the simulation results for different number of parallel
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groups (N; = 2,5,10) and for fixed number of secondary
users, i.e.,, N5y, = 20.

4.2 Energy consumption
Figure 11 shows the energy consumption analysis of SUs
during the proposed parallel sensing phase (T}s). We
observe that when the number of parallel groups (Ny) are
increased, then the saving in energy consumption is sig-
nificant. For example, when N, = 2and Ny, = 30
then the total energy consumption during the parallel
sensing phase (Tps) is 2.2 J. Similarly, when N, = 5
and Ny, = 30 then the total energy consumption dur-
ing the parallel sensing phase (7}s) is 0.7 J. Finally, when
Ny = 10 and Ny, = 30, then the total energy con-
sumption during the parallel sensing phase (T}s) is 0.4 J.
It is observed that when the parallel groups are increased
(from N, = 2to N, = 5) then 68% energy sav-
ing in sensing is achieved. Similarly, 81% of energy is
saved in sensing when parallel groups are increased from
Ny = 2toN; = 10.

The energy consumption comparison of parallel sens-
ing scheme and sensing scheme of SMC-MAC [27] is also
shown in Fig. 11. It is observed that when chp,x = 10

(random channel selection scheme in SMC-MAC [27])
and N; = 10, then both the sensing schemes will
consume same amount of energy during sensing phase.
However, when we further increase the parallel number of
groups beyond N; = 10 then our parallel sensing scheme
outperforms the reference sensing scheme.

4.3 Throughput gain

Figure 12 depicts the maximum throughput of the sys-
tem versus traffic load on the primary channels, when
N, is 2 and 5 and the number of secondary users are 5
and 30. It is observed here that when there are 2 paral-
lel groups with 5 to 50 SUs, the maximum throughput is
4.7 to 4.8 Gbps. Because, in parallel sensing scheme, when
there are less number of groups, the effect of increasing
the number of SUs on number of idle channel discovery
is marginal. But we can see that when there are 10 num-
ber of parallel groups with 5 to 50 SUs, the maximum
throughput is 2.1 to 5.2 Gbps, which is 60% higher in
comparison to the reference scheme. Because, in parallel
sensing scheme, when there are large number of groups,
the effect of increasing the number of SUs on idle channels
discovery is significant. Large number of parallel groups
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Fig. 7 Average number of idle channels discovered by SUs with variations in the number of secondary users and traffic load on the primary band
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also reduces the overall sensing phase time, leaving more
time for the transmission.

Figure 13 shows that from Ny, = 1to Ny, = 11,
the throughput of the system with two parallel groups
is higher. Whereas, from Ngw = 13 to Ngw = 35
the throughput of the system with five parallel groups is
higher. Moreover, from N5, = 37 to Ny, = 50 the
throughput of the system with 10 parallel groups is higher.
It is evident that the large number of parallel groups are
only efficient when there are the large number of SUs in
the system and vice versa.

Figure 14 shows the comparison of maximum through-
put of the system between proposed sensing scheme with
Ng = 10 and reference sensing scheme in SMC-MAC
[27] with chmax = 10, when the primary traffic load
varies from O to 1. Here, we can see that at each point
of the primary traffic, the throughput of the system for
parallel sensing scheme always surpasses the reference
sensing scheme. For example, at a point where the pri-
mary load is 0 , the maximum throughput of the sys-
tem is 1 Gbps for the parallel sensing scheme, whereas
at the same point, maximum throughput of the system
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for SMC-MAC [27] is 0.8 Gbps. Figure 15 also shows
the comparison of maximum throughput of the system
between proposed sensing scheme with N, = 10 and
sensing scheme in SMC-MAC [27] with chpmax = 10,
where the number of secondary users vary from 1 to 50.
It is observed here that at each value of Ny, the maxi-
mum throughput of the system for parallel sensing scheme
always exceeds the reference sensing scheme. For exam-
ple, at a point where Ny, = 30, the maximum through-
put of the system is 3.7 Gbps for the reference sensing
scheme and 4.6 Gbps for the proposed parallel sensing
scheme.

It is apparent from the above results that the proposed
parallel sensing scheme outperforms the reference sens-
ing scheme because it discovers more idle channels, which
leads to higher throughput. Also in the parallel sensing
scheme, the sensing phase time is reduced by increasing
the number of parallel groups which leaves more time
for the transmission that also contribute towards higher
throughput.

5 Conclusions

In this work, we have proposed a parallel sensing scheme
for the cognitive radio ad hoc networks that efficiently dis-
covers more idle channels from the primary user band,
consequently leading to improved spectrum utilization,
lower power consumption, and higher throughput. We
have investigated the performance of proposed paral-
lel sensing scheme through both mathematical analy-
sis and simulations. Comparison with the SMC-MAC
protocol [27] shows that the proposed parallel sensing
scheme outperforms the SMC-MAC sensing scheme by
finding more idle channels from the primary user band
and also improves energy efficiency during the sens-
ing phase by increasing the number of parallel groups.
Most importantly, the proposed scheme provides higher
system throughput as the duration of sensing phase is
reduced through parallel sensing, resulting in increased
transmission time for the SUs in a given cycle. The pro-
posed parallel sensing scheme is particularly suitable for
delay-sensitive applications in ad hoc cognitive radio net-
works as it discovers higher number of idle channels in
less time, consumes lower energy, and affords enhanced
throughput.
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