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ABSTRACT. Cognitive radio (CR) is a wireless technology developed to improve the usage in the
spectrum frequency. Energy consumption is considered as a big problem in this technology, especially
during a spectrum sensing. In this paper, we propose an algorithm to improve the energy consumption
during the spectrum sensing. The theoretical analysis to calculate the amount of energy consumption,
using the proposed method during sensing stage as well as the transmission stage during transmitting
a local decision to the fusion center FC, are derived. The proposed algorithm is using energy detection
technique to detect the presence or absence of the primary user (PU). The proposed algorithm consists
of two stages: the coarse sensing stage and fine sensing stage. In the coarse sensing stage, all the
channels in the band are sensed shortly and the channel that have maximum (or minimum) energy
is identified to make a dense fine sensing for confirming the presence of the PU signal (or hole). The
performance of the proposed algorithm is evaluated in two scenarios: non-cooperative, and cooperative
in both the AWGN and Rayleigh fading channels. The simulation results show that the proposed
method improves the energy consumption by about 40 % at a low SNR values, when compared with
the traditional methods based on a single sensing stage and more advanced method based on censoring
and sequential censoring algorithms.

KEYWORDS: cognitive radio; spectrum sensing; energy detection; energy consumption; cooperative
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1. INTRODUCTION

The concept of a cognitive radio is that unlicensed
users (secondary users) can use the spectrum owned
by licensed users (primary users), while they shouldn’t
make an interference to the primary users when they
are using the spectrum. Thus, to achieve the tech-
nique of a cognitive radio, a secondary user must
have the ability to measure, sense and learn the chan-
nel characteristics and availabilities [I]. One of the
main challenges in the CR networks is the high energy
consumption, especially in battery-powered terminals.
In order to identify the unused spectrum portions,
the cognitive users (CUs), are enforced to sense it
for a specific period, this process causes an excessive
energy consumption [2]. Different spectrum sensing
techniques are available, such as energy detection,
matched filter detection, waveform-based sensing, and
cyclostationarity-based sensing. Energy detection is a
simple technique for spectrum sensing and is one of the
most commonly employed spectrum sensing schemes.
It does not require any prior knowledge about the
primary users’ (PUs) signals [3]. Two scenarios of
spectrum sensing are usually used, a non-cooperative
scenario and cooperative scenario (CSS). In the non-
cooperative scenario, a single user is used to make
the sensing, while in the cooperative scenario, mul-

tiple cognitive users sense in cooperation to reduce
the effect of fading [3]. In CSS, during the transmis-
sion stage, the local sensing results are reported to
a central entity, called the fusion centre (FC). The
FC is in charge of making a global decision regarding
the spectrum occupancy by applying a specific fusion
rule (FR) [2]. There are two popular schemes used to
represent the local result: a hard-based scheme and a
soft based scheme. In the hard scheme, all the CUs
convey their local decisions as a single bit per a CU
towards the FC consecutively: bit "1" indicates the
PU presence and bit "0" indicates the PU absence. In
soft scheme, the sensing result is usually quantized
by a large number of bits [4]. In this work, the hard
scheme is used, because it consumes less energy. The
rule that is employed by the FC is the OR rule, which
implies that if at least one CU makes a local decision
of busy (or 1), the global decision will be busy (or 1).
Otherwise; the global decision will be free (or 0) [4].
Many works have proposed the methods to reduce
the energy consumption. Sequential sensing, as an
algorithm to reduce the average number of sensors
required to reach a decision, is thoroughly studied
in [5-8]. A truncated sequential sensing technique is
employed in [9] to reduce the sensing time of the CR
network, where many thresholds are used. In [10],
the CUs are divided into non-disjoint subsets in a
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way that only one subset senses the spectrum, while
the other subsets stay in a low power mode. In [I1],
a censoring and combination of censoring and trun-
cated sequential sensing are presented to reduce the
energy consumption. However, although these ap-
proaches improve the energy consumption, they have
some drawbacks. In censoring approach, two thresh-
olds are used, this increases the complexity and due
to the whole spectrum being sensed, it also increases
the energy consumption. The method of a combi-
nation of censoring and truncation have a weakness
in the performance of detection, since it stops the
sensing process once the accumulated energy crosses
the threshold without sensing other channels, many
of which have higher accumulated energy i.e. more
probable existence of the PU signal. In [12], the coarse
sensing approach is used to find the available channel
in a combination with the sequential sensing scheme.
Although this method reduces the sensing time, it
also has a problem that it uses sequential sensing,
which does not select the optimal channel available
since the sensing is stopped quickly when the channel
available is found without checking other channels.
Furthermore, for low values of the SNR, this method
consumes high energy, because it cannot produce a
local decision early and continue to take more samples.
The fading effect is also not taken into consideration
in this method. In this paper, we proposed a sensing
method that overcomes the problems mentioned in
the previous works [IT} [12]. It makes sensing in two
stages: the first stage is to shortly sense all the chan-
nels in the spectrum with a low number of samples
and then identify the channel that have the maximum
accumulated energy (the channel that is more likely
to have a PU signal). Then, a fine sensing is done
only on this channel with higher number of samples
for verification. The rest of the paper is organized as
follows: in Section [2] the spectrum sensing concept
using energy detection is explained. Section [3]presents
the proposed method with corresponding theoretical
analysis. Section [4 gives the simulation results with
a necessary discussion, while Section [5] outlines the
conclusions deduced.

2. ENERGY DETECTION TECHNIQUE

Energy detection is one of the widely used spectrum
sensing techniques since it has a low complexity and
it does not need any knowledge about PUs signals.
In the CR networks, the CR checks the spectrum
allocated to the PU and when it detects the absence of
the PU transmission, it starts the data transmission to
its receiver. The received samples at the CU receiver
are [3]:

Y (n) = hps0Xp(n) + W(n), (1)
where X, (n) is the signal of the PU, hpg is the channel
gain between the PU and the SU, W (n) is the Additive

White Gaussian Noise (AWGN) at the SU receiver,
and 6 is the PU activity indicator, which can take one
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out of two values:
0— {O for Hy hypothesis, @)

1 for H; hypothesis;

when the PU is active, it is referred to as hypothesis
Hy, while in the case of inactivity, the PU is referred
to as hypothesis Hy. The false alarm and detection
probabilities are evaluated by comparing the detector
decision metric with a pre-set threshold A. The deci-
sion metric (DMED) is defined by the energy of the
captured samples during the observation window t¢:

1 N
DMED = >~ [v/(n) %, (3)

where N = tFj is the number of sensing samples and
Fy is the sampling frequency. The probabilities of
false alarm and detection are evaluated by:

Pr = Pr(DMED > \|H), (4)
Py = Pr(DMED > A Hy). (5)

3. THE PROPOSED METHOD —
IMPROVED COARSE-FINE SENSING
METHOD)

The energy consumption during the spectrum sensing
process consumes energy in both sensing and transmis-
sion stages. The proposed algorithm achieves energy
saving in the sensing stage, and it also improves the
performance detection. Figure [1| shows the flowchart
of the design procedure of the proposed algorithm.
This algorithm consists of two stages: a coarse sensing
stage and fine sensing stage. In coarse stage, the CU
senses a fixed spectrum length and a fixed number of
channels with fewer number of sensed samples (e.g.
16 % of the number of samples used in a typical sens-
ing process). The accumulated energies obtained from
all channels during the coarse sensing are collected
and then a fine sensing is applied to the channel that
has the maximum accumulated energy. Fine sensing
senses all samples in the channel selected to the con-
firmation. In order to ensure that this signal is a
PU signal (not noise), the accumulated energy in the
channel is compared with a threshold A to produce a
final decision about the PU signal activity.

If we want to detect a hole in the spectrum, the
same procedure is repeated, but fine sensing is applied
to the channel that has minimum accumulated energy.
In general, the amount of the energy consumption
achieved by the jth cognitive user C; is given by

Cj = Cs,j + C@j (6)

with
Cs,; = NCss j, (7)

where Cs ; and Cy ; are the energies consumed by the
jth CU in sensing and transmission (per bit) stages
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FicUre 1. Flow chart of the proposed sensing method.

respectively, N is the number of sensed samples, and
Css,; is the energy consumption per sample.

As stated in [I1] 12], Cs ; is fixed and depends only
on the sampling rate and the energy consumption of
the sensing module, it is computed assuming Py =
1 (ie., Csjipi=1).- When Py is decreased, Cy; is
increased since the energy detector will produce false
decision, which leads to a repetition of the sensing
process. According to this discussion, Cg ; will be

written as |13, [14]
Css,j = Css,j\szl + Css,j|Pd:1(1 - Pd)~ (8)

Considering a sensor used by the CU based on the

IEEE 802.15.4/ZigBee radios. The sensing energy for
each decision consists of two parts: the energy con-
sumption involved in listening over the channel and
in making the decision and the energy consumption
of the signal processing part for modulation, signal
shaping,..etc. The number of samples per detection
interval used in our simulation is chosen to be 5, ac-
cording to [15]. This interval corresponds to a de-
tection time of 1ps. Considering the fact that the
typical circuit power consumption of ZigBee is approx-
imately 40 mW, the energy consumed for listening is
approximately 40nJ. Therefore, we conclude that the
energy consumption per sample is 40nJ/5 =8nJ. So,
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FIGURE 2. The division of spectrum using the proposed method.

Parameter Name Value
Bit rate 2 Mbps
Number of channels m 10
Modulation type QPSK (PU signal)
Probability of false alarm 1073
Sensing ratio k 16 %
Total number of samples

in the spectrum N 1000
Samples per symbol 100
Distance d 10m

TABLE 1. Simulation parameters.

Css,; = 8nJ will be used.
According to the proposed algorithm, can be
written as

Cs,j = Ceo,j + Ch j, 9)

where Ce, ; and Cf ; are the energy consumptions in
the coarse and fine stages respectively, with

N
—Uss, g 1
~Chgr (10)

Ceo,j = NkCs 5, Cqj =
where k is the sensing ratio, which is defined as the
number of sensed samples to the total number of
samples N, and m is the number of channels in the
spectrum. Figure [2] explains the division process of
the spectrum used in the proposed coarse-fine sensing
method.

So, the total energy consumption per sensor in both
coarse and fine stages is:

1
Cug = Cooj + Cig. = (k+ E)Ncss,j. (11)

The amount of energy consumption per bit in the
transmission stage is computed as follows: according
to [I5], the consumed energy related to the signal
processing part in the transmission mode for a data
rate of 250kb/s, a voltage of 2.1V, and current of
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Tap Relative Average Doppler
delay (ns) power (dB) spectrum
1 0 0 flat
2 50 -3 flat
3 110 —10 flat
4 170 —18 flat
5 290 —26 flat
6 310 -32 flat

TABLE 2. Multipath fading properties of ITU indoor
channel model (A).

17.4mA is approximately 150nJ/bit. The transmitter
dissipates energy to run the radio electronics and the
power amplifier. To transmit one bit over a distance
d, the radio spends:

Ctb,j = Ct—clcc,j + eamp,jd2, (12)

where Cielec,j is the transmitter electronics energy
and eamp,; is the amplification required to satisfy
a given receiver sensitivity level. Assuming a data
rate of 250kb/s and a transmission power of 20 mW,
Ciclec,;j = 80nJ. To satisfy a receiver sensitivity of
90 dBm at an SNR of 10dB, eamp,; is 40.4 pJ/m2. So,
the transmitted energy per bit for the jth CU would
be

ij = Ctb,j + 150 DJ/bit. (13)

Substituting and into @ we get
1
0 = (k + a)Ncss,j + Cipy + 1500 /bit.  (14)

In this work, the OR rule is used in the FC to make
the final decision. This way, the global probability of
the detection Qq is [11]

M
Qdilfn(lfpd)a (15)

where Py is the local probability of the detection and
M is the number of cognitive users.
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FIGURE 4. Energy consumption versus Ey /N, in Rayleigh multipath fading channel.

4. SIMULATION RESULTS
AND DISCUSSION

This section presents the simulation results of energy
detector performance and the energy consumption
of the proposed scheme under the cooperative and
non-cooperative scenario. They are divided into two
parts: the first part shows the results of the proposed
method using IEEE 802.15.4/ZigBee standard as a
case study in the CU. The performance is tested under
the AWGN and Rayleigh multipath fading channels,
all results in this part include the amount of the
energy consumption of the CU in the sensing and
transmission stages. To evaluate the performance of
the proposed scheme, it is compared with a traditional
sensing method, which senses all spectrum samples
(i.e k=1). The second part shows the performance
comparison between the proposed method and the
censoring and sequential censoring used in [I1].

4.1. PART ONE

The simulation parameters used in this part are shown
in Table[I] The used multipath fading is “ITU indoor
channel model A” as shown in Table [2] [T6].

4.1.1. NON-COOPERATIVE SCENARIO

Figures [3] and [4] show the performance curves of the
energy consumption of the CU versus E}, /N, in the
AWGN and Rayleigh multipath fading channels re-
spectively to the proposed method as compared with
the traditional method. In Figure 3] it can be seen
that the energy consumption reduces as E}, /N, in-
creases, since a fewer number of sensing samples is
required by the CU in the sensing process to detect
the PU signal when E}, /N, is high. It is also noted
that the proposed algorithm achieves an improvement
in the energy consumption when compared with the
traditional method. For example, when E}, /N, equals
5dB, energy consumption decreases by 55% in the
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FIGURE 6. Pd versus E1 /N, in Rayleigh multipath fading channel.

proposed method. Figure [4] shows the same perfor-
mance in Figure [3] but with an increase in energy
consumption due to the effect of the multipath fad-
ing. Figures [5 and [6] show the performance curves of
probability of detection versus Ey, /N, in the AWGN
and Rayleigh multipath fading channels respectively.
It can be seen that in Figure 5] the detection perfor-
mance increases as F}, /N, increases and the proposed
method outperforms the traditional method. It can
be seen that the improvement of the probability of
detection in the proposed method becomes more sig-
nificant in the small values of F},/N,. For example,
when F}, /N, equals 3dB, Pd is increased from 0.42
in traditional method, to 0.7 in the proposed method.
Figure [6] shows the same performance as in Figure
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but with a slight reduction in detection performance
due to the effect of the multipath fading. The reason
behind the improvement in the detection performance
in the proposed method is the use of the fine sens-
ing stage, which senses the channel with a sensing
ratio of 100 % and that increases the accuracy in the
performance detection.

4.1.2. COOPERATIVE SCENARIO

Figures[7)and [§|show the performance curves of energy
consumption and Qq versus Ey, /N, respectively. In
the cooperative scenario, 5 CUs, and the OR rule in
the FC for the final decision are used. The scenarios
considered assume that only 3 CUs out of 5 CUs are
suffering from multipath fading.
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As shown in Figure [7] the average energy con-
sumption per sensor is increased as F}, /N, increases.
When we make a comparison of this figure with a
non-cooperative scenario given in Figure [d] it can be
seen that the reduction in the energy consumption is
increased in both traditional and proposed methods.
For example, when E, /N, equals 5dB, the energy
consumption reduces by 60 % in the proposed method.
The reason behind this improvement is that the CUs
will share the statistics about the PU existence, which
will increase the overall detection probability as shown
in Figure Also, in Figure [§] it can be seen that
the proposed method has a significant improvement
in detection performance when compared to the tradi-

tional method. This is because of the use of two stages
of the detection process, which increase performance
detection, especially in fine sensing.

4.2. PART TWO

In this section, the performances of the proposed
method and censoring and sequential censoring meth-
ods discussed in [IT] are evaluated and compared. In
these results, we use the same parameters that are
used in both methods. The parameters are M = 5,
N =30,C,; =1, C;; =10, a = 0.1, 8 = 0.9, where
« is the probability of a false alarm constraint , 3
is the probability of detection constraint. As stated
in [II], @p > B. The FC uses the OR rule and there
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are predefined values for initial probabilities of the
PU absence (mg) and presence (1) [I1]. When adding
this probabilities to the spectrum sensing problem,
the new expression for the energy consumption by jth
CU will be Cs j = m9Cco,j +m1Ch ;.. It is worth noted
that when 7y is 0 or 1, the CU enters into a sleep mode
and the sensing process is stopped. Figures [0 and
show the performance curves of an average energy con-
sumption per sensor versus the SNR when my equals
0.2 and 0.8 respectively. In these two figures, it can be
seen that the proposed method improves the energy
consumption, as censoring and sequential censoring
methods and this improvement increase as Ey, /N, de-
creases. For example, in Figure [J]at SNR = 0dB, the
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energy consumption is reduced by 45 %, 35 % when
we compare it with the censoring, sequential censoring
methods, respectively.

We also note that in the proposed method, the
energy consumption stays at a constant level as the
SNR increases. This can be interpreted as follows:
when the SNR increases the detection probability in-
creases and reaches its full scale value at a higher
SNR value, keeping the performance at constant level,
which, as a result, makes the energy consumption
constant. Figure shows the performance curve
of the global probability of the detection versus the
SNR of the proposed system. This figure shows that
the proposed system operates in the right range to
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make a fair performance comparison with the method
in [IT], since the relation Qp > 3 is satisfied (8 = 0.9
in simulation parameters). F igureshows the perfor-
mance curve of the average energy consumption per
sensor versus the number of samples. The parameter
used in this figure is the same as used in Figures [9]
and [I0] but in this results, m is 0.5, and the SNR
is a vector of [1dB,2dB,3dB,4dB,5dB] for 5 CUs.
In this figure, it can be seen that on the one hand,
the energy consumption is increased when the number
of samples is increased, but on the other hand, the
proposed method has a significant improvement in
the energy consumption, especially for a high number

of sensed samples. This is because the high number
of samples will increase the performance of the de-
tection and this leads to the decrease in the energy
consumption.

5. CONCLUSIONS

In this research, we proposed an efficient method to
reduce the energy consumption with improvement
in performance detection in the CR networks. The
simulation results are shown as comparisons with tra-
ditional method in two scenarios: cooperative and
non-cooperative, and with censoring and sequential
censoring methods. The results have shown a sig-
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nificant improvement in the energy consumption by
the proposed method. The main reason behind this
improvement is that the proposed algorithm combines
both improving in the energy consumption by reduc-
ing the number of sensed samples and increase in
detection probability. The improvement in energy
consumption is caused by the fixed length coarse sens-
ing stage by using fewer number of samples, while
the increase in the detection performance is caused by
the use of the fine sensing stage. The impact of the
proposed scheme becomes more clear at a low signal-
to-noise ratio values and in the presence of a high
initial probability about the primary user availability.
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