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Spectrum sensing (SS) is cognitive radio's (CR’s) fundamental and essential
mechanism to locate idle spectrum. Multipath effects in wireless channels, on
the other hand, reduce CR's sensing accuracy, resulting in a significant risk of
missing data. Optimal spectrum sensing technique with energy harvesting
(OSSTEH) used to solve this problem suffers from poor performance due to
only one primary user (PU) branch used. Hence, in this paper, an enhanced
SS with energy harvesting technique is proposed using Maximal Ratio
Combiner (MRC). The multiple copies of the PU signal were received using
'N' number of secondary users (SU) antennas and divided into two equal
fractions. The first fraction was used for spectrum sensing, while the latter
was used for energy harvesting. The first set of SU antennas received a PU
signal, which was combined using MRC, and the output of the combiner was
used as an input to the energy detector to calculate the received signal's
energy. To assess the existence or absence of the PU signal, the acquired

energy was compared to the threshold limit. The enhanced technique was
evaluated using the probability of detection and signal strength compared with
conventional OSSTEH. The enhanced technique gave a high detection rate
with an increase in charging rate than the conventional OSSTEH.
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1. INTRODUCTION

The spectrum scarcity problem in wireless communication is increasing daily due to the more
bandwidth required to support many applications in various economic sectors of every nation. To serve ever-
increasing customers, the frequency ranges acceptable for commercial applications are limited. The
International Telecommunication Union (ITU) divides the frequencies into bands for different uses, hence
radio spectrum allocation is now based on a fixed spectrum access paradigm. The license holder, known as the
primary user (PU), has exclusive rights to use its spectrum, meaning no one else may use it. This protects
license holders against interference [1], [2]. However, many parts of the approved radio spectrum are underused
by licensed users, owing to the fact that many parts of the licensed spectrum are not utilised for extended
periods of time. The conventional fixed spectrum strategy is wasteful and no longer possible because the
number of users and their data rates function with time. The most common proposal in solving the problem of
spectrum scarcity is to allow an unlicensed user to exploit the unused spectrum using cognitive radio (CR)
technology [3], [4]. CR is a method that lets unlicensed users (secondary) to utilize the licensed (primary)
spectrum's accessible sections without interfering with the primary users (PUs). In addition, CR is a technique
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that improves spectrum usage efficiency through dynamic spectrum access and provides a solution to the
problem of spectral congestion through opportunistic usage of a spectrum that PUs does not heavily occupy.
Primary user (PU) and secondary user (SU) are the two users in CR (SU). SU is an unlicensed user who uses
the allotted spectrum only while PU is idle, whereas PU is a licensed user who has the authority to utilize the
assigned spectrum [5]-[8]. The four-core operation in CR includes spectrum sensing (SS), spectrum decision
(SD), spectrum analysis (SA) and data transmission (DT). SS, which is the method through which SU senses
the allocated spectrum to assess the existence of PU and identify vacant spectrum holes, is the most important
of these four key processes in the CR network [2], [9]. To make the most of the unoccupied spectrum and
ensure the best possible protection for the primary transmission, SUs must conduct SS on a regular basis and
decide on the availability of idle spectrum. However, battery replacement or recharging can prolong the life of
SUs to some amount. However, such approaches are frequently expensive and, in certain situations, require
awkward or even impossible processes [10], [11].

Energy harvesting (EH) is a new technology aimed at energy-constrained communication systems.
Renewable energy sources recharge the battery, allowing the CR to work indefinitely without requiring external
power cords or battery repairs. Therefore, incorporating EH in the CR network enables continuous spectrum
sensing, greatly enhancing spectrum utilization and energy efficiency [12]. EH in wireless networks extracts
energy from the ambient environment, such as wind, solar and radio frequency (RF) signals. Recently, EH
from RF signals has been proposed to enhance SS and DT in CR networks [13], [14]. However, CR's sensing
accuracy and EH depend on multipath propagation [15], [16]. Due to blockage in the terrestrial environment,
multipath propagation describes a process in which a sent signal propagates in many copies. The effect of this
process is a fluctuation of the PU signal, which could be so severe and resulting to a low signal below the
sensitivity of SU. This effect causes poor signal reception, making PU difficult to sense [17]-[19]. If SU is
unable to detect PU due to an obstruction, the likelihood of interference to the PU rises. Hence, hidden primary
user problem that causes interference to PU and reduced RF power need to be mitigated [20]-[23]. Diversity
combining technique (DCT) combined the multiple copies of the received signal, increasing signal strength
[9]. Among the DCTs, maximal ratio combiner (MRC) gave better performance than other techniques due to
combining the system'’s nature. Therefore, MRC was adopted in this paper to combine the multiple copies of
PU signals before performing SS and EH. Energy detector (ED) that measures the energy of the PU signal
within a pre-defined bandwidth and compared with a set threshold was adopted due to low implementation
cost and computational complexities.

Spectrum sensing with energy harvesting for a CR network has been the subject of a number of
previous studies. Zhang et al. [15], For EH-based CR, a simultaneous optimization of energy harvesting and
spectrum sensing was proposed. The sensing and energy harvesting durations were optimized using dynamic
time-slot to formulate optimization problems. Closed-form expression of SU's capacity was derived by
considering the time duration for both spectrum sensing and energy harvesting. SU's capacity was then used to
measure the performance of the optimized technique. Results obtained revealed that SU's capacity was
maximized compared with conventional energy harvesting cognitive radio. However, the technique suffers
from poor detection and charging rates due to only one PU branch being implemented in the system. Also, joint
optimization of SS and transmit power in EH-CR sensor networks was presented in [24] to address the problem
of energy constraint in energy harvesting cognitive radio networks. Using Markov decision process (MDP),
resource allocation problems were formulated based on the channel occupation and sensing imperfection using
Markov decision process (MDP). The given issues were handled utilizing the optimal sensing transmission
(OST) strategy, which specifies the amount of time assigned for SS and the power level to be utilized for
transmission. The technique was evaluated using battery discharging rates at a specific throughput. The result
obtained revealed that the technique maximized sensing time while minimising power consumption but suffers
from poor detection and charging rates due to only one PU branch being considered.

Furthermore, Gao et al. [13], a CR network with energy-harvesting based on primary and secondary
user signals was proposed to solve the problem of energy constraint and the probability of false alarm resulting
in poor spectrum management. Multi-objective optimization problem (MOP) was formulated based on
detection rate, false alarm probability (FAP) and power consumption. The MOP was addressed by converting
a multi-objective optimization problem into a single-objective problem by choosing one objective function as
the main objective function and converting the other objective functions into constraints constrained by a
certain amount of tolerance. Detection rate was chosen as the main objective function, while other functions
such as probability of false alarm (PFA) and power consumption were used as constraints. Results of the paper
revealed that the technique maximized detection rate and minimized PFA and power consumption compared
with conventional energy harvesting cognitive radio. However, the technique suffers from poor detection rates
at low PFA and signal to noise ratio (SNR) due to only one PU branch used. Energy harvesting with adaptive
transmit power for cognitive radio network is proposed in [25] to address the problem of energy constraint in
a cognitive radio network using radio frequency energy harvesting and adaptive power transmission (APT).
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Channel state information (CSI) and secondary user (SU) transmitting power were adjusted based on
channel gain, a CSI function using APT. According to the Author, SU uses low power to transmit the signal if
the channel gain obtained is very high. However, if the channel gain is meagre, SU uses high energy to
compensate for the loss due to inadequate channel conditions to maximize the system throughput. RF energy
harvesting using a power splitter was used at the SU to scavenge energy at the PU signal. The harvested energy
was used to recharge batteries and used for SU transmission. Closed-form expression of packet error probability
(PEP) was derived and the results obtained showed that the technique was able to solve the problem of energy
constraint in a CR network but suffers from poor detection rate with high PEP due to only one PU branch used
in the system.

However, some of the existing works on energy harvesting based CR suffer from poor detection and
low charging rates due to only one PU branch implemented. Therefore, in this paper, an enhancement of
optimal spectrum sensing technique for energy harvesting enables cognitive radio network using maximal ratio
combiner and antenna switching (AS) energy harvesting technique at the SU node. The contributions of this
paper are as shown: i) A new sensing technique with improved detection and charging rates compared to the
conventional sensing technique has been proposed. Improvement in detection rate increases PU protection and
spectrum usage efficiency, while improvement in charging rate reduces energy constrained in CR, thereby
eliminating periodic battery replacements; ii) Mathematical expression for the estimation of PFA for the new
sensing technique has been derived and this can be used in setting a threshold for the proposed technique.

The remainder of the paper is structured as: the proposed enhanced spectrum sensing technique with
energy harvesting is presented in section 2. In this section, the mathematical expression of PFA for the proposed
technique was derived and used to set the decision threshold. Also, the mathematical expressions for PD and
signal strength were derived to evaluate the performance of the enhanced technique. Section 3 presents the
simulation results with performance comparison and section 4 concludes the paper.

2. PROPOSED SPECTRUM SENSING TECHNIQUE WITH ENERGY HARVESTING IN A
COGNITIVE RADIO NETWORK

The proposed technique consists of PU antenna, Rayleigh channel, maximal ratio combiner (MRC),
antenna switching (AS) and the SU antennas. The PU antenna served as the transmitter, the channel used was
the Rayleigh, MRC was used for combining the reflected signals, AS was used for the spectrum sensing and
energy harvesting with 4, 6, and 8 numbers of SU antenna used as the receiver. The randomly generated
multiple copies of PU signal via a Rayleigh fading channel was received by 4, 6, and 8 SU antennas. For each
pair of antennas employed, the SU antennas were divided into two parts, with the first fraction used for spectrum
sensing and the second fraction used for energy harvesting. The PU signal received by the first set of SU antenna
was combined with MRC, and the output of the combiner was sent into an energy detector (ED) to calculate
the signal's energy, as shown in Figure 1. The obtained energy was compared with the set threshold to ascertain
the presence or absence of the PU signal. If the acquired energy exceeds the set threshold, the spectrum is said
to be occupied; otherwise, it is said to be idle. To reduce signal reflection, the PU signal received by another
fraction of the SU antenna was combined using MRC, and the output of the combiner was used as an input to
impedance matching (IM). The output of the IM was then sent into a voltage multiplier, which increased the
voltage of the received signal, and a bridge rectifier, which rectified it. The direct current (DC) output of the
rectifier was filtered using a capacitor and controlled with a voltage regulator, as shown in Figure 2. The
regulator's DC output may now be utilized to recharge the battery for spectrum sensing and SU transmission.
The output SNR of MRC "yjrc" is given as:

Yure = == (ke H X S(0))? (1)

where: S(i) is the signal power on each branch
L is the number of branches

w is the noise presents on each branch

H is the channel gain on individual branch
From (1), output of ED ‘E’ is given as

E = Y3 lx(m)]? )

where x(n) is the PU signal equal to the output of MRC in this paper. Therefore, substituting (1) into Equation
(2) gives:
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Ere = Yoy | = (Bkoy H X ()22 3)

as shown in (3) is the output of ED for the enhanced technique. Spectrum decision then uses the threshold to
decide whether the spectrum is busy or idle and this threshold is given as;

Eype > A 4)

where: A is the decision threshold.

Figure 1. Block diagram of spectrum sensing for the enhanced technique
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DC Output
-

Figure 2. Block diagram of energy harvesting for the enhanced technique

2.1. Probability of false alarm for the enhanced technique

In this paper, the probability of false alarm (PFA) is the probability of falsely detecting the primary
signal when the PU is silent in the scanned frequency band or the probability that exceeds a certain threshold
when there is no signal. The PFA for the technique is derived as follows:

The total noise power ‘w,,;” at the output of MRC is given by [26] as;

Wtot = Z%=1 a;w; )

where: a; is the weight on each branch, w; is the noise power on each branch
From Equation (3), the output of ED 'Ey g’ under H, hypothesis is expressed as;

Evre/n, =¥n=1 | Yicy a;(mMw;(n) |2 (6)

Since Eypc,n, is a sum of a square, the test statistic distribution becomes a chi-square distribution. Using chi-
square distribution, the distribution of the output of ED *'fyrc,/n, ()" is given by [9] as;

fure/m, () = : N E(N/Z)_l exp (_ d ) )

N L . 2
(ENen Bhy wimof () 22"/ (2) 2= D )

To obtain PFA, as shown in (7) is integrated with respect to the degree of freedom ‘&’
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PFAyge = foo 1 fMRC/H0 ) d¢ (8)

2xN_1 3k aime?m)

PFAMRC =

1 24 e (g )dE (9)

1y R S N 3T a0l
2Ny S i) 22" 25 T ot 2onea D QD

Integrating in (9) with respect to & using change of variable.

b= zzﬁzlz%:ai(nwf(n) (10)

§ =20 i a(m)of(n)t (11)
Differentiating both sides of (11) gives;

d§ = (2 X3o1 Xing ai(m)of (n))dt (12)

Then (10), (11) and (12) are substituted into (9) resulting to;

1

PFAype = X

N
(EN_ S,y aimaf () 22" /27 (/2)

I @Mk, a2m) M1 (M) texp(—t) 2(TN_, T, 0 ())dt (13)

2yl 35k Zm)

PFAyge = @ [ A t(/2)lexp (—t) dt (14)

23N_ 5k ainye?m)

Using incomplete gamma function I'(a, b) = f:’ tb~lexp (—t)dt, in (14) gives;

r(%f\' / 2)
23N=1 %, a;(m)aZ(n)
r(N/2)

PFAMRC = (15)

where: I’ is the gamma function,
o2 is the noise variance.

2.2. Probability of detection
PD is the probability of making the right decision when PU is present. PD for the technique 'PDyg¢’
is given as:

PDygc = Pr (Eygc > 4) (16)

where: Eygc is the output of energy detector
A is the set threshold.

2.3. RF signal strength (RFSS)

The radio frequency signal strength (RFSS) is defined as the transmitter power output received by a
reference antenna at a distance from the transmitting antenna. Therefore, the instantaneous strength of the
received signal 'y’ in this work is given by [27] as;

— PeH
Y= 17
where: P, is the PU transmit power,

W is the noise present,

H is the channel gain
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Using MRC, the signal strength for the enhanced technique ‘yyrc’ is given as;
1 ,
YmMre = 7 Ci=1 v (D)? (18)

where: L is the number of PU branch.
w is the noise present.
By substituting (17) into (18) gives;

1 Pe(DH(i))?
YmrC = W_( %:1 L) (19)

L w(i)

Therefore, in (19) is the signal strength for the enhanced technique.

3. SIMULATION RESULTS

In this section, the results obtained were presented and discussed extensively. The PD and signal
strength (SGS) were the metrics used to evaluate the performance of the enhanced spectrum sensing technique
with energy harvesting (ESSTEH) cognitive radio network (CRN) by comparing with the technique proposed
in [24] denoted as OSSTEH. The PD and SGS results were as presented in the following subsections.

3.1. Probability of detection at different propagation paths

Figures 3 to 6 present the PD versus SNR for the ESSTEH and OSSTEH at different constellation
sizes and a different number of SU antenna (L). Figure 3 depicts PD versus SNR for the ESSTEH and OSSTEH
at L=2 over Rayleigh fading channel. The PD values obtained at SNR of 8 dB with 4-QAM modulation scheme
were 0.7611 and 0.5722 for the ESSTEH and OSSTEH, respectively, while at 16-QAM modulation scheme,
the corresponding PD values obtained were 0.6066 and 0.4981 for ESSTEH and OSSTEH, respectively. The
results obtained revealed that the enhanced technique gave a higher detection rate than the conventional
technique and this is due to MRC that improves signal strength at the SU. Also, the results obtained showed
that PD reduces as the constellation size of the modulation increases for the two techniques. This is because a
signal with a small constellation size is robust in the channel compared with the signal with a larger
constellation size though at the expense of a low transmission rate.

The PD versus SNR for ESSTEH and OSSTEH at L=3 over Rayleigh fading channel is presented in
Figure 4. At SNR of 8 dB, the PD values obtained using the 4-QAM modulation scheme were 0.8995 and
0.6776 for ESSTEH and OSSTEH, respectively, while 0.7169 and 0.588 were the corresponding PD values
obtained at the 16-QAM modulation scheme. Also, Figure 5 depicts PD versus SNR for ESSTEH and OSSTEH
at L=4 over Rayleigh fading channel. At SNR of 8 dB using 4-QAM modulation scheme, PD values of 0.9894
and 0.7439 were obtained for ESSTEH and OSSTEH, respectively, while the corresponding PD values
obtained using 16-QAM modulation scheme were 0.7886 and 0.6475. It can be deduced from the results
obtained that the detection rate increases as the number of SU antennas increases. The result is due to an
increase in signal strength as the SU antenna increases. Also, for the two techniques, PD increases as SNR
increases, and this is due to an increase in detection rate as the signal transmitting power increases. However,
at all the scenarios considered, ESSTEH gave a better performance with the highest detection rate when
compared with the OSSTEH, and this is due to MRC that combined the received signal at the SU before
applying energy detector (ED).

3.2. Signal strength results at different number of secondary user (SU) antenna

Figures 6, 7 and 8 present the signal strength (SGS) versus SNR for ESSTEH and OSSTEH at a
different number of SU antenna (L) and constellation size of the modulation. Fig. 6 depicts SGS versus SNR
for ESSTEH and OSSTEH at L=2 over Rayleigh fading channel. The SGS values obtained at SNR of 8 dB
with 4-QAM modulation scheme were 6.0972 and 4.8295 dB for ESSTEH and OSSTEH, respectively, while
at 16-QAM modulation scheme, the corresponding SGS values obtained were 4.3552 and 3.1560 dB for the
ESSTEH and OSSTEH, respectively. The results obtained revealed that the enhanced technique has higher
signal strength than the conventional technique and this is due to MRC used in the enhanced technique that
improves signal strength at the SU. Also, the results obtained showed that the SGS reduces as the constellation
size of the modulation increases for the two techniques. This is because a signal with a small constellation size
is more robust in the channel than the signal with a larger constellation size though at the expense of a low
transmission rate.

The SGS versus SNR for ESSTEH and OSSTEH at L=3 over Rayleigh fading channel is presented in
Figure 7. At SNR of 8 dB, the SGS values obtained using the 4-QAM modulation scheme were 7.2058 and
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5.708 dB for ESSTEH and OSSTEH, respectively, while 5.1470 and 3.7298 dB were the corresponding SGS
values obtained at the 32-QAM modulation scheme. Also, Fig. 8 depicts SGS versus SNR for ESSTEH and
OSSTEH at L = 4 over Rayleigh fading channel. At SNR of 8 dB using the 4-QAM modulation scheme, the
SGS values of 7.9263 and 6.2783 dB were obtained for ESSTEH and OSSTEH, respectively, while the
corresponding SGS values obtained using 32-QAM modulation scheme were 5.6617 and 4.1028 dB. The
results revealed that signal strength increases as the number of SU antennas increases, which justifies the
system's better charging rate at a higher number of SU antennas.
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4. CONCLUSION

This paper proposed an enhanced spectrum sensing technique with energy harvesting (ESSTEH) for
CRN over Rayleigh fading channel. Multiple SU antennas were used to receive multiple copies of PU signals.
The SU antennas were separated into two portions, with the first being used for spectrum detection and the
second being utilized for energy harvesting. The signal received by the first fraction of the SU antenna over
the Rayleigh fading channel were combined using MRC before feeding it to the ED. The energy of the
combined signal was obtained using ED and compared with the decision threshold to determine the presence
or absence of PU. The mathematical expression of PFA for the enhanced technique was derived using the chi-
square distribution. In the simulation process, the system model for the received PU signal at the SU was
designed for the Rayleigh fading channel, while the noise was modelled as AWGN. The coefficient of the
fading envelop was multiplied with the M-ary Quadrature Amplitude Modulation (M-QAM) signalling scheme
with the addition of AWGN. The multiple PU signals were received at different SU antennal configurations of
4, 6 and 8 to investigate the effect of an increase in antennas on the enhanced technique. Probability of
Detection (PD) and Signal Strength (SGS) values for the ESSTEH and OSSTEH were obtained at different
SNRs with different constellation sizes. Performances of ESSTEH and OSSTEH have been evaluated at a
different number of SU antennas with different SNRs using PD and SGS as performance metrics. The results
revealed that ESSTEH showed better performance with a higher detection rate and signal strength. The better
performance of the enhanced technique is due to MRC that combined the received signal before signal detection
and energy harvesting was carried out. Also, for the two techniques, PD and SGS increase as SNR increases.
This is due to an increase in PU signal strength as SNR increases. Consequently, the enhanced technique has
effectively detected a PU signal over a Rayleigh fading channel with a better charging rate.
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