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Abstract: Cognitive radio technology enables spectrum sensing (SS), which allows the secondary user
(SU) to access vacant frequency bands in the periods when the primary user (PU) is not active. Due
to its minute implementation complexity, the SS approach based on energy detection (ED) of the PU
signal has been analyzed in this paper. Analyses were performed for detecting PU signals by the SU
in communication systems exploiting multiple-input multiple-output orthogonal frequency division
multiplexing (MIMO-OFDM) transmission technology. To perform the analyses, a new algorithm
for simulating the ED process based on a square-law combining (SLC) technique was developed.
The main contribution of the proposed algorithm is enabling comprehensive simulation analyses
of ED performance based on the SLC method for versatile combinations of operating parameter
characteristics for different working environments of MIMO-OFDM systems. The influence of a
false alarm on the detection probability of PU signals impacted by operating parameters such as the
signal-to-noise ratios, the number of samples, the PU transmit powers, the modulation types and
the number of the PU transmit and SU receive branches of the MIMO-OFDM systems have been
analyzed in the paper. Simulation analyses are performed by running the proposed algorithm, which
enables precise selection of and variation in the operating parameters, the level of noise uncertainty
and the detection threshold in different simulation scenarios. The presented analysis of the obtained
simulation results indicates how the considered operating parameters impact the ED efficiency of
symmetric and asymmetric MIMO-OFDM systems.

Keywords: simulations; square-law combining; OFDM; MIMO; probability of detection; false
alarm probability

1. Introduction

The main aspect of cognitive radio networks (CRNs) is the local exploitation of the un-
used spectrum, with the goal of improving spectrum utilization [1]. Spectrum sensing (SS)
is the main function of the cognitive radio (CR) networks dedicated to improving spectrum
utilization and alleviating the overlap in the usage of spectrum resources [2]. In CRNs,
by exploiting the concept of dynamic spectrum access (DSA), an unlicensed/secondary
user (SU) is allowed to use a wireless channel when the channel is unused by the li-
censed/primary user (PU).

Several local SS techniques such as energy detection (ED), matched filter, cyclostationary-
based and feature-based detection have been considered in the literature. Due to its relative
implementation and computation simplicity and the lack of necessity of obtaining channel
state information (CSI) for performing accurate SS, ED is currently the most frequently
used SS technique in practice. However, the ED method requires information about the
noise level which must be assessed at the position of the SU. Since this information is not
always precisely available and since the noise power can fluctuate due to different external
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factors, noise can vary over time and this phenomenon is known as noise uncertainty
(NU) [3–5].

The performance of the ED method is based on the estimation of the energy of the
received signal at the location of the SU. The estimated energy is compared to the energy
of the detection threshold (DT), which can be set as a fixed value or it can be dynamically
adjusted according to the information related to the level of NU variation. By choosing
dynamic DT adaptation in the process of PU signal detection, the SU system can better cope
with NU and consequently, its ED performance will be improved [6,7]. Still, the problem of
adequate and precise adjustment of the threshold in the dynamic DT adaptation process is
a major challenge in the practical realization of the ED method.

Recently, the massive implementation of the multiple-input multiple-output orthogo-
nal frequency division multiplexing (MIMO-OFDM) transmission technique has gained
popularity in terms of practical implementations. This has motivated the use of MIMO-
OFDM as a form of transmission technology for the analyses presented in this paper.
Hence, the analyses were performed to assess the ED performance of the PU signal at the
position of the SU in communication systems using MIMO-OFDM technology. Due to the
possibility of decreasing the inter-symbol interference (ISI) and increasing the data rates
during transmission, MIMO-OFDM systems become viable candidates for implementation
in CRNs. In the OFDM system, the data are transmitted using multiple low-rate subcarriers.
This fact ensures the higher utilization of the licensed frequency band [8].

In the single-input single-output (SISO) OFDM system, a single communication branch
(antenna) is used for the transmission and reception of the OFDM signal during the ED
process. Although simpler for realization than MIMO-OFDM systems, this approach lacks
the benefits that diverse transmissions with multiple branches (antennas) can bring to
the ED process. This is because the MIMO concept uses multiple transmit (Tx) branches
(antennas) for transmission and multiple receive (Rx) branches for signal reception. This
fact makes the MIMO system more robust and more efficient when it comes to data transfer.
Therefore, the combination of the MIMO concept and OFDM in CRNs contribute to a
better spectral efficiency utilization and stronger interference resistance compared to SISO
systems [9]. Apart from all the mentioned benefits which MIMO-OFDM transmission
brings, it is expected that MIMO-OFDM signal transmission based on multiple Tx and
Rx branches (antennas) can ensure a better level of ED performance. The analysis of this
performance using a developed simulation algorithm was the main objective of this paper.

The SS based on the ED process can be implemented for different Tx and Rx branch
(antenna) diversity combinations by exploiting the principles of MIMO transmission.
Since ED is a non-coherent SS technique that does not require CSI, using square law (SL)
techniques for improving the ED process in the MIMO system has been proposed as a
promising solution [10]. Since square-law combining (SLC) is one of the SL techniques with
the least complexity in terms of its practical realization, it is used for the assessment of ED
performance in this paper. Besides the transmission of MIMO-OFDM signals, the space–
time block codes (STBCs) are used for the purpose of the analyses presented in this work.
An STBC represents an orthogonal space–time code that improves transmission reliability
by transmitting multiple copies of the same data signal over multiple transmission branches.
In terms of the SS process, this can be beneficial because multiple transmissions of the
same signal can contribute to an improvement in SS accuracy. This is a consequence of the
specifics of the STBC reception and SLC detection processes in which the received signals
are first combined and then sent to the energy detector, where the decision rules about the
presence or absence of the PU signal are applied [11].

By involving multiple Tx and Rx branch (antenna) diversity in the ED process, it
is reasonable to expect an improvement in the detection performance of the PU signals
compared to the legacy SISO-OFDM systems. However, different operating parameters
such as the signal-to-noise ratio (SNR) at the location of the SU, the number of samples used
in the detection process, the modulation types, the PU Tx powers and the number of Tx and
Rx antennas used for signal transmission among PUs and SUs can have a non-negligible



Sensors 2021, 21, 6881 3 of 22

impact on the probability of ED performance. To analyze this impact, the development of a
simulation algorithm with the capability of varying the values of the such parameters can
ensure the realistic assessment of the impact of these parameters on the ED performance.
Therefore, the main contributions of this paper are:

• The presentation of the mathematical model which defines the ED process based on
the SLC method in MIMO-OFDM systems.

• The development of a novel algorithm for simulating the ED process impacted by the
different operating parameters in CRNs based on the MIMO-OFDM transmission.

• The presentation of the simulation results indicating the impact of false alarm prob-
ability on detection probability for the different operating parameters, such as the
SNRs, the number of samples, the Tx powers of the PU, the modulation types and
the SISO, symmetric and asymmetric MIMO transmissions with different Tx and Rx
antenna combinations.

The rest of the paper is organized as follows. In Section 2, an overview of the topic
related to the ED SS in the MIMO OFDM system is presented. The mathematical model for
the approximated expression of ED based on the SLC method is developed in Section 3.
The algorithm for detecting PU signals based on the SLC ED method is explained in
Section 4. In Section 5, the obtained simulation results are presented and discussed. Finally,
in Section 6, some concluding remarks are given.

2. Literature Review

The concept of OFDM signal transmission is proposed as the best candidate for CRNs,
since it allows for the simple generation of a specially shaped signal waveform that can
fit into different parts of the spectrum which can be sensed [12–15]. Involving MIMO
in the OFDM process represents a significant improvement in the PU signal detection in
CRNs [16–20]. The ED, as the most used SS method, has been presented in [19,20] as a
candidate for improving the PU signal detection in MIMO-OFDM CRNs.

The detection of the PU signal in the MIMO systems using SLC diversity techniques
has been shown in [19]. The analysis indicates that using SLC in the ED process can
improve detection performance at low and moderate values of the SNRs and for higher
values of a number of samples. An analysis of the ED performance for OFDM signals
transmitted by SISO and multiple-input single-output (MISO) systems has been shown
in [20]. The results of the simulation show that the SS based on the SLC ED method in
comparison to the equal gain combining (EGC) method achieved a lower gain in the PU
signal detection, but it does not need any prior information on the PU signal. In terms
of the practical implementations, the SLC method demands a combiner and detector that
increases the implementation complexity. However, this complexity is still significantly
lower than the implementation complexity of some of the other local spectrum-sensing
methods requesting exact knowledge of CSI. According to the already presented research
in this area for other prominent local SS methods, such as matched filter, waveform-based
and cyclostationary feature detection, the computation complexity of those methods are
shown to be higher than the complexity of the ED method [21]. This is a consequence of a
higher amount of prior PU information needed for successful SS.

The hardware implementation of SL techniques for the ED process has been shown
in [10]. Different research attempts dedicated to improving radio frequency (RF) imperfec-
tions, the effects of the fading channel and modeling the SNR and PU signal estimation for
SL techniques in the ED process have been analyzed. In addition, practical solutions for
the implementation of SL techniques in the SS process have been proposed.

The initial mathematical formulation of the main parameters (such as the detection
and false alarm probability) defines the efficiency of the ED process based on the SL
techniques in MISO systems in the work [22]. The analysis of the ED method through
receiver operating characteristic (ROC) curves indicating the signal detection probability
of the energy detector with respect to false alarm probability variation has been presented
in [20,22–25]. The ED SS for the different fading channels has been shown in [20]. The
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results show that detection performance is not significantly reduced in low- and moderate-
shadowing environments. It has been shown that involving SLC techniques for precise
signal detection reduces the effect of fading in detection of the PU signal.

Cooperative spectrum sensing (CSS) in combination with the SLC technique can be
used to get a better PU signal detection [20,26,27]. CSS is defined as a process used to
enhance the detection probability of the PU signal in which the SU collaborates with other
users to sense the spectrum in order to find the spectrum holes. In [27], it is shown that
better SS at low values of SNR has been accomplished using CSS in combination with SLC
as a diversity technique. In [28], the operation of a CSS network with clusters of SUs, each
performing ED, has been analyzed. The authors propose a new SU clustering algorithm
for CSS networks which exploits soft–hard combining approaches to improve detection
performance. Obtained simulation results indicate that the proposed algorithm based on
maximal ratio combining (MRC) outperforms the performance of the algorithm employing
selection combining and EGC techniques.

The process of kernelized ED in Internet of Things (IoT) networks is presented in [29]
for the systems impacted by NU variations and DT adaptations. The simulation results
show that the increasing number of samples, the levels of the SNR and the number of Rx
antennas improve detection performance.

In [30,31], we analyze the performance of the ED process impacted by NU. The
analysis was performed for the signals transmitted in the SISO-OFDM system based on
rate-adaptive, margin (modulation)-adaptive and combined rate- and margin-adaptive
system (transmission) designs. The simulation results show that NU has a significant
and negative influence on ED performance. In [21], we further show that DT adaptation
positively impacts the ED process. The results presented in [21] confirm an improvement
in the ED performance in terms of the better detection probabilities for the lower SNR
levels, the number of samples used in the detection process and the PU Tx powers, when
compared to the ED lacking a DT adaptation.

Although previous research presented in [10,20–31] considers the ED process in MIMO
transmission systems, an algorithm that enables the simulation analysis of the ED perfor-
mance in MIMO-OFDM systems based on the SLC method is still missing. According to
our knowledge, this is the first paper that deals with an algorithm which enables such
analyses through ROC curves developed for the different operating parameters of the ana-
lyzed MIMO-OFDM systems. The results obtained by executing the developed simulation
algorithm has provided insights into the impact of operating parameters such as the SNRs,
the number of samples, the Tx powers of the PU, the modulation types and the number
of PU Tx and SU Rx branches on the detection probability of the PU signals when an ED
method based on SLC is used.

3. System Model and Formulation of ED Process
3.1. Model of the Analyzed System

The analysis of the ED process was performed for the model of the system containing
one PU and one SU. In Figure 1, the visualization of the analyzed MIMO-OFDM system
model for the ED of the signals based on the SLC method has been shown.

The PU as the licensed user has priority in terms of spectrum usage. The SU as the
unlicensed user performs SS. In the case where the results of SS indicate that the spectrum
is available, the SU exploits the spectrum in the periods where the spectrum is unoccupied
by the PU. According to Figure 1, the analyzed MIMO-OFDM system is composed of a
PU with m (m = 1, . . . , M) Tx branches (antennas) and an SU user with r (r = 1, . . . , R)
Rx branches (antennas). Table 1 presents all of the parameters used in the analysis with
descriptions of each parameter.
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Figure 1. Block diagram of the ED process based on SLC in a MIMO-OFDM system with M Tx and R Rx branches. 
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Figure 1. Block diagram of the ED process based on SLC in a MIMO-OFDM system with M Tx and R Rx branches.

Table 1. Parameters used in the analyses.

Index Description

H1 The hypothesis that determines the presence of the PU signal
H0 The hypothesis that determines the absence of the PU signal
m Number of PU Tx branches (antennas)
r Number of SU Rx branches (antennas)

M Total number of transmit antennas at the PU
R Total number of receiving antennas at the SU
N Total number of samples used in the detection process
Pm Transmit (Tx) power allocated through the m-th antenna element of the PU
P Total instantaneous Tx power of the PU transmitted over the M Tx branches

sm The complex signal transmitted over the m-th Tx antenna of the PU
s The overall complex signal transmitted by the PU from the M Tx branches

yr(n) The received signal at the r-th Rx branch (antenna) of the SU during the n-th SS period
Y(n) The overall signal received at the R Rx branches (antennas) of the SU during the n-th SS period

hr (n)
Channel gain between the M Tx antennas and the r-th Rx branch (complex vector of size C1XM) during the n-th

SS period
sr(n) Signal vector CMX1 received during the n-th sample at the r-th Tx branch (antenna)
wr(n) Complex noise vector at the r-th Rx branch (antenna) of the SU in the n-th SS period
σ2

wr(n) Nose variance of the signal detected at the r-th Rx antenna of the SU in the n-th SS period
γSLC(n) Total SNR associated with the M Rx antenna branches in the moment of the n-th SS period
γSLC(n) Average SNR detected at the location of the SU device for all R Rx antenna branches in the n-th SS period

Λr Test statistics of the signals received over the r-th Rx branch (antennas) at the SU
ΛSLC Total test statistics of the signals received over the R Rx branches (antennas) at the SU
Var [ · ] Variance operation
E [ · ] Expectation operation

Pf a False alarm probability
Pd Detection probability

Q(x) Gaussian-Q function
λ Detection threshold
ρ NU factor
ρ′ DT factor

The transmission of the PU signal was realized using the space–time diversity of
the STBC over the M Tx antennas. The total PU signal power transmitted over the M Tx
branches is defined as:

P =
M

∑
m=1

Pm (1)
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where Pm represents the Tx power assigned through the m-th antenna element. It is
assumed that each individual signal sm transmitted over the m-th Tx antenna is a complex
signal expressed as sm = sm,r + jsm,i. Consequently, all signals transmitted over the M Tx

antennas by one PU can be expressed as: s =
M
∑

m=1
sm.

Furthermore, during the signal reception, the signal received over the r-th Rx antenna
(branch) of the SU was sampled using n samples (n = 1, . . . , N) and can be expressed as:

yr(n)=
{

wr(n)
hr (n) sr(n) + wr(n)

(2)

where hr (n) is a complex vector of size C1XM which represents the channel gain between
the M Tx antennas and r-th Rx antenna. sr(n) is the complex vector of size CMX1 of the
Tx signal. The complex noise sample at the r-th Rx antenna is defined as wr(n). It is
assumed that the noise signal impacting the ED process is additive white Gaussian noise
(AWGN). The received signal can be approximated as a Gaussian random variable with
zero mean and noise variance, σ2

w. Considering such an approximation, the distribution of
the received signal can be assumed to be a circular symmetric distribution N

(
0, 2σ2

wr(n)
)
.

Taking into account the impact of noise on the PU signal transmission, the value of the
SNR at the r-th antenna of the SU can be expressed as:

SNRr(n) = γr(n) =
|hr(n)|2 1

N ∑N
n=1| sr(n)|2

2σ2
wr(n)

(3)

The total value of the SNR on all R Rx antenna(s) in the n-th sample is:

γSLC =
R

∑
r=1

γr(n) (4)

Furthermore, the average value of the SNR in the position of the SU for all R Rx
antennas is expressed as:

γSLC =
1
R

R

∑
r=1

γr(n) =
1
R

γSLC (5)

The SS performed by the SU represents a crucial process in the realization of CRNs.
The result of the SS process determined the availability or occupancy of the spectrum
using the PU transmission. Detailed knowledge about spectrum availability is commonly
expressed using two binary hypotheses, which depend on the current availability (occupied
or not occupied) of the spectrum that is being sensed during the SS process. It is common
to define this using hypotheses H0 and H1 representing the absence or presence of the PU
signal, respectively. The SS process is based on validating one of these hypotheses. More
specifically, if the PU is present, hypothesis H1 is valid, and if the PU is absent, hypothesis
H0 is valid. For the overall signal, Y(n), received at the R Rx antennas of the SU during
the n-th spectrum sensing period, the validation of the hypotheses expressed as H0 and H1
can be:

Y(n) =


R
∑

r=1
wr(n) : H0

R
∑

r=1
hr (n) sr(n) +

R
∑

r=1
wr(n) : H1

(6)

Which hypothesis was chosen depends on the received energy of the signal at the
position of the SU. If the energy of the received signal is higher than the threshold, the
PU signal is present and hypothesis H1 in relation to Equation (6) is confirmed. If the
energy of the received signal is lower than the predefined threshold, the PU signal is
absent and the SU can use the spectrum since hypothesis H0 is validated. Hence, the
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results of the hypotheses validation determine the future activity of the SU in terms of
signal transmission.

3.2. Process of Energy Detection

According to the presented system model in Figure 1, the ED process in the MIMO-
OFDM systems is based on the SS of the PU signal on all R Rx branches. The received signal
of each of the R Rx branches was squared and combined in order to obtain the overall
energy of the received signal (Figure 1) which is also known as the test statistics. The total
test statistic of the signal received over the R Rx antennas of the SU can be expressed as:

ΛSLC =
R

∑
r=1

Λr =
R

∑
r=1

N

∑
n=1
|yr(n)|

2 (7)

where Λr represents a test statistic of the signals received over the r-th Rx antenna of the
SU. The final decision about the PU signal presence or absence is present in the case of the
ED method performed by evaluating hypotheses H0 and H1 in order to be:

ΛSLC(n) < λ(n) : H0, ∀n ∈ {1, . . . , N} (8)

ΛSLC(n) > λ(n) : H1, ∀n ∈ {1, . . . , N} (9)

where λ(n) represents the dynamically selected DT for every sample used during the ED
process. The performance of the energy detector is determined by testing the Neyman–
Pearson hypothesis. The optimal Neyman–Pearson test is based on comparing the log
likelihood ratio of the hypothesis probability density functions (PDFs) with a detection
threshold. It is expressed by:

log
{
[P(Y(1), Y(2), . . . , Y(N)|H1 ]

[P(Y(1), Y(2), . . . , Y(N)|H1 ]

} H0
<

>
H1

λ (10)

where P(Y|H0) and P(Y|H1) indicate the PDF of the hypothesis, H1, and the alternative
null hypothesis,H0, respectively. Hence, the log likelihood ratio depends on the distribution
of the signal for which the ED is performed.

The ED model for SISO systems has been presented in [21,31]. The ED model based
on SLC for MISO systems is developed in [22,32]. According to [22,32], the test statistic
presented in Equation (7) can be approximated as a normal distribution for a sufficiently
large number of samples, N, as:

ΛSLC ∼ N


R
∑

r=1

N
∑

n=1
E
[
|yr(n)|

2
]
,

R
∑

r=1

N
∑

n=1
Var

[
|yr(n)|

2
]
 (11)

where Var [ · ] is the variance operator and E [ · ] is the expectation operator. Although
the state of the wireless channel is not stationary and it is impacted over time by different
factors such as noise, fading, shadowing, interference, etc., for simplicity and the possibility
of performing mathematical modeling, the stationary channels are assumed during the
ED process performed for the duration of N samples. Hence, if in each spectrum sensing
period, n, the channel gain, hr(n), of the signal received at the r-th Rx antenna can be
assumed as constant, the channel gain can be expressed as hr(n) = h. The h represents
the complex channel gain matrix for all R Rx antennas. Additionally, if the noise variance
2σ2

wr(n) received at the r-th Rx antenna can be assumed to be constant, the noise variance
can be expressed as 2σ2

wr(n) = 2σ2
w.
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In the case of the ED method, there is no need for any prior knowledge concerning the
PU signal. Consequently, the total instantaneous power of the PU during the n-th sensing
period is proportional to the variance of all signals received at the R Rx antennas. This can
be expressed as:

P =
R

∑
r=1
|h|22σ2

sr (n) (12)

where the variance 2σ2
sr (n) can be transformed in order to be 2σ2

sr (n) =
1
N ∑N

n=1|sr(n)|2.
Considering these facts, the distribution of the total test statistic expressed in Equation (7)

for R Rx antennas at the SU is:

ΛSLC ∼

 N
(

RN
(
2σ2

w
)
, RN

(
2σ2

w
)2
)

: H0

N
(

N
(
2σ2

w
)
(R + γSLC), N

(
2σ2

w
)2
(R + 2γSLC)

)
: H1

(13)

According to Equation (11), the distribution of the test statistic of the signal received
based on the SLC method depends on different parameters such as the number of samples,
N, the number of SU Rx antennas, R, the overall noise variance, 2σ2

w, and the signal-to-
noise ratio, γSLC, at the location of the SU. Based on Equation (13), the expressions of
false alarm and detection probabilities have been approximated in the next section for the
MIMO-OFDM systems using SS based on ED via the SLC method.

3.3. False Alarm and Detection Probabilities

The probability of detection (Pd) and the probability of false alarm (Pf a) are common
parameters used for evaluating the performance of SS based on the ED method. The
false alarm probability is defined as the probability that the SU incorrectly declares that a
licensed user (PU) actively transmits when the spectrum is actually unoccupied by the PU.
The false alarm probability for the analyzed MIMO-OFDM system based on ED using the
SLC method can be expressed as:

Pf a[Pr(ΛSLC > λ ) |H0] ≈ Q

(
λ− RN

(
2σ2

w
)

√
RN (2σ2

w)

)
(14)

where Q is the Gaussian function and λ is the detection threshold. The increased false
alarm probability means that the opportunities for spectrum exploitation by the SU in the
periods when the PU is not active have been missed. The probability of a false alarm must
be minimized to fulfill the demand for the maximal exploitation of spectrum efficiency.
According to Equation (14), the detection threshold, the number of Rx branches (antennas),
the number of samples used in the process of ED and the noise variance impact on the
probability of false alarm (Pf a).

Detection probability is defined as the probability that the SU correctly declares that a
licensed user is present, when the PU is actually present in terms of performing an active
transmission of the signal and exploiting the spectrum in the moment of SS. In the case of
MIMO-OFDM communication systems performing SS using ED via the SLC method, the
probability of detection can be expressed as a function of the probability of false alarm by:

Pd[Pr(ΛSLC < λ )|H1] = Q

(
Q−1(Pf a)−

√
N
R γSLC√

(1+2 γSLC
R )

)
= Q

(
Q−1(Pf a)−

√
RN γSLC√

(1+2 γSLC)

)
=

= Q

Q−1(Pf a)−
√

NP
2
√

Rσ2
w√(

1+ P
Rσ2

w

)


(15)

A higher detection probability is favorable, since the higher detection probability
allows for better spectrum usage and improved ED efficiency of the SU. Besides the
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probability of a false alarm, Equation (15) indicates that achieving a higher detection
probability depends on parameters such as the overall number of samples used for ED, the
Tx power of PU, the number of branches (antennas) used for SS by the SU and the noise
variation at the location of the SU.

4. Algorithm for Simulating Energy Detection Process

In this section, the algorithm developed for simulating the ED process in the MIMO-
OFDM system has been presented. Due to the space limitations, the presentation of the
algorithm developed for generating the M × R MIMO-OFDM signal transmitted with
STBCs by the PU was omitted from this work. However, this signal was used as an input
parameter for the proposed algorithm. The pseudocode of the algorithm developed for
simulating the ED process based on the SLC method in MIMO-OFDM systems has been
presented in Algorithm 1. The proposed algorithm allows setting different operating
parameters for simulation purposes. The impacts of the NU fluctuations and the DT
adaptations on the overall ED performance have been modeled in the proposed Algorithm 1.

Algorithm 1. The pseudocode of the proposed ED process.

1: INPUT: mimo_ofdm_received_signal_M × r, number of samples (N), SNR_loop, DT factor (ρ′), NU
factor (ρ), noise variance (σ2

ni
), range of Pf ai

and number of Monte Carlo simulations (kk)
2: OUTPUT: Probability of detection (Pd)
3: ON INITIALIZED Received MIMO-OFDM signal (mimo_ofdm_received_signal_M × r) do:
Step 1: Simulation of interdependence between the detection probability (Pd) and false alarm
probability (Pf a)
4: set kk = number of Monte Carlo simulations
5: set Pf a = probability of false alarm in interval [0,1]
6: FOR p = 1:length (Pf a)
7: i1= 0;
8: FOR i = 1:10,000;
Step 2: Modeling the impact of NU on the received signal
9: Noise uncertiaity (ρ > 1.00) = sqrt(σ2

wr(n) > 1.00). * randn (1, framelen);
10: received_signal_M × r = mimo_ofdm_received_signal_M × r + Noise uncertaiity;
Step 3: Calculation of energy of received signal based on SLC method
11: REPEATE FOR r = 1:R
12: energy_calc_r = abs(received_signal_M × r).ˆ2;
13: END
Step 4: Test statistic calculation (based on (7))
14: FOR r = 1:R
15: test_stat = sum(energy_calc_r);
16: END
Step 5: Threshold evaluation
17: thresh (p) = ((qfuncinv(Pf a (p)). * ρ./sqrt(N))+ ρ)./ρ′;
Step 6: Decision making process (based on (8), (9))
18: IF (test_stat >= thresh (p));
19: i1 = i1 + 1;
20: END
21: END
Step 7: Monte Carlo simulation-determining Pd (based on (15))
22: Pdi

(p) = i1/kk;
23: END
24: UNTIL Pdi

= [0,1]

The DT adaptation has a strong impact on the detection efficiency, and optimal DT
selection represents the value needed to satisfy the expected detection performance. An
appropriate DT selection can be accomplished if every SU dynamically adjusts its DT based
on the state of the wireless channel between the SU and PU. Since setting the appropriate
DT is a challenging task, the DT can be scaled with the DT factor ρ′ (ρ′> 1), which sets the
DT interval. A higher value of the DT factor results in a greater range of DTs for possible
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selection. In order to increase the probability of PU signal detection, the DT value has
to be adjusted appropriately. This means that an increase in NU must be followed by an
appropriate change in DT adaptation. In this work, the DT has been set for the worst-case
level of NU. Such an impact of NU on the ED process was modeled through the analyses
performed with specific NU (ρ > 1) and corresponding DT (ρ′ > 1) factors (Table 2).

Table 2. Simulation parameters.

Parameters Type/Quantity

Transmission type of the PU signal OFDM
Number of transmitted antennas 1–5

Number of received antennas 1–6
Type of OFDM (constellation) QPSK, 16 QAM, 64 QAM
Analyzed channel noise model AWGN
Number of samples (FFT size) 128, 256, 512, 1024

The SNRs value at the location of the SU (dB) −20, −15 and −10 dB
The detection and false alarm probability ranges 0–1
Number of Monte Carlo iterations/simulations 10,000

NU factor ρ
DT factor ρ′

1.02
1.01

4.1. Algorithm for Simulating the ED Process in MIMO-OFDM Systems

Algorithm 1 shows the details of the developed pseudocode dedicated to performing
the process of ED based on SLC in the MIMO-OFDM communication system consisting of
one PU and SU. The input parameters used for Algorithm 1′s execution were presented in
the first line of pseudocode. The MIMO-OFDM signal (mimo_ofdm_received_signal_M × r)
in line 1 of Algorithm 1 represents the received signal at each of the R Rx antennas (Figure 1).
The received signal was specifically generated to allow for the setup of different OFDM
signal modulation types, the SNR values, the PU Tx powers and the number of samples
which will be used in the process of the assessment of the ED performance. This signal
was the input signal for the assessment of the ED performance which is based on the
SLC method.

In line 1, parameters used as the input parameters of Algorithm 1 are set for the
performance assessment of the SLC ED method. These parameters were the number of
samples (N) used for ED, the NU factor (ρ) definining the impact of noise variations on
the received signal, the DT factor (ρ′) which defined the level of DT adaptation, the level
of noise variance (σ2

wr), the number of Monte Carlo simulations (kk) and the SNR range
(SNR_loop) at the location of the SU for which simulation analyses were performed.

In step one (lines 4–8) of Algorithm 1, the process of the Monte Carlo simulations
was set. This included the setup of the total number of Monte Carlo iterations that were
performed and the interval of false alarm probabilities in which the simulations were
done (0,1). Step two (lines 9–10) shows the generation of AWGN with variance, σ2

wr, and
zero means. The fluctuations in noise power were defined in line 9 using the NU factor
(ρ >1.00). The impact of the NU fluctuation at each Rx antenna on the received signal
(received_signal_M × r) was modeled in line 10. The result of this modeling is the overall
received signal impacted with NU (mimo_ofdm_received_signal_M × r).

In step three (lines 11–12) of Algorithm 1, the calculation of the received signal energy
for each of the R Rx antennas based on the SLC method is performed. The test statistic
calculation which combined the energies from each of the R Rx antennas according to
Equation (4) was executed in step four of Algorithm 1 (lines 14–16). The obtained test
statistic (test_stat) in line 15 represents the overall energy of the signal received at the
location of the SU (Figure 1). The calculated test statistic was further used in the decision
process related to the assessment of the spectrum occupancy.
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The DT evaluation dedicated to dynamically setting the optimal DT was executed in
step five (line 17). The selection of an optimal DT was defined through the inclusion of the
DT factor (ρ′) in the process of the adaptation of the DT level.

In step six (lines 18–20) of Algorithm 1, the decision process concerning the presence
or absence of the PU was performed according to Equations (8) and (9). If the test statistic
of the received signal obtained in step four was higher or the same as the DT set in step
five, a licensed PU transmits and occupies the spectrum, making hypothesis H1 valid
(according to Equation (9)). Furthermore, if the test statistic of the received signal at the
position of the SU was lower than the threshold, the licensed user (PU) was absent and
hypothesis H0 was validated (according to Equation (8)). Through the series of Monte
Carlo simulations performed in step seven, the calculation of the detection probability was
performed to determine the false alarm probabilities in the range of (0,1). Hence, the output
of Algorithm 1 is generated in the form of detection probabilities for a range of probabilities
of a false alarm and corresponding operating parameters used in the simulation.

4.2. Relevance of the Simulation Algorithm

According to the presented description of Algorithm 1, the proposed simulation
algorithm enables the simulation of the ED process based on the SLC method in MIMO-
OFDM systems. The relevance of the proposed algorithm is reflected in the possibility of
simulating the impact on the ED performance of different operating parameters such as
the number of samples used in the ED process, the PU Tx power, the number of PU Tx
and SU Rx branches (antennas), the levels of SNRs at the location of the SU and the OFDM
modulation types. Simulation results can be expressed as the probability of detection and
the probability of a false alarm, which are broadly accepted metrics for evaluating the
efficiency of the SS process. Additionally, the proposed algorithm enables modeling the
impact of different levels of the NUs and DTs on ED performance. By varying different
combinations of stimulation parameters, the proposed algorithm allows comprehensive
analyses of ED performance based on the SLC method in different operating environments
characteristic for MIMO-OFDM systems. Hence, proposed Algorithm 1 enables analyses
that can ensure finding the combination of operating parameters that can contribute to the
improvement in the ED process based on SLC. Further analyses of obtained simulation
results have been presented for the probability of detection parameter, which has been
analyzed for fixed detection threshold (DT) and noise uncertainty (NU) factors (Table 2).

5. Simulation Results

In this section, the simulation results are presented with a discussion related to the
influence of the different operating parameters on ED performance. The performance of the
ED method based on SLC in OFDM systems transmitting in SISO and versatile symmetric
and asymmetric MIMO configurations was simulated using the proposed Algorithm 1. The
obtained simulation results enabled an analysis revealing how the SISO and the symmetric
and asymmetric MIMO transmission, the different modulation types, the Tx powers, the
different SNR values and the different values of the number of samples used in the ED
process impact ED performance.

5.1. Simulation Software and Parameters

The Matlab software was used for the simulation of the ED process based on the
SLC method in the MIMO-OFDM communication system. The parameters used in the
simulations are shown in Table 2. The three in-practice most exploited OFDM modulation
techniques (quadrature phase-shift keying (QPSK), 16/64 quadrature amplitude modulation
(16/64 QAM)) were used in the simulations (Table 2). Additionally, the analysis of the ED
process was performed for different numbers of samples (128, 256, 512 and 1024) (Table 2).
Since many communication technologies that use OFDM techniques operate in the range
of SNR values between −20 dB and −10 dB, simulation analyses were performed with a
focus on this range of SNRs (Table 2). In Table 3, the hardware parameters of servers used
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for executing simulation algorithms have been presented. To achieve statistical significance,
10,000 Monte Carlo iterations were executed for each simulation (Table 2). It is noted that
a higher number of iterations contributes to simulation relevance, while also increasing
the duration of the simulation. Hence, this number of performed simulations represents
a trade-off between the duration of the simulation (limited by hardware characteristics
of the servers presented in Table 3) and simulation accuracy. To simulate realistic system
performance, the NU and DT factors used in the simulations were set to 1.02 and 1.01,
respectively (Table 2). The NU factor of 1.02 means that noise varies in the range of up to
2% around the noise mean and that the DT factor of 1.01 takes into account the modest
adaptation of the dynamic threshold caused by the NU variation.

Table 3. Hardware characteristics of the servers used for the simulation analyses.

Server
Number

CPU
Type

RAM
(GB)

CPU Frequency
(GHz)

Server 1 Intel(R) Core(TM)—i7 4771 8.00 3.5

Server 2 Intel(R) Core(TM)—i5 6200 4.00 2.4

Server 3 Intel(R) Core(TM)—i5 6200 8.00 2.4

5.2. Impact of the SNR on the ED Probability

In this section, the simulation results related to the analysis of the impact of different
levels of SNRs on the detection probability are presented. The results are presented for a
communication system involving 2 × 2, 2 × 3 and 2 × 4 MIMO-OFDM systems, a fixed PU
Tx power of 1 W, a QPSK modulation and a number of samples used for the ED equal to
N = 128. According to the results presented in Figure 2, for every analyzed MIMO Tx–Rx
branch combination, the detection probability is reduced for the lower values of SNR at
the position of the SU (Figure 2). The reduced detection probability (Figure 2a) is a direct
consequence of the reduced SNR (−20 dB) at the location of the SU. This reduces the PU
signal detection accuracy and consequently lowers the detection probability.
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Although the low values of SNR degrade the detection performance, Figure 2 shows
that MIMO transmission can improve the ED process. A higher detection probability will
be achieved if the signal detection is performed with a higher number of Tx–Rx branches.
According to the results presented in Figure 2, for any SNR level, the 2 × 4 MIMO system
achieves a better detection probability for the same false alarm probability than the MIMO
2 × 3 and 2 × 2 systems. Hence, it is confirmed that the number of Tx–Rx branches and
SNRs have a significant impact on ED performance. A higher number of Rx branches (e.g.,
2 × 4) at the location of the SU and higher values of SNR (e.g., −10 dB) result in a better
detection performance (higher probability of PU signal detection). Additionally, the results
presented in Figure 2 show that for any SNR level, the detection probability at the location
of the SU can be increased in the case of a higher number of Rx branches (antennas) at the
location of the SU. Furthermore, in Figure 2c, it can be seen that for the higher values of
SNR (higher than −10 dB), the detection of the PU signal is guaranteed (Pdi= 100%) for
each MIMO Tx–Rx combination. This is the consequence of an appropriate signal level that
guarantees accurate PU signal detection.

5.3. Impact of Tx Power on ED Probability

In Figure 3, the results obtained through the simulations show the impact of the
different Tx powers (100 mW, 1 W and 10 W) on the detection probability of both SISO
(1 × 1) and symmetric MIMO (2 × 2) systems for SNR levels at the position of an SU equal
to−10 dB. Additionally, the impact of different Tx powers (100 mW, 1 W and 10 W) in SISO
and both symmetric (2 × 2) and asymmetric (2 × 4, 2 × 6) MIMO systems in relation to
detection probability has been presented in Figure 4 for SNR levels of −20 dB. The results
presented for SISO systems in Figures 3a and 4a have been similar to those obtained in [21].
As shown in Figures 3 and 4, a higher detection probability will be accomplished in both
SISO and MIMO systems when the PU signal is transmitted at a higher Tx power. A higher
Tx power results in a higher signal energy being received at the position of the SU. This
contributes to the improvement in the detection probability.
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The analysis of the results presented in Figures 3a,b and 4a,b indicate that for the
same PU Tx power (and other parameters, such as the modulation type and the number of
samples), the detection probability will be better for the MIMO system compared to the
SISO system. The detection probability at the location of the SU can be increased even
when the PU Tx power remains unchanged. This can be achieved if the transmission of PU
signals can be performed in the MIMO system with any number of Tx–Rx branches that
are higher than the number of Tx–Rx branches in the SISO system. This cognition confirms
the importance of involving MIMO systems in the ED process.

In Figure 4, the results further indicate that for the same Tx power, the probability
of detection will increase for the OFDM system with more branches (antennas) at the Rx
side (the results for the MIMO 2 × 6 system are better than the results for the 2 × 4 and
2 × 2 MIMO systems). The reason for this can be found in the higher spectral diversity
obtained by the systems with a higher number of Rx branches, where a higher number of Rx
antennas can receive a higher number of PU signal copies and their corresponding energies.
The results presented in Figure 4 indicate that the combination of a higher number of Rx
branches (antennas) with a higher PU Tx power considerably improves the probability
of detection. Therefore, in environments with lower values of SNRs, a combination of a
higher number of Tx and especially Rx branches and a higher PU Tx power will have a
positive impact on the probability of detection and, consequently, on ED performance.

5.4. Impact of Number of Samples on ED Probability

In Figure 5, the simulation results indicate the impact of the different number of
samples (128, 256, 512 and 1024) used in the ED process on the detection probability
in the form of the ROC curves developed for SISO (Figure 5a,b) and symmetric MIMO
(Figure 5c,d) systems. The results are presented for the signals transmitted with QPSK
modulation, various PU Tx powers (100 mW and 1 W), a fixed SNR level at the location
of the SU equal to −15 dB and for the SISO and 2 × 2 MIMO transmission systems. The
results presented for SISO systems in Figure 5a,b are similar to those obtained in [21]. The
presented results indicate that the number of samples has a significant influence on the
PU signal detection in both SISO and MIMO systems. As expected, the probability of
detection increases with an increase in the number of samples used during the ED process
(Figure 5). This increase was confirmed for both of the analyzed Tx–Rx MIMO transmission
combinations (1 × 1 and 2 × 2). This increase in detection probability is a consequence of
the fact that a higher number of samples used in the ED process means that there are a
higher number of independent trials when performing ED. This increase in the number of
trials results in a more accurate ED process.
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According to Figure 5a–d, it can be seen that MIMO systems achieve a better detection
probability than SISO systems for the same operating parameters, where there are a lower
number of samples used in the ED process. Hence, the effect of transmission diversity
in MIMO systems positively impacts ED performance. This enables the MIMO systems
to achieve the same detection probabilities for a lower number of samples and the same
operating parameters as those in SISO systems.

Figure 5b,d show that the OFDM signal transmission in the SISO and MIMO systems
at higher Tx powers (1 W) results in a better detection probability of the PU signal in
comparison with the same system transmitting at lower Tx powers (100 mW) (Figure 5a,c).
As explained in the previous subsection, a higher PU Tx power means more energy at the
location of the SU and, consequently, the SU needs a smaller number of samples to perform
accurate PU signal detection. This confirms that an increase in detection probability can be
achieved through a trade-off which will include the increase in some or all parameters, such
as the number of Tx–Rx branches (antennas), the number of samples used for performing
the ED process and the Tx power of the PU signal.

5.5. Impact of Modulation Type on the ED Probability

This section discusses the effect of the different digital modulations and corresponding
constellations on the detection probability expressed in the form of ROC curves as presented
in Figure 6. The obtained results presented in Figure 6a for SISO systems are similar to
those presented in [21]. Additionally, the results obtained for symmetric and asymmetric
MIMO systems have been presented in Figure 6b,c, respectively. Results were obtained
for SISO and MIMO systems for the ED performed with a constant number of samples
(N = 128), Tx power (PTx = 100 mW) and SNR level (SNR = −15 dB). The obtained results
presented in Figure 6 indicate that the modulation type has no direct impact on the PU
signal detection for any Tx–Rx branch (antenna) combination of an OFDM communication
system. It is assumed that in margin adaptive systems that are based on the transmission of
OFDM signals with a constant PU Tx power the modulation type is dynamically adjusted,
and that these adjustments do not have a direct impact on the ED performance of the
PU signal.
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Furthermore, Figure 6 shows that the ED concept based on antenna diversity (MIMO)
can improve the detection probability independently of the used OFDM modulation.
According to the results presented in Figure 6b,c, for the 2 × 2 and 2 × 3 MIMO transmis-
sion systems, respectively, the PU signal detection probability is improved for the same
operating parameters when compared to the SISO system (Figure 6a).

Additionally, Figure 7 shows how different PU Tx powers (1 W and 10 W) and OFDM
modulation types (QPSK, 16 QAM and 64 QAM) impact the probability of detection.
Analyses were performed for the 2 × 2 MIMO-OFDM systems with an equal number of
samples (N = 128) used for the ED and SNR levels corresponding to −15 dB. Figure 7
confirms the already-obtained conclusions that the OFDM modulation order does not
influence the probability of detection, while the PU Tx power significantly impacts ED
performance. When the signal is transmitted with a higher Tx power (10 W), this impact
is reflected in a higher probability of detection for any probability of false alarm and
modulation order. The PU Tx signal power therefore has a dominant role in improving the
detection probability, since significantly better detection probabilities for the same OFDM
modulations and probabilities of a false alarm can be achieved when there is a transmission
at higher Tx powers (Figure 7).
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5.6. Impact of Symmetric and Asymmetric MIMO Transmission on ED Probability

In this section, the impact of asymmetric and symmetric MIMO transmissions on the
detection probability is shown in Figures 8 and 9, respectively. The analysis was made for
the QPSK modulation, the constant number of samples (N = 128) and a fixed SNR level of
−15 dB. The ROC curves were obtained for the asymmetric (2 × 3, 3 × 2, 2 × 4 and 4 × 2)
and symmetric (2 × 2, 3 × 3, 4 × 4 and 5 × 5) MIMO communication systems and the two
divergent PU Tx powers (100 mW and 1 W).

Sensors 2021, 21, 6881 19 of 23 
 

 

 
Figure 7. The ROC curves presenting ED performance for MIMO system impacted with different 
PU Tx powers and modulation schemes. 

5.6. Impact of Symmetric and Asymmetric MIMO Transmission on ED Probability 
In this section, the impact of asymmetric and symmetric MIMO transmissions on the 

detection probability is shown in Figures 8 and 9, respectively. The analysis was made for 
the QPSK modulation, the constant number of samples (N = 128) and a fixed SNR level of 
−15 dB. The ROC curves were obtained for the asymmetric (2 × 3, 3 × 2, 2 × 4 and 4 × 2) and 
symmetric (2 × 2, 3 × 3, 4 × 4 and 5 × 5) MIMO communication systems and the two diver-
gent PU Tx powers (100 mW and 1 W). 

 
Figure 8. The ROC curves presenting the ED performance for the asymmetric 2 × 3, 2 × 4, 4 × 2 and 
3 × 2 MIMO-OFDM communication systems. 
Figure 8. The ROC curves presenting the ED performance for the asymmetric 2 × 3, 2 × 4, 4 × 2 and
3 × 2 MIMO-OFDM communication systems.

The results presented in Figure 8 indicate that for the same values of the false alarm
probabilities (Pf a), the detection probability increases as the overall number of Rx branches
(antennas) of the SU increases. This is characteristic of both symmetric and asymmetric
MIMO communication systems. More specifically, for the same operating parameters and
false alarm probability, the 2 × 4 asymmetric MIMO communication system will have a
better ED performance than the 4 × 2 MIMO communication system (Figure 8). The same
can be concluded for the 2 × 3 and the 3 × 2 MIMO communications systems (Figure 8).

Additionally, the 5 × 5 symmetric MIMO communication system will have a better
probability of detection compared to the 4 × 4, 3 × 3 or 2 × 2 MIMO communication
systems (Figure 9). This leads to the conclusion that a higher number of Rx branches
(antennas) at the SU contributes more to an improvement in ED performance. This is a
consequence of the fact that the SU with a higher number of Rx branches (antennas) can
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process a higher number of PU signal copies and thus improve the ED performance of the
SU. This is mainly due to the ED concept which is based on the SLC method. Since the SLC
method is realized by combining the energy of the received signals at each Rx branch (as
shown in Algorithm 1 and Figure 1), a higher number of Rx branches (antennas) will have
a positive impact on ED performance (Figures 8 and 9).
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Therefore, energy combined from more branches (antennas) can make a better contri-
bution to the ED process than the energy combined from fewer branches (antennas). This
leads to the conclusion that the ED performance can benefit from the future implementation
of the SU devices, which are expected to have a higher number of Rx branches (antennas)
than the standard hardware configuration.

Furthermore, Figures 8 and 9 indicate that by increasing the false alarm probability,
the detection probability increases for any Tx–Rx branch (antenna) configuration. This
increase in the false alarm probability can lead to possible wrong decisions made by the SU
involved in the ED process. The optimal trade-off between the number of Tx–Rx branches
and false alarm probabilities can therefore prevent possible incorrect decisions being made
during the ED process, which contributes to better ED performance.

6. Conclusions

In this work, the performance of the ED as a local SS method was analyzed. The
analysis was performed for MIMO-OFDM communication systems with a versatile number
of Tx and Rx branches (antennas). The mathematical formulation of the model expressing
the probability of detection for the ED method as the SS method based on the SLC concept
has been proposed. The formulated mathematical model was used for the development
of an algorithm that enables the simulation and assessment of the ED process in SISO or
MIMO-OFDM communication systems. To implement more realistic simulation conditions,
the ED performance was assessed using the proposed simulation algorithm under the
impact of NU variations and dynamic DT adaptations.

The simulation results obtained through the execution of the developed algorithm
show how the versatile PU Tx and SU Rx branch combinations, the number of samples
used in the ED process, the different values of SNRs at the position of the SU, the Tx
powers and the modulation types influence the detection probability of the PU signals.
The analyses of the obtained simulation results indicate that the number of PU Tx and
especially Rx antennas at the SU side, the number of samples used in the ED process, the
PU Tx power and the SNR levels at the location of SU have a significant impact on the ED
performance. Increasing the values of some or all of these parameters can contribute to
an improvement in SS performance based on the SLC ED method. The obtained results
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further indicate that the modulation types have no direct impact on the ED performance.
Additionally, results reveal that the increase in the number of Rx branches has a higher
contribution to the improvement in ED performance in comparison to the increase in
the number of PU Tx branches. The presented analyses provide fundamental insights
into the ED performance based on the SLC method for MIMO-OFDM communication
systems. The proposed algorithm can be used as a basis for the possible analyses of the
performance of the SLC ED method in more complex MIMO-OFDM systems exploiting
local or cooperative SS.

Our future work will be focused on analyses of the impact of the level of NU variations
and dynamic DT adaptations on the performance of the ED method based on the SLC
technique in MIMO-OFDM systems.

Author Contributions: Conceptualization, J.L.; methodology, J.L.; software, I.R.; validation, J.L. and
D.B.; formal analysis, J.L. and I.R.; investigation, I.R.; writing—original draft preparation, J.L. and I.R.;
writing—review and editing, J.L.; visualization, J.L. and I.R.; supervision, J.L. and D.B. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations
The following abbreviations were used in this manuscript:

AWGN Additive white Gaussian noise
CR Cognitive radio
CRN Cognitive radio networks
CSI Channel state information
CSS Cooperative spectrum sensing
DSA Dynamic spectrum access
DT Dynamic threshold
ED Energy detection
EGC Equal gain combining
IoT Internet of Things
ISI Inter-symbol interference
MIMO Multiple-input multiple-output
MISO Multiple-input single-output
NU Noise uncertainty
OFDM Orthogonal frequency division multiplexing
PDF Probability density function
PU Primary user
RF Radio frequency
ROC Receiver operating characteristic
SISO Single-input single-output
SL Square law
SLC Square-law combining
SNR Signal-to-noise ratio
SS Spectrum sensing
STBC Space–time block codes
SU Secondary users



Sensors 2021, 21, 6881 21 of 22

References
1. Mahmoud, H.A.; Yucek, T.; Arslan, H. OFDM for Cognitive Radio: Merits and Challenges. IEEE Wirel. Commun. 2009, 16, 6–15.

[CrossRef]
2. Pan, G.; Li, J.; Lin, F.A. Cognitive Radio Spectrum Sensing Method for an OFDM Signal Based on Deep Learning and Cycle

Spectrum. Int. J. Digit. Multimedia Broadcast. 2020, 2020, 5069021. [CrossRef]
3. Xiao, Y.; Hu, F. Cognitive Radio Networks, 1st ed.; Auerbach Publications: Boca Raton, FL, USA, 2008; pp. 3–37.
4. Rwodzi, J. Energy-Detection Based Spectrum Sensing for Cognitive Radio on a Real-Time SDR Platform. Master’s Thesis,

University of Cape Town, Cape Town, South Africa, 2016.
5. Eduardo, A.F.; Caballero, R.G.G. Experimental Evaluation of Performance for Spectrum Sensing: Matched Filter vs Energy

Detector. In Proceedings of the IEEE Colombian Conference on Communication and Computing, Popayán, Colombia, 13–15 May
2015; pp. 1–6.

6. Arar, A.M.; Masri, A.M.; Ghannam, H.O.; Tumar, I.K. A Proposed Scheme for Dynamic Threshold Versus Noise Uncertainty in
Cognitive Radio Networks (DTNU). Wirel. Pers. Commun. 2017, 96, 4543–4555. [CrossRef]

7. Thuo, N. An Adaptive Threshold Energy Detection Technique with Noise Variance Estimation for Cognitive Radio Sensor
Networks. Master’s Thesis, University of Cape Town, Cape Town, South Africa, 2015.

8. Singh, J.; Garg, R.; Aulakh, I.K. Effect of OFDM in Cognitive Radio: Advantages & Issues. In Proceedings of the 2016 Second
International Conference on Computational Intelligence & Communication Technology (CICT), Ghaziabad, India, 12–13 February
2016; pp. 554–558.

9. Cho, Y.S.; Kim, J.; Yang, W.Y.; Kang, C.G. MIMO-OFDM Wireless Communications with Matlab; John Wiley & Sons: Singapore, 2010;
pp. 294–307.

10. Rodes, L.; Kaushik, A.; Sharma, S.K.; Chatzinotas, S.; Jondral, F. Square-Law Selector and Square-Law Combiner for Cognitive
Radio Systems: An Experimental Study. In Proceedings of the 2016 IEEE 84th Vehicular Technology Conference (VTC-Fall),
Montréal, QC, Canada, 18–21 September 2016; pp. 1–5.

11. Santumon, S.D.; Sujatha, B.R. Space-Time Block Coding (STBC) for Wireless Networks. Inter. Jour. Distrib. Parallel Syst. 2021, 3,
183–195. [CrossRef]

12. Huang, D.; Hou, M.; Lu, W. Subcarrier Allocation Based Cooperative Spectrum Sharing with Wireless Energy Harvesting in
OFDM Relaying Networks. Sensors 2019, 19, 2663. [CrossRef] [PubMed]

13. Dang, W.; Tao, M.; Mu, H.; Huang, J. Subcarrier-Pair Based Resource Allocation for Cooperative Multi-Relay OFDM Systems.
IEEE Trans. Wirel. Commun. 2010, 9, 1640–1649. [CrossRef]

14. Nandhakumar, P.; Kumar, A. Analysis of OFDM System with Energy Detection Spectrum Sensing. Indian J. Sci. Technol. 2016, 9,
1–6. [CrossRef]

15. Chen, Z.; Luan, T.; Zhang, X.-D. Sensing Orthogonal Frequency Division Multiplexing Systems for Cognitive Radio with Cyclic
Prefix and Pilot Tones. IET Commun. 2012, 6, 97–106. [CrossRef]

16. Stuber, G.; Barry, J.; McLaughlin, S.; Li, Y.; Ingram, M.; Pratt, T. Broadband MIMO-OFDM Wireless Communications. IEEE 2004,
92, 271–294. [CrossRef]

17. Hwang, T.; Yang, C.; Wu, G.; Li, S.; Li, G.Y. OFDM and Its Wireless Applications: A Survey. IEEE Trans. Veh. Technol. 2009, 58,
1673–1694. [CrossRef]

18. Gupta, A.; Jha, R.K. A Survey of 5G Network: Architecture and Emerging Technologies. IEEE Access 2015, 3, 1206–1232. [CrossRef]
19. Kuppusamy, V.; Mahapatra, R. Primary User Detection in OFDM based MIMO Cognitive Radio. In Proceedings of the 2008 3rd

International Conference on Cognitive Radio Oriented Wireless Networks and Communications (CrownCom 2008), Singapore,
15–17 May 2008; pp. 1–5.

20. Ustok, R.F. Spectrum Sensing Techniques for Cognitive Radio Systems with Multiple Antennas. Master’s Thesis, Graduate School
of Engineering and Sciences of Izmir Institute of Technology, Izmir, Turkey, 2009.
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