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Abstract— The need for ever-higher transmission bands in
the most advanced telecommunications systems is primarily
brought on by the growing traffic demand from new services and
applications aimed at their consumers. These new systems are
currently having trouble accessing the necessary bands because
of a situation of spectral scarcity. However, the electromagnetic
spectrum’s physical constraints are only one cause of this
scarcity; another is the spectrum’s underutilization. Cognitive
radios, which have spectral sensing capabilities, appear to be
a solution to this underutilization issue. This paper assumes
scenarios of transmission opportunities inside the TV White
Space spectrum in Brazil to simulate and assess spectral sensing
based on the energy detection technique. The implemented
simulation considers the licensed users’ use of an OFDM-like
transmission signal in this frequency band, which has clearly
defined and standardized features. Through the investigation
of detection and false alarm probability, the study evaluates
how effectively the spectrum sensing system performs in various
circumstances.

Keywords— TV White Spaces, Spectrum Sensing, Energy De-
tection, ISDB-TB.

I. INTRODUCTION

Nowadays, the desire for connectivity and high data rates
has fueled the creation of ever-more-advanced telecommu-
nications infrastructure [1]. However, the development and
deployment of these new systems have encountered a major
problem, which is the shortage of electromagnetic spectrum
[2]. Analyses by different authors around the world have
shown that the current spectrum scarcity scenario arises not
only from a physical limitation of the electromagnetic spec-
trum but also from its underutilization [3], largely due to the
current fixed spectrum allocation policy, which becomes more
evident in the VHF (Very High Frequency) and UHF (Ultra
High Frequency) bands, which are intended for TV channel
allocation.
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The unused spaces of the TV spectrum have become known
worldwide as TV White Spaces (TVWS) and are emerging,
along with a new policy of dynamic spectrum allocation called
Dynamic Spectrum Access (DSA), as a solution to overcome
this "scarcity" problem, making its use more efficient. Re-
cently, the board of directors of the National Telecommuni-
cations Agency (ANATEL) in Brazil approved a proposal to
regulate the dynamic use of idle TVWS spectrum by secondary
users [4]. The approved resolution proposal assigns and desig-
nates VHF and UHF bands for this type of application, initially
considering the 54-72 MHz, 174-216 MHz, 470-608 MHz,
and 614-698 MHz bands. The regulation on usage conditions
is still under development, and the expectation is that it will
provide for the use of idle TV bands for mobile cellular and
broadband services. Regional providers have already expressed
interest in using TVWS in a secondary capacity using LTE and
5G, although they acknowledge that there is still no scale of
appropriate equipment for opportunistic use of idle spectrum.

In this context, it is necessary to study and develop increas-
ingly intelligent radios equipped with new technologies that
can efficiently utilize this available resource. These intelligent
radios are called cognitive radios (CRs), which are telecommu-
nications devices capable of making dynamic decisions based
on information collected in the environment in which they
are located [5]. The main functionality of a CR that promises
to solve the problem of electromagnetic spectrum scarcity is
spectral sensing which is the focus of this work.

Several studies in the field of spectral sensing address dif-
ferent scenarios and use different implementation techniques.
For example, the authors in [6] present research containing an
overview of cognitive radio architectures and spectral sensing
techniques such as matched filtering, energy detection, and
cyclostationary detection. The authors in [7] present work on
spectral sensing with multiple antennas using likelihood ratio
detection and power spectral density division cancellation.
The authors of [8] present research on spectrum detection
based on a composite neural network, aiming to improve the
intelligence level of CR and thus upgrade the performance
of sensing techniques. However, despite the various scientific
works, there is a lack of studies that address more realistic
simulations of spectral sensing techniques. Thus, the main
objective of this article is to provide a deeper understanding
of spectral sensing in a TVWS scenario in Brazil, with a
simulated implementation that closely resembles a practical
situation. The simulation and the study addressed in this work
stand out for the following contributions: (i) the considered
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Fig. 1. Block diagram of the energy detection technique.

primary user signal (PU) is compliant with the Brazilian
Digital TV standard; (ii) the sampling frequency used in the
simulations was carefully selected for sensing a 6 MHz TV
channel; (iii) a pessimistic sensing scenario is also considered,
in which the CR is in a non-line-of-sight (NLOS) scenario;
(iv) conclusions are drawn regarding the influence of system
parameters on sensing. The simulation will serve as a basis for
future hardware implementation of spectral sensing in TVWS.

II. SPECTRUM SENSING IN COGNITIVE RADIOS

A. Mathematical Modeling of a Spectral Sensing System

The model consists of two hypotheses that will be used
for decision-making, namely H0 and H1. The H0 hypothesis
considers the absence of a primary signal in the sensed band,
while the H1 hypothesis refers to the presence of a PU signal
in that same band. The two hypotheses can be mathematically
described as

y(t) =

{
n(t), if H0

h(t)x(t) + n(t), if H1

(1)

where y(t) is the signal captured and analyzed by the CR, n(t)
corresponds to the thermal noise in the receiver, h(t) repre-
sents the gain or attenuation caused by the communication
channel, and x(t) is the PU transmitted signal. To perform
the decision-making process regarding spectral occupancy, it
is necessary to define a decision variable, T , generated by
processing y(t), which will depend on the sensing technique
used, and also a decision threshold, λ. Thus, if T > λ,
it is decided that the spectrum is occupied, otherwise, it is
considered free.

B. Energy Detection Technique

There are several spectral sensing techniques available,
among which cycle-stationary detection [9], matched-filter
detection [10], and eigenvalue-based detection [11] can be
cited. However, energy detection is currently the most widely
used technique [12], [13], owing to its low implementation
complexity. It is considered an optimal technique when no
prior knowledge of the transmission signal is available, and
the noise is not a source of uncertainty. In this technique, the
detection of the presence or absence of the signal is based on
monitoring the energy measured in the channel, compared to
a decision threshold. Despite being a well-established sensing
technique, nowadays it still attracts considerable attention
from researchers worldwide [14], [15]. Fig. 1 depicts the
block diagram for the implementation of the energy detection
technique in the time domain. Following the block diagram
shown in Fig. 1, a bandpass filter centered at the frequency of
the channel of interest is first used. Subsequently, the filtered
signal is down-converted to the baseband and then digitized

by an analog-to-digital converter (ADC), generating samples
that are squared. The decision statistic, T , is then calculated
according to

T =

n∑
i=1

∣∣y(i)|2 , (2)

where n is the total number of collected samples and y(i)
represents the i-th digitized sample collected by the CR.
After the calculation of T , its value is compared with λ
for decision-making about which of the two hypotheses, H0

or H1, will be considered. In the presence or absence of
the primary signal, the decision variable has a chi-square
distribution with n degrees of freedom [16]. Considering a
sufficiently large number of samples, n, and using the central
limit theorem, this variable can be approximated to a Gaussian
random variable, T = N (nσ2

w, nσ
4
w) under hypothesis H0

and T = N (n(σ2
s + σ2

w), n(σ
2
s + σ2

w)
2) under hypothesis H1,

and thus, the probabilities of false alarm and detection can be
numerically resolved, given respectively by

Pfa = Q

(
λ− nσ2

w√
nσ4

w

)
, (3)

Pd = Q

(
λ− n(σ2

s + σ2
w)√

n(σ2
s + σ2

w)
2

)
, (4)

where σ2
w and σ2

s are the noise and PU signal variances, re-
spectively; Q(·) is the Q-function, commonly used for solving
problems involving numerical integration of area in Gaussian
distributions. To define the threshold to be used, a constant
false alarm rate value is used, which can be calculated by
isolating λ in equation (3), and then

λ = σ2
w(Q

−1(Pfa)
√
n+ n). (5)

C. Primary User Signal in TV White Spaces in Brazil

The primary user signal considered in the spectral sensing
simulations evaluated in this work is a transmission signal of
OFDM (Orthogonal Frequency Division Multiplexing) type,
fully compliant with the transmission signal of the Brazilian
digital TV standard, the ISDB-TB (Integrated Services Digital
Broadcasting - Terrestrial Brazilian Version), whose character-
istics are detailed in the ABNT 15601 [17] standard and can
be mathematically described by

s(t) =

∞∑
s=0

K−1∑
k=0

cs,kψ(s, k, t) (6)

ψ(s, k, t)=

{
ej2π

k−Kc
Tu

(t−Tg−sT s) sT s ≤ t < (s+ 1)Ts

0 t < sT s, t ≥ (s+ 1)Ts
(7)

in which k is the index of the carrier, which is successive for
the entire band, with the number 0 assigned to carrier 0 of
segment 11; s is the symbol number; K represents the total
carriers of the mode; Ts is the duration time of the OFDM
symbol; Tg is the duration time of the guard interval; Tu is
the duration time of the useful part of the symbol; fc is the
center frequency of the PU signal; Kc is the carrier number
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TABLE I
OFDM ISDB-TB SYSTEM TRANSMISSION PARAMETERS.

Parameter Value
Total number of carriers 8192 (Mode 3)
Number of active carriers 5617
Guard nterval 1/32
Number of segments Layer A 13
Data carriers modulation Layer A 64-QAM
Number of segments Layer A 13
Encoding rate of layer A 7/8
Pilot carriers and TMCC modulation BPSK/DBPSK
OFDM symbol duration 1.26 ms
Subcarrier spacing 0.992 kHz
Pilot spacing 11.9 kHz
IFFT clock 512/63 MHz
BW 5.572 MHz

corresponding to the center frequency of the signal, and cs,k is
the corresponding complex serial symbol to the OFDM symbol
with index s and carrier index k.

With the theoretical knowledge of the ISDB-TB transmis-
sion signal, it will be possible to simulate the PU signal
in compliance with the one that will be found in a real
environment of spectral sensing in TVWS bands in Brazil.

III. DEVELOPMENTS OF SIMULATIONS

A. Generation of Primary User Signal in TVWS in Brazil

Before starting the development of spectral sensing sim-
ulations with a focus on TVWS usage, an OFDM signal
in compliance with the characteristics of a typical ISDB-TB
transmission signal was implemented in MATLAB. Table I
presents the parameters used in this implementation of the
OFDM signal, which will be incorporated into the spectral
sensing simulations.

In the considered mode, we generate an OFDM signal by
creating a vector consisting of 5617 complex random symbols
that are structured in an OFDM frame. This frame structure
includes data symbols (64-QAM), pilot symbols (BPSK), and
TMCC symbols (DBPSK) in predetermined positions as per
the ISDB-TB standard, which will later modulate each active
carrier of the system. The transmission constellation of the ac-
tive carrier symbols in the system is depicted in Fig. 2, where
Q and I represent the imaginary and real parts of each symbol,
respectively. Next, the symbol vector in the frame structure
is parallelized for orthogonal frequency division multiplexing
using the IFFT (Inverse Fast Fourier Transform) mathematical
operation, generating a complex signal in the time domain with
8192 samples (mode 3) at the IFFT frequency, representing the
useful OFDM symbol. A guard interval of 1/32 is then added
to the beginning of the OFDM symbol. It is noteworthy that
the OFDM symbol we consider has 5617 complex symbols
frequency-multiplexed. The generated signal has a usable
bandwidth of 5.57 MHz, as per the ISDB-TB standard, as
shown in Fig. 3, which displays the magnitude of power
spectrum density of the generated OFDM signal. The entire
signal is confined within the −3 MHz to 3 MHz bandwidth,
as expected by the standard, with a minor guard band at the
boundaries. The simulation did not convert the OFDM signal
to channel frequency because, in practical spectral sensing,
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Fig. 2. Symbols transmitted on active carriers.
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Fig. 3. ISDB-TB PU signal spectrum.

the first processing step is converting signals from channel
frequency to baseband.

B. Final Spectral Sensing Simulation in TVWS

To estimate the performance of spectral sensing in a realistic
TV White Space scenario, a simulation using MATLAB soft-
ware was developed. In this simulation, the PU transmission
signal, x(t), is that presented in Subsection III-A; the channel
gain, h(t), is generated by random samples with a Rayleigh
distribution with unit variance, representing a situation of
fading where there is no line of sight between CR and PU; and
the noise considered, n(t), is the additive white Gaussian noise
(AWGN) with zero mean and unitary variance. The sampling
frequency used in the simulation is set to match the IFFT
clock value indicated in Table I and ensures the detection of all
signal power within a 6 MHz channel. The sensing technique
considered is energy detection, detailed described in Section
II-B. Therefore, the decision variable T , used to define spectral
occupancy, is calculated as presented in (2).

The simulation developed has as its main input parameters
the number of cooperating CRs (m), the number of samples
collected by each CR (n), the number of primary transmitters
(p), the signal-to-noise ratio (SNR), the decision threshold, and
the number of Monte Carlo events (Ne) used to generate the
performance curves.
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Fig. 4. ROC curves varying the SNR values.

IV. NUMERICAL RESULTS

This section presents the performance results of spectral
sensing in various TVWS scenarios. All performance curves
presented in this section were obtained through careful simu-
lations developed on the MATLAB software platform, which
took into account no less than 15000 Monte Carlo events.

To investigate the impact of different SNR values on the
sensing system performance, simulations were conducted with
the parameters p = 1, m = 1, n = 50, and SNR levels of
−20 dB, −15 dB, −10 dB, −5 dB, and 0 dB. The Receiver
Operating Characteristic (ROC) curves for each SNR level
were obtained and presented in Fig. 4. The results show
that the worst performance is achieved at SNR = −20
dB and a significant improvement is observed as the SNR
increases towards 0 dB. However, the analysis of the curves
highlights that in a TVWS scenario using energy detection
sensing techniques, obtaining reliable results for low SNR
values and with a limited number of collected samples (as
in this first case study, where n = 50) in an NLOS scenario
is practically unfeasible since an operation point where the
detection probability tends to 1 and the probability of false
alarm tends to zero is far from been achieved even for SNR =
0 dB.

To assess the impact of the number of samples, n, collected
by the CR on the spectral sensing system, a new simulation
was conducted with the following parameters: p = 1, m = 1,
SNR = −10 dB, and n = 100, 200, 300, 400, and 500.
The simulation results are presented in Fig. 5, revealing that
the number of samples collected by the CR is a critical
factor in improving sensing performance. Specifically, a higher
number of samples yields a ROC curve closer to the optimal
point, providing more information about the sensed band
and enabling more reliable detection of PU transmissions.
These findings suggest that in practical sensing in TVWS
scenarios, the number of samples collected by the CR should
be sufficiently large, exceeding even 500 samples, to ensure
that the probabilities of detection and false alarm remain
within the acceptable limits of the developed sensing system.

In practical spectral sensing projects using energy detection,
the decision threshold used for comparison with the decision
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Fig. 5. ROC curves varying the number of samples collected by the CR.

variable is calculated according to equation (5), taking into
account the false alarm probability that can be tolerated by the
system. To assess the behavior of the probability of detection
for a fixed false alarm probability and various SNR values,
a new sensing simulation was performed with the following
configuration: p = 1, m = 1, n = 1000, and SNR varying
from −20 to 0 dB. Four different thresholds were used, each
with a corresponding false alarm probability: λ = 1098 (Pfa =
0.1%), λ = 1073 (Pfa = 1%), λ = 1052 (Pfa = 5%), and
λ = 1040 (Pfa = 10%), and were calculated based on equation
(5). The results are presented in Fig. 6, which demonstrates
that the obtained false alarm probability is consistent with the
theoretical expectations for each threshold case. Furthermore,
it shows that as the system is allowed to operate with a higher
false alarm probability, the probability of detecting a primary
user in the sensed band increases. A crucial conclusion drawn
from this analysis is that even when increasing the number of
collected samples to n = 1000, for SNR values lower than
0 dB, none of the evaluated curves approach a probability
of detection of 100%. This is only achieved close to an
SNR of 5 dB, indicating that in a real-world TVWS scenario
where the CR may be in a shadowed environment or severe
fading condition, the number of samples should be even higher
than what was used in this analysis. Alternatively, if this is
not feasible, another sensing technique or cooperative sensing
should be considered.

To complement the analysis, a final performance evaluation
is presented considering a cooperative sensing scenario in
TVWS, in which each CR of the cooperative network collects
n samples and sends them to a fusion center (FC), where the
test statistic is calculated considering the samples collected
by all radios. For this purpose, the simulation considered the
following parameters: p = 1, n = 50, SNR = −10 dB, and
m = 1, 2, 3, 4, and 5. The simulation results are presented
in Fig. 7. After analyzing the curves presented in Fig. 7, it
can be concluded that spectral sensing performance improves
as the number of radios used to collect samples increases.
This improvement is due to the increase in the total number
of collected samples, which leads to a proportional increase
in the number of processed samples at the FC. Additionally,
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the samples collected by each remote radio are spatially un-
correlated, which reduces uncertainty in the channel analysis.
However, the practical implementation of this cooperative
sensing approach is much more complex compared to non-
cooperative sensing, as it requires multiple remote radios and
a fusion center that communicates with all remote radios in
the network and manages the spectral allocation of available
free channels.

V. CONCLUSIONS

In conclusion, this article contributes to the investigation
of energy detection-based spectrum sensing for TV White
Space scenarios in Brazil. It provides valuable insights into the
optimization of spectrum sensing systems in TVWS scenarios
by simulating a primary user signal under realistic settings
and considering the receiver signal with fading. Our findings
demonstrate the importance of considering various parameters
in achieving robust and reliable sensing, especially in the
context of an NLOS fading scenario. Increasing the number of
samples collected by cognitive radios in a non-cooperative sit-
uation is essential in low SNR situations to achieve satisfactory
performance. If this is not possible, employing other more ro-
bust detection techniques should be considered. Furthermore, it

has also been demonstrated that multiple CRs in a cooperative
sensing scenario in TVWS can significantly improve detection
quality by adding spatial diversity, albeit with the disadvantage
of a more complex implementation. Future work will focus on
developing the simulated system using software-defined radio
(SDR) and validating other modern techniques of spectral
sensing in TVWS. These findings can guide the development
of more efficient and reliable TVWS communication systems.
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