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Abstract-To meet the demanding expectations of the users, nowadays radio systems have to use the spectrum
resource more intensely than in the past. Several studies have demonstrated that portions of radio spectrum are
not in use for significant periods of time. Cognitive radios systems have been conceived to overcome this limit,
enabling a flexible spectrum allocation, and making a more intensive and efficient spectrum use by the users
sharing spectrum access. To meet this goal, cognitive radio terminals have to dynamically select the appropriate
operating frequency based on the sensing of signals emitted by other transmitters. The paper focuses the
attention on the performance analysis of a spectrum sensing based on the energy detection method. In particular,
several power spectrum estimation methods are investigated in order to compare them mainly in terms of overall
computational burden and algorithm performance.

Keywords-Power spectrum, PSD estimation, spectrum sensing, cognitive radio.

l. Introduction

Advances in communication technology, during the last years, have allowed the creation of new wireless devices
able to meet the demanding expectations of the modern user. Unfortunately, to reach this goal, the radio systems
have to use the spectrum more intensively and more efficiently than in the past.

Starting from these considerations, several national commissions have started to study the spectral efficiency of
the traditional frequency allocation policy. The conclusions that they obtained, indicate that portions of the radio
spectrum are not in use for significant periods of time [1]. As a consequence, it is necessary to design a more
flexible way to manage the radio spectrum resource.

To this aim, a technical solution called Cognitive Radio (CR), which promises the improvement of the spectrum
utilization has been introduced [2]. It has been conceived to enable a flexible spectrum allocation, making a more
intensive and efficient spectrum use by spectrum users sharing spectrum access on a negotiated or an
opportunistic basis [2]. The CR terminals have the ability to determine their location, sense spectrum use by
neighboring devices, change dynamically their transmission parameters, such as carrier frequency, bandwidth,
output power, and modulation scheme characteristics, in order to exploit various not busy spectrum portions.
Among the capabilities, that a CR system should have, the frequency agility [3] is surely one of the most
important. It is the ability of a radio to change its operating frequency, combined with a method to dynamically
select the appropriate operating frequency based on the sensing of signals from other transmitters.

As a consequence, the correct choice of the operating frequency to be adopted by a CR transmitter, that is
working in an environment characterized by a crowded spectrum, is not a trivial task. In this framework,
performing a careful spectrum sensing is a fundamental operation, which could affect the frequency agility
capability of the transmitter. Even though several methods for spectrum sensing in CRs have been proposed in
the literature [4], they do not seem to be suitable for satisfying the frequency agility capability because no
information about the operating frequency to be chosen is usually given.

Stemming from the past experience in developing innovative digital signal processing method for spectrum
interference monitoring [5], and in measuring the power emitted by RF telecommunication transmitters [6]-[8],
the authors have recently proposed a new measurement algorithm for frequency agility capability in CRs [9].
Main aim of the proposed algorithm is to select an operating frequency for the CR terminal, minimizing the
possibility to interfere with a primary user (i.e. a user that has not cognitive capabilities), even in scenarios
characterized by negative Signal to Noise Ratios (SNRs). The proposed algorithm is based on two sequential
stages: the former performs the spectrum sensing, while the latter selects the operating frequency for the
terminal.

In this paper the attention is focused on the improvement of the former stage which is synthetically described in
figure 1. In particular, the spectrum sensing stage belongs to the class of the energy-based detection method and
carries out the PSD estimation of the incoming signal and the trace smoothing operation in order to reduce the
noise. As shown in the following, this operation makes easier the threshold selection that will be used to detect
the occupied bandwidths inside the frequency interval under analysis. The trace smoothing task is performed by

ISBN-10: 84-616-5438-2 | ISBN-13: 978-84-616-5438-3

543



19" Symposium IMEKO TC 4 Symposium and 17" IWADC Workshop
Advances in Instrumentation and Sensors Interoperability
July 18-19, 2013, Barcelona, Spain

—original PSD.
—MA(50)
—MA(200)

Amplitude [W/Hz|
O~~~ =
S T L

UI] 500 1000 1500

frequency [bins]

2000 2500

Figure 1. Block diagram of the operations executed  Figure 2. Effect of the trace smoothing. The original
during the spectrum sensing stage. PSD has been acquired considering a SNR equal to
5dB.

applying a moving average filter to the incoming trace. The choice to use this kind of filter is due to its simple
implementation and its ability to reduce random noise while retaining a sharp step response (see figure 2).
In this paper two popular nonparametric power spectrum estimation methods (modified periodogram [10] and
Welch’s method [11]) are investigated in order to simplify the spectrum sensing stage, especially in terms of
overall computational burden, and at the same time without worsening the algorithm performance.

Il. A brief theoretical background

Several PSD estimation methods are available in scientific literature. Usually they can be classified in two main
categories: nonparametric and parametric estimation methods. In this paper only the former category has been
taken into account and in particular two methods have been considered: modified periodogram [10] and Welch
method [11], respectively. In the following a brief theoretical background of these methods is given.

A. Modified periodogram method

Considering a finite-length sample set of the acquired signal x(0),..., x(N-1), the original unmodified
periodogram PSD estimate can be defined as
T )
__S x(n e—]erfnTS
> x(n)

f)— T Zx(n e ]2/rfnTS
n=0

where Ts is the sampling time, f stands for the frequency and N is the length of the set.

Usually a finite-length sample set can be seen as the result of multiplying an infinite sample set with a N-length
rectangular window wg(n). The multiplication in the time domain corresponds to convolution in frequency
domain leading consequently in spectral leakage issues.

To mitigate these effects the modified periodogram has been introduced in literature and it is defined in this way:

f ) — T ZW ]2;rfnTs zw(n n)e—jannTS

It windows the time domain srgnal in order to smooth the edges of the S|gnal with a N-length wmdow w(n). This
operation leads to a reduction of the spectral leakage.

In literature several windows have been defined to reach this goal and they differ for their spectral characteristic
especially in terms of side-lobe levels and main-lobe width [12],[13].
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B. Welch’s method

A known issue of the modified periodogram method consists that it is characterized by an high estimates
variance. A classical way to reduce this variance consists in averaging different independent estimates. Starting
from this consideration Welch in [11] proposed a new PSD estimation method based on the division of finite-
length sample set of the acquired signal into smaller units called segments. They are composed by L samples and
may be overlapped or disjoint. As in the modified periodogram method, the samples in a segment are weighted
through a window function to reduce undesirable effects related to spectral leakage. For each segment a
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periodogram is evaluated following this formula:

2
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where x'(n) are the samples of the i-th segment and U is a coefficient used to remove the window effect from the
total signal power and it is given by

U :%Liwz(n) 4)

The PSD estimate S,(f) is computed by averaging the periodogiram estimates

1 k-1 i
where k denotes the number of segments and it is given by

k=N-L .y (6)
L-M
M denotes the number of the overlapped samples between two successive segments. Overlap ratio r is defined as
the ratio between the number of the overlapped samples and the number of samples in a segment, r=M/L*100%.
It is worth noting that the performance of the modified periodogram method is influenced by the window w(n)
used, and the performance of the Welch method depends by the window w(n) and the overlap ratio r considered.

I11. Measurement set-up

In order to verify the applicability of the above-mentioned PSD estimation methods to the proposed spectrum
sensing stage and assess their performance, a suitable experimental campaign, carried out in Matlab simulation
environment, has been designed and set-up.

A scenario in which a CR transceiver is scanning a frequency interval where a primary user (PU) occupies the

17% of the frequency interval under analysis has been taken into account. In particular, the carrier frequency of

the PU is located in the center of the frequency interval under analysis.

Seven different SNRs, ranging from 5 dB to -25 dB, with a step equal to -5 dB, have been considered and for

each SNR, 1000 different realizations of the test signal have been simulated.

As the modified periodogram method concerns, four different windows, w(n), have been considered: Flat top,

Hamming, Blackman-Harris, Bartlett-Hanning. The same windows have been taken into account for the Welch

method and, in this case, for each window, also 9 different overlap ratios r ranging from 10% to 90%, with a step

of 10%, have been considered.

Each configuration of the above-mentioned PSD estimation methods has been applied to all the simulated signals

in order to evaluate the PSD of the incoming signal. Each estimated PSD is 2401 bins-length.

Several figures of merit have been defined to analyse the applicability of the above-mentioned PSD estimation

methods and assess their performance:

i) No detection bandwidth rate (I") evaluated as the ratio between the number of times that the proposed method
has not been able to detected an occupied bandwidth and the total number of test (i.e. 1000). It is expressed in
percentage. This figure of merit has been designed to verify the ability of the proposed method to detect
signals in very noisy environment.

ii) False detection (A) calculated using the following relation:

1% B 8
A=—>"—"1100% ®)
Nd i=1 Bfree ’

where Ny is the number of times that the proposed method has detected at least one occupied bandwidth, B; is the
sum of the frequency bins that overcome the selected threshold in the frequency interval, By is the frequency
interval that is not presently occupied by the PU. By is evaluated as the frequency interval under analysis minus
the PU bandwidth. This figure of merit has been designed to test the ability of the proposed method to detect
only the bandwidth occupied by the PU. As an example, figure 3 reports two false detections provided by the
method when it was applied to a signal characterized by a SNR equal to -15 dB is shown.

iii) The difference between the mean value of the detected minimum frequency component of the PU signal and
its imposed value, which are considered as reference, Af}mean, and the difference between the mean value of
the detected maximum frequency component of the PU signal and its imposed value, which is considered as
reference, Af,mean. IN Order to have a good evaluation of the position occupied by the PU in the frequency
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Figure 3. Output of the spectrum sensing stage showing
two false detections. The SNR of the input signal was -
15 dB. The modified periodogram estimator is involved.

Figure 4. Error committed during the estimation of
PU bandwidth. The SNR of the input signal was -
15 dB. The modified periodogram estimator is
involved.

interval under analysis, it is very important to detect correctly the minimum (f;) and the maximum (f,)
frequency components of PU. This figure of merit has been designed to test this feature. In figure 4 an
example of Af; and Af, evaluation is shown. In particular f;, and f,. are the estimated PU minimum and
maximum frequency component respectively.
To analyse the suitability of the trace smoothing step (see figure 1) when the proposed PSD estimators are
applied, all the above-mentioned figures of merit have been evaluated considering two cases. In the former the
PSD trace smoothing operation has not been performed, in the latter it has been carried out.

1V. Performance assessment

Figures 5 (a) and (b) report the experienced values of T" for different windows w(n) and SNRs, for both cases in
which the PSD trace smoothing is applied and without PSD trace smoothing, respectively. PSD are estimated by
using the modified periodogram. Analyzing the obtained results it is possible to highlight:

a) The trace smoothing operation greatly improves the performance of the proposed method. In fact when this
operation is performed, it is possible to observe a significant decrement of " values even at very lower SNRs.
As a consequence a trace smoothng is necessary.

b) A no detection rate equal to 0 is experienced down to SNR=-10 dB for all the considered windows.

c) The Flat top window seems the best considering this figure of merit.

As far as the Welch estimator, for a sake of brevity, only the results obtained considering an overlap ratio,

r=50%, are reported in this paper (see figure 6). The obtained result considering different overlap ratios are very

similar.

SNR [dB] = Windows (a) SNR [dB] S Windows (b)
Figure 5. Miss detection rate analysis for different windows w(n) and SNRs, (a) PSD trace smoothing applied, (b)

no PSD trace smoothing. The modified periodogram estimator has been applied.
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3
SNR [dB] : Windows
Figure 6. No detection rate analysis for different windows w(n) and SNRs. The Welch estimator and PSD trace
smoothing have been applied. An overlap ratio r=50% has been considered.

Analysing the results reported in figure 6 it is possible to highlight that they are very similar to that obtained with

the modified periodogram and consequently all the above-mentioned consideration are still valid for this PSD

estimator.

Regarding the false detection figure of merit, the obtained results when the modified periodogram method and

the Welch method are reported in table | and table Il. Analysing them it is possible to highlight that:

1) Both the considered methods show good results. In particular the modified periodogram seems to show
slightly better results with except for the lowest SNR.

2) The Flat top window shows the best performance for all the considered PSD estimation methods.

Other overlap values considered for the Welch method have shown very similar results and as a consequence

there are not reported in the paper.

Figures 7 (a) and (b) depict the obtained values of Af;nean When the modified periodogram estimator and the

Welch estimator are respectively involved. They show that both the estimators present a good behaviour,

especially for SNR down to -15 dB, but the results obtained when the modified periodogram is involved are

slightly better. The Flat top windows allows a good estimation of the minimum frequency component of the PU

signal except at SNR=-20 dB where the best performance are given by the Hamming window. As expected,

when the SNR of input signal decreases, Af} mean WOrsens.

Similar results have been found made for Af, nean, therefore, for a sake of brevity, the corresponding analyses are

not reported .

V. Conclusion

The paper has analysed the performance of two known non parametric PSD estimation methods (modified
periodogram and Welch) applied for the spectrum sensing stage in CRs.
To assess the performance of the above-mentioned PSD estimation methods, suitable figures of merit have been

Table I. False detection analysis for different windows w(n) and SNRs. The modified
periodogram and PSD trace smoothing have been applied.

SNR
5dB | 0dB | -5dB | -10dB | -15dB | -20dB | -25dB
Flat top 0% | 0% 0% | 0.0056% | 6.2% 13% 9.5%
= Hamming 0% | 0% 0% 0.28% 9.7% | 0.48% | 0.039%
S | Blackman-Harris 0% 0% 0% 0.039% 9.0% 6.4% 1.9%
Bartlett-Hanning 0% | 0% 0% 0.22% 10% | 0.97% | 0.20%

Table Il. False detection analysis for different windows w(n) and SNRs. The Welch PSD
estimator with r=50% and PSD trace smoothing have been applied.

SNR
5dB | 0dB |-5dB | -10dB |-15dB | -20dB | -25dB
Flat top 0% | 0% | 0% | 0.013% | 6.4% 14% 8.8%
= Hamming 0% | 0% | 0% 0.31% 9.6% | 0.43% | 0.043%
= | Blackman-Harris | 0% | 0% | 0% | 0.053% | 9.0% 6.0% 2.1%
Bartlett-Hanning | 0% | 0% 0% 0.25% 10% | 0.97% | 0.085%

ISBN-10: 84-616-5438-2 | ISBN-13: 978-84-616-5438-3

547



19" Symposium IMEKO TC 4 Symposium and 17" IWADC Workshop
Advances in Instrumentation and Sensors Interoperability
July 18-19, 2013, Barcelona, Spain

0

>
y

In an

; ‘0;0

(4
"

g

<
0
%

Bartlett-Hanning Bartlett-Hanning

10 4 Blackman-Harris 10 £ Blackman-Harris
Hamming = Hamming
0 g Flat top 9 " Flat top
SNR [dB] = Windows SNR [dB] * Windows
(@) (b)

Figure 7. Afy mean analysis for different windows w(n) and SNRs, (a) the modified periodogram estimator (b) Welch

method have been applied.

defined and analysed through a large experimental campaign performed in Matlab simulation environment.

The obtained results show that both the considered PSD estimation methods have shown good performance,
even if the modified periodogram behaviour seems slighter better that Welch method ones. In particular, it is
possible to highlight that the flat top windows allows to get a good trade-off between a good detection of the
minimum and the maximum frequency components of the PU and contemporary a limitation of the false alarm
occurrences.
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