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ABSTRACT

Spectrum sensing, a technique to recognize unused or idle
spectrum, is a key function for cognitive radio (CR) and
requires high precision and fast signal processing
technique. To satisfy these requirements, two-stage sensing
architecture that combines an energy detector and a
feature detector was proposed by IEEE 802.22 working
group (WG). For an energy detector, various techniques
such as receive signal strength indicator (RSSI), multi
resolution spectrum sensing (MRSS), fast Fourier
transform (FFT) have been suggested and recently
discrete wavelet packet transform (D WPT}-based method
was proposed. In this paper, we propose a modified
DWPT-based energy detector by using half-band elliptic
IIR filters and double threshold method. Through
simulation and complexity analysis, it is shown that the
proposed scheme can reduce computational complexity
and false detection probability compared to conventional
DWPT-based energy detector for spectrum sensing in CR.

I. INTRODUCTION

As the spectrum scarcity comes into an emerging problem
nowadays, it is considered that it is not by limitation of the
spectrum resource but by inefficiency of the spectrum
usage [1]. To utilize the wasted radio resources more
efficiently, therefore, cognitive radio (CR) technology
which uses unused spectrum bands not interfering licensed
users has emerged. In CR systems, a spectrum sensing
technique for searching the unused spectrum is a key
function and it requires high precision and fast speed
processing. Spectrum sensing methods are divided into
two categories; an energy detector and a feature detector.
The energy detector that is easy to implement is usually
used when information about the primary user's signals is
unknown. However it works poorly when the signal power
of the primary user is relatively low compared to the noise.
When the detector knows the characteristic of the primary
user's signal, the feature detector can be adopted and
achieves better performance than the energy detector, but
it requires heavy computational complexity [2].

To search the unused spectrum faster and more correctly,

the two-stage sensing architecture was proposed by IEEE
802.22 working group (WG). It takes advantage of both
promptness of an energy detector and accuracy of a feature
detector [3]. At the first stage of the two-stage sensing
architecture, an energy detector searches spectrum bands
of relatively high power, which are determined as
occupied channels. Then a feature detector senses only
filtered spectrum bands finely at the second stage.
Therefore, the main role of the energy detector at the first
stage is to send the unassured channels to the second stage
quickly.

As an energy detector for the two-stage sensing
architecture, various techniques such as receive signal
strength indicator (RSSI), multi resolution spectrum
sensing (MRSS) and fast Fourier transform (FFT) has been
proposed [4] and recently discrete wavelet packet
transform (DWPT) implemented with Butterworth IIR
polyphase filters was proposed in [5]. By using IIR
polyphase filters, the DWPT-based detector can work
faster detection than FFT-based one.

In this paper, we propose two ideas to enhance the DWPT
based energy detector. First one is the use of elliptic filters
having better roll-off characteristic than conventional
Butterworth filters. This can reduce the false detection
probability caused by the leakage of the filter. Secondly,
we propose to use double threshold method that uses both
upper and lower threshold in the energy detector.
Conventional detectors use only one threshold to whether
the channel is occupied or unoccupied by primary users.
By using double threshold, however, the channels can be
classified as three states: an assured occupied channel
(black), an unassured channel (gray), and an assured
unoccupied channel (white). As a result, the energy
detector transfers less number of unassured channels to the
feature detector at the second stage. Simulation results and
complexity analysis show that the proposed energy
detector can work faster and more reliably than the
conventional DWPT-based energy detector.

This paper is organized as follows. In Section II, we
describe the DWPT-based energy detector and the
proposed ideas are presented in Section III. Simulation
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results are analyzed in Section IV, and finally Section V
concludes this paper.

~-------~ dl,k

II. DISCRETE WAVELET PACKET TRANSFORM
BASED ENERGY DETECTOR

In this section, DWPT-based energy detector implemented
with IIR polyphase filters is introduced. (A) DWT

A. DISCRETE WAVELET PACKET TRANSFORM

DWPT is an extended version of discrete wavelet
transform (DWT) [6]. DWT is used for analyzing signals
in both time and frequency domain [7] and with DWT, a
signal /(t) can be represented as

(1)

where Cj,k and dj,k are a scaling and wavelet coefficient and

can be obtained as follows.
(B) DWPT

B. DWPT-BASED ENERGY DETECTOR

Using the orthonormal property between the scaling and
the wavelet function, the power of spectrum is obtained
from just squared sum of coefficients.

DWPT can be used for an energy detector because it
calculates the power of the spectrum bands [5]. DWPT
uses filters to divide a signal spectrum band into sub
spectrum bands. Among various filters, two channel
polyphase filters provide low-complexity implementation
by regrouping the high and low pass filters in z -domain
[8]. Also IIR filters have more computational efficiency
and high frequency selectivity than FIR filters. High and
low pass IIR filters are represented as

(5)
p= ~ ([~LCj'klpj'k(t)+dj'klf/j'k(t)]2dt

}c.}o k

Figure 1. Two-step structure of DWT and DWPT

f(t) =L L(Cj,klpj,k (t) + dj,kl!/j,k (t)). (3)
jc.jo k

Cj,k =(/(t ),qJj,k (t)) =Lg(m - 2k)cj+l.m
m (2)

dj,k = (/(t),lf/j,k (t))= Lh(m-2k)ci +l,m
m

where ( ) means inner product of two functions. qJj,k(t) and

ljI j,k (t) are basis functions of approximation and detailed

spaces.

The filter bank of the DWT divides a spectrum band of a
signal into logarithmically spaced spectrum bands. In this
case, higher frequency bands can not be divided as finely
as lower frequency ones. However, DWPT divides
spectrum bands equally spaced bands and this enables all
the frequency bands to be resolved fairly. Fig. 1 depicts
two-step structure of DWT and DWPT as an example.

Spectrum power can be measured by the DWT [8]. By
analogy with DWT, we can calculate the power of equally
divided spectrum bands using the DWPT. A signal from
the DWPT can be represented as

The signal power with a period T is calculated as follow.

Accordingly, the DWPT-based spectrum sensing can be
calculated conveniently as follow.

I T 2

p= T 1f(t) dt (4) H (z) =Eoo ( Z2 ) - .!.E01 ( Z2 )
Z

G(z) =Eoo ( Z2 ) + .!.EOl ( Z2 ),
Z

(6)
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Figure 2. The DWPT-based energy detector

where Eoo (Z2) and E01 (Z2) are all pass filters. To obtain the

above characteristics, DWPT is implemented with IIR
polyphase filters for an energy detector.

The structure of the DWPT-based energy detector is
described in Fig. 2. First of all, we select a bandwidth of
the divided sub-band Bd in a frequency band Bj of the

received signal, and calculate the number of necessary
iterations In =log2Bj/Bd which means the steps of DWPT.
Then the detector performs the DWPT in a given
frequency band up to steps of the necessary iteration.
Computational complexity can be reduced due to the
characteristic that DWPT is performed not up to final steps
like FFT but only to steps of the necessary iteration. With
the DWPT, we can calculate the power of the each band.
Lastly, the calculated power is compared to a threshold of
the detector to judge whether each divided sub-channel is
occupied or unoccupied by the primary user. Only sub
channels to be determined as unoccupied channels are
transmitted to the feature detector of the two-stage sensing
architecture.
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Figure 3. Roll-off characteristics of various filters

proper filter design. The detail procedure of the elliptic
filter design is described in [10], [11].

In Fig. 3, we compare the characteristic of some FIR and
IIR filters. The Butterworth and the elliptic IIR filters have
better frequency roll-off characteristic than the
Daubeichies (DB) FIR filter. Although the elliptic IIR
filter has equiripples in non-transition bands, it is shown
that there is hardly any difference between Butterworth
and the elliptic filter in non-transition bands in this case of
filter coefficient 5. As a result, the characteristic of high
roll-off value in the elliptic filter can be utilized for
separation of the spectrum bands.

Classify occupied or
unoccupied channel

~Threshold
I nlevel
DWPT

Received
signal

III. PROPOSED IDEAS FOR THE DWPT-BASED
ENERGY DETECTOR B. DOUBLE THRESHOLD FOR ENERGY

DETEOCTOR

For precise and fast energy detection based on DWPT, the
use of two channel elliptic IIR polyphase filters and double
thresholds is proposed.

A. TWO CHANNEL ELLIPTIC IIR POLYPHASE
FILTERS

A threshold of conventional energy detector can divide a
given signal into a signal spectrum band or a noise
spectrum band by using a threshold. Especially, when a
signal is added by additive white Gaussian noise, the
threshold is determined as follows. Firstly, we consider the
received signal f (n) as

where K represents the number of samples in an interested
sub-channel. The signal power metric Ps and noise power

K-I 2 K-I 2

~ =Lls(n)+w(n)l, PN =Llw(n)l· (8)
n=O n=O

where s(n) and w(n) is the transmitted signal and noise

with standard normal distribution and n means sample
index. The received power of sub-channels of signal and
noise is calculated as

As aforementioned, DWPT implemented IIR polyphase
filters has advantages of complexity and frequency
selectivity. Among IIR filters, a significant factor of the
filter selection is the frequency roll-off characteristic for
spectrum sensing. The leakage of the signal in one band
affects signals of neighboring bands. Filters that have slow
cut-off frequency degrade the detection performance due
to the leakage of the signal. Among digital IIR filters such
as Butterworth, Chebyshev and elliptic, the elliptic filter
has the fastest transition characteristic between pass band
and stop band with equiripples [9]. Although the elliptic
filter has ripples in pass and stop band, it has good
frequency selectivity and the ripples can be reduced by

f(n)=s(n)+w(n), (7)
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From the false alarm probability, we can calculate the
threshold Pr as follows.

Yes
Iteration =J,,?

Yes
s there any black or
gray sub channels

(10)

metric ~'V follow non-central and central Chi-square

distribution with K degrees of freedom respectively. If K

is large enough, Ps and ~N can be considered as Gaussian

random variable due to the central limit theorem.
Especially the noise power metric follows that ~'V - (N,2N) .

To decide whether signal exists or not, false alarm
probability is applied to the threshold for an energy
detector. False alarm probability ~A is obtained by noise

distribution.

A. SIMULATION ENVIRONMENTS

Figure 5. Example of the proposed energy detector
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Figure 4. Flow chart of the proposed energy detector

IV. SIMULATION ENVIRONMENTS AND
RESULTS

The channel environments for spectrum sensing are set as
follows. Firstly, we assume that 32 sub-channels are
present in the interested band, and the bandwidth of the
interested band Bi and each sub-channel Bd are 12.8

MHz and 400 kHz respectively. Primary users' signals are
assumed to be 200 kHz bandpass signals and to follow log
normal fading distribution with 5 dB standard deviation.
The mean value of the primary user signal is changed from

divided bands that are required 3 necessary iterations. In
this case, the proposed method performs the DWPT on
black and gray sub-channels and transmits only gray sub
channels such as 3th and 8th to the feature detector.

In this paper, double threshold that uses both upper and
lower threshold is introduced to divide an interested
spectrum into black, gray, and white channels according to
its signal power [12]. Each channel is defined as follows.
The black channel is the channel occupied by high power.
It can be detected surely by the energy detector in two
stage sensing architecture. The gray channel is the channel
estimated to be occupied by a primary user uncertainly.
This gray channel is transferred to the second stage and a
feature detector determines finally whether signals exist or
not. The white channel is the channel estimated to be
occupied by only noise. The proposed detector does not
process the white channels. As a result, the double
threshold architecture in the energy detector can reduce
computational complexity because the detector processes
only black and gray sub-channels and the processing time
of the second stage can also be alleviated by extraditing
only gray channels.

Procedure of the proposed detector is explained as follows.
First of all, the proposed detector considers Ed of divided

sub-bands, a given frequency band Bi and a necessary

iteration In such as the DWPT-based detector. By the

necessary iteration, we can obtain required levels of the
DWPT. Then, the proposed detector performs the DWPT
in each level. Next, it calculates the spectrum power of
each sub-channel and compares the power of each channel
with double threshold to divide into black, gray and white
sub-channels. The black and gray sub-channels are taken
by double threshold method and performed by the DWPT.
Those procedures are repeated until the necessary iteration
levels. Flow chart of the proposed algorithm is explained
in Fig. 4.

An example of the proposed DWPT-based energy detector
is depicted in Fig. 5. The proposed detector senses eight-
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The receiwd mean power of primary users (dB)

odB to 20 dB in the simulation process. And also, it is
assumed that among the 32 sub-channels, 5 to 20 sub
channels are assumed to be occupied by primary users and
the location of the primary users channel is randomly
generated. We consider the additive noise with standard
normal distribution.

For the double threshold value, lower threshold and upper
threshold are set to be 90% and 10% of false alarm
probability respectively and for the case of one threshold,
10% of false alarm probability is used. The dete~tor takes
4096 data samples from the received signal. The number
of filter coefficients for Butterworth and elliptic filter is set
to 5.

B. ANALYSIS RESULTS
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(12)DWPT complexity= (L -1) . N . In

Now, we analyze computational complexity of FFT,
DWPT and proposed DWPT-based energy detector. The
real multiplication parameters are calculated to compare
complexity of each detector. Real multiplications of FFT
and DWPT are calculated in [5], [9].

FFT complexity=2Nlog2 N

Fig. 7 represents the transmitted number of channels to the
feature detector among FFT-based detector, conventional
and proposed DWPT-based detector when the number of
primary users is 10. The conventional DWPT-based
detector with Butterworth 5 filters can mistake unoccupied
channel for occupied channel due to the leakage. As a
signal power increases, unassured channels are decreased
due to increased amount of leakage. However, because
elliptic filter has little leakage, only suspicious sub
channels are transmitted to the feature detector. Its
performance is similar to the FFT. The proposed detector
with elliptic 5 filters reduces the candidate channels to the
feature detector using double threshold as the number of
white channels. The feature detector treats only gray sub
channels.

Fig. 8 indicates miss detection probability that is
calculated when the primary users' signals are determined
as the white channels. According to the simulation results,
the miss detection probability in white channel is below
than about 1% and approaches to 10% according to
increasing primary user's power because the threshold are
based on noise levels. As a result, the proposed scheme is
a confidential method, especially when primary user power
is high.

Figure 7. The transmitted number of channels of various
energy detectors to the feature detector
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Figure 6. Detection probability of various energy detectors
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At first, the detection performance among the conventional
DWPT-based detector with Butterworth 5 filters and
elliptic 5 filters, FFT-based detector, and the proposed
DWPT-based detector is compared when 10 primary users
are assumed. For the DWPT-based detectors, it is
estimated that the use of the filters may degrade the
detection performance because of the leakage from the
transition bands of the filters. But from Fig. 6 we can
know that the leakage from the filters influences little on
the performance and the detectors have a similar detection
performance.

As a result, the proposed scheme has little advantage in
detection performance compared to the conventional
schemes. Because we expected that the proposed detector
provides faster detection than conventional detectors,
however, we intend to compare the number of the sub
channels to transfer to the second stage which means the
fastness of the sensing.
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Figure 8. Miss detection probability in white channel

where N, L and In are data samples, the number of filter

coefficients and necessary iteration respectively.
Complexity can be reduced with small value In compared

to N . The real multiplications of FFT and DWPT are
98304 and 81920 respectively. It shows that DWPT
requires less computation than FFT. When the number of
primary users is 5, 10, 15, 20 and the received mean power
of primary users is 10 dB, the real multiplications of the
proposed scheme are 80425, 81124, 81542 and 81755
respectively. As the number of primary users is decreasing,
computational complexity is reduced by white channels.
As a result, the proposed energy detector can reduce
complexity without calculating white channels in DWPT.

V. CONCLUSIONS

In the two-stage spectrum sensing architecture, the main
role of the energy detector is to transmit unassured
channels to the second stage fast and precisely. While a
DWPT-based detector was proposed as an energy detector
recently, signal leakages by filters degrades the detection
performance and does not utilize the frequency selectivity
of the DWPT enough. In this paper, we adopt the elliptic
IIR filters that have better roll-off characteristic than
Butterworth IIR filters and propose to use double threshold
method to reduce processing time and loads into the
feature detector. Through simulations and complexity
analysis, it is shown that the proposed energy detector can
reduce computational complexity and false detection
probability compared to conventional DWPT-based energy
detector, and finally it can be an appropriate energy
detector in two-stage sensing architecture for CR.
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