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a b s t r a c t

Based on the inherent capability of automatic modulation classification (AMC), a new spectrum sensing
method is proposed in this paper that can detect all forms of primary users’ signals in a cognitive radio
environment. The study presented in this paper focuses on the sensing of some combined analog and dig-
itally primary modulated signals. In achieving this objective, a combined analog and digital automatic
modulation classifier was developed using an artificial neural network (ANN). The ANN classifier was
combined with a GNU Radio and Universal Software Radio Peripheral version 2 (USRP2) to develop the
Cognitive Radio Engine (CRE) for detecting primary users’ signals in a cognitive radio environment.
The detailed information on the development and performance of the CRE are presented in this paper.
The performance evaluation of the developed CRE shows that the engine can reliably detect all the pri-
mary modulated signals considered. Comparative performance evaluation carried out on the detection
method presented in this paper shows that the proposed detection method performs favorably against
the energy detection method currently acclaimed the best detection method. The study results reveal
that a single detection method that can reliably detect all forms of primary radio signals in a cognitive
radio environment, can only be developed if a feature common to all radio signals is used in its develop-
ment rather than using features that are peculiar to certain signal types only.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Under the current fixed radio spectrum allocation policy, radio
spectrum licensed owners or users normally pay to have exclusive
access to certain portion of the spectrum. This policy has served
well in the past especially in preventing interference amongst
radio spectrum users. However, over the last two decades, as the
world experiences proliferation of wireless services and applica-
tions, coupled with the increase in demand for and use of radio
spectrum, a fixed frequency allocation policy has been observed
as a major cause of radio spectrum scarcity. This stemmed from
the imbalance the policy has created between radio spectrum scar-
city and radio spectrum underutilization as a significant amount of
licensed radio spectrum is sporadically used by licensed owners
(Popoola & van Olst, 2011). This underutilization of radio spectrum
is not limited to certain nations of the world or frequency ranges

but cuts across all nations, developed and developing, as well as
different frequency ranges. This is revealed by a series of actual
radio spectrum usage profiles carried out by different researchers
in different parts of the world, at different frequency ranges.

For instance, a typical radio spectrum measurement carried out
by the Enforcement Bureau of Federal Communications Commis-
sion (FCC) at Atlanta, Chicago and other parts of the United States,
as reported by Liu, Li, and Zhou (2010), shows that only 5–10% of
the licensed spectrum is used on average. In a similar measure-
ment carried out by Defence Advance Research Projects Agency
(DARPA), which was reported by Gandetto and Regazzoni (2007)
reveals that only 2% of the licensed spectrum is in use in the US
at any given moment. Similar actual spectrum usage measure-
ments of the 790–862 MHz licensed spectrum carried out in Port
Elizabeth, Johannesburg, Bloemfontein, Durban, Cape Town and
Pretoria in South Africa by the Independent Communications
Authority of South Africa (ICASA) in March 2009 revealed that
99.74%, 99.84%, 99.97%, 98.58%, 98.59% and 99.36% are the percent-
ages of inactive frequencies respectively in those locations (Dana,
2010a). A similar actual measurement also carried out in 2010
for 450–470 MHz by ICASA in Port Elizabeth, Johannesburg, Bloem-
fontein, Durban and Cape Town showed that 0.37%, 2.0%, 1.75%,
0.81%, 0.67% and 0.67% are the respective percentages of the active
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licensed frequencies in those locations at any time (Dana, 2010b).
These series of measurements show that scarcity of usable radio
frequencies for wireless communications is not as a result of a lack
of radio spectrum but more likely as a result of the current ineffi-
cient fixed radio spectrum allocation policy.

An effort to alleviate the radio spectrum scarcity as well as ame-
liorating radio spectrum underutilization therefore brings about
the idea of communications systems that can exploit the unused
portions of the licensed spectrum also known as the ‘‘spectrum
holes’’. The radio technology that has this capability is known as
Cognitive Radio (CR). CR is a radio system that can adaptively
and dynamically allow users to access radio spectrum in an oppor-
tunistic manner by switching amongst unused portions of the
licensed spectrum or spectrum holes at different time intervals.
This idea of an opportunistic access strategy can be categorized un-
der three broad models: dynamic exclusive use model, open shar-
ing model, and hierarchical access model (Zhao & Sadler, 2007). In
this paper, we focus on the hierarchical access model with primary
and secondary users. The basic idea of this model is to open
licensed spectrum to unlicensed or secondary users without
interfering with the licensed or primary user of the spectrum.

Under the hierarchical access model, two spectrum access strat-
egies for sharing the radio spectrum between the primary and sec-
ondary users have been proposed; spectrum underlay and spectrum
overlay. In a spectrum underlay access strategy, concurrent trans-
mission in the manner of an Ultra-Wide Band (UWB) system by both
primary and secondary users is allowed. However, this secondary
spectrum access strategy protects the primary users by enforcing
a spectral mask on the secondary signals so that the interference
generated by the secondary users is below the acceptable noise floor
for the primary users of the spectrum. Hence in such systems, the
unlicensed or secondary user can always access the spectrum sub-
ject to the interference threshold constraint. However, satisfying
the interference constraint is technically challenging (Khoshkholgh,
Navaie, & Yanikomeroglu, 2010) since the interference power con-
straints associated with an underlay access strategy only allows
short range communications (Srinivasa & Jafar, 2007). In addition,
in underlay spectrum sharing, the unlicensed user must satisfy
the interference threshold condition even when the licensed or pri-
mary user is idle. During this idle period, fulfilling the interference
constraint limits pertaining to the transmission power of the unli-
censed user reduces its achievable transmission capability. More
so, in an underlay access strategy, the achievable capability of the
unlicensed user is further reduced during the busy periods of the
licensed user because of the interference imposed by the licensed
user activity at the unlicensed user’s receiver. To tackle these afore-
mentioned issues, overlay spectrum sharing was proposed.

In overlay spectrum sharing, access to the spectrum is based on
the idea of opportunistic communication, whereby the unlicensed
user only accesses the licensed spectrum whenever the licensed
user is idle and leaves the channel before the licensed user reap-
pears on the channel. This access strategy requires that the unli-
censed user senses the spectrum to ascertain the absence/
presence/reappearance of the licensed user so as not to cause inter-
ference to the licensed user. Whenever the licensed user reappears
on the channel, the unlicensed user is expected to stop transmis-
sion and vacate the channel immediately. In order word, this spec-
trum access sharing strategy is permitted only in temporal
frequency voids, referred to as spectrum holes or white space, that
are not in use by the licensed owners. This spectrum access
strategy is often called Opportunistic Spectrum Access (OSA) or
Dynamic Spectrum Access (DSA) (Chen, Park, & Reed, 2008).

Cognitive Radio (CR) (Haykin, 2005), as earlier mentioned, is the
enabling technology for DSA. Unlike a traditional radio, a CR has
the capability to sense and understand its environment and proac-
tively change its mode of operation as needed (Chen et al., 2008).

Generally, as a secondary user of already allocated spectrum, the
fundamental requirement of the CR is to avoid interference to
the primary users in their vicinity (Cabric, Tkachenko, & Brodersen,
2006). Therefore, spectrum sensing has been identified as a key en-
abling functionality to ensure that a CR does not interfere with pri-
mary users by reliably detecting primary users’ signals. In addition,
reliable spectrum sensing plays a critical role on communication
links of CR since it creates spectrum opportunities for them. Gen-
erally, CR carries out spectrum sensing with twofold objectives;
to identify sub-bands of the radio spectrum that are underutilized
by the primary users, and to provide the means for making those
bands available for transmission by unlicensed secondary users.

The main challenge for a CR is how to reliably detect the presence
of the licensed or primary user (PU) in order to prevent interference
to the PU. Currently, the search for spectrum holes is based on dif-
ferent spectrum detection techniques. The five most common
detection techniques usually employed in spectrum hole detection
are matched-filtering detection, energy detection, cyclostationary
detection, wavelet detection, and compressed detection techniques.
However, analyses of these detection methods or techniques show
that there is currently no single detection method that can reliably
sense and detect all forms of primary radio signals in a cognitive
radio environment (Popoola & van Olst, 2011). Finding a single
detection method that can sense and detect all forms of primary
radio signals underlie the study presented in this paper. The
remainder of the paper is organized as follows: In Section 2 we pres-
ent a brief review of the five common detection techniques men-
tioned above with emphasis on their strengths and weaknesses.
Thereafter, we introduce our novel signal detection method. In Sec-
tion 3 we present the methodology involved in developing our pro-
posed detection method. Detailed information on the development
of our CRE is also provided in this section. Section 4 focuses on the
performance evaluation of our proposed detection method. The
detection probability of our detection method was compared
against energy detection method, which is currently the best ac-
claimed detection method. The paper is concluded in Section 5 with
a summary of our findings.

2. Brief review of conventional spectrum sensing and detection
methods

As a result of the importance of spectrum sensing to prevent sec-
ondary users from interfering with the primary user, spectrum
sensing has become a very active research area in the last decade.
Quite a few spectrum sensing methods have been proposed, includ-
ing Energy Detection (ED) (Lataief & Zhang, 2009; Sahai & Cabric,
2005), Matched-Filter Detection (MFD) (Chen, Gao, & Daut, 2007;
Sahai & Cabric, 2005), Cyclostationary Feature Detection (CFD)
(Akyildz, Lee, Vuran, & Mohanty, 2006; Akyildz, Lo, & Balakrishnan,
2011; Malik et al., 2010) and some newly emerging methods such
as Wavelet-Based Detection (WBD) (Ma, Li, & Juang, 2009; Tian &
Giannakis, 2006) and Compressed Sensing Detection (CSD) (Candes,
Romberg, & Tao, 2006; Donoho, 2006). These spectrum sensing
methods have different requirements for their implementation
and accordingly can be classified into four general categories:

(i) Methods require a priori information of the primary user;
(ii) Methods require no a priori information or knowledge about

the primary signal;
(iii) Methods that can sense narrowband primary signals; and
(iv) Methods that can sense broadband primary signals.

Based on these classifications, for example, MFD and CFD be-
long to category (i); ED, WBD and CSD belong to category (ii);
MF, CFD and ED methods belong to category (iii); while ED, WBD
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