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Abstract

Due to the independent design and development and the 
unexpected dynamics during deployment of co-existing 
networks and devices, the limited frequency spectrum will be 
extremely crowded for wireless sensor networks. Cognitive 
radio is an efficient approach for the opportunistic use of 
under-utilized spectrum since they are able to sense the 
spectrum and use frequency bands if no other user is detected. 
Once deployed, the automatic detection of transient 
interference is also a difficult problem for network setup.  In 
this paper, we propose a Gabor analysis based algorithm for 
the spectrum sensing and transient interference detection 
problems. Simulation results and performance analysis are 
also presented. 

1  Introduction 

The rapid development in small, low-power and low-cost 
Micro-Electro–Mechanical (MEMs) sensor technology has 
led to the emergence of wireless sensor networks (WSNs) as 
a new class of system with wide variety of purposes. 
However, the co-existence and overlap of WSNs is an 
important problem in the near future. As a result, how to 
solve the crowded spectrum reuse for sensor networks is our 
assignment in this paper, known as cognitive WSNs[1]. Once 
deployed, the network self could detect the transient 
interferences automatically and robust detection scheme is 
required. Aiming at more efficient spectrum utilization, the 
traditional spectrum management approaches are revisited 
and moving toward the adoption of spectrum sensing 
strategies in cognitive radio[2]. Cognitive radio have been 
proposed to implement opportunistic sharing since they are 
able to sense the spectrum and adapt their usage.

Distributed spectrum sensing is a fundamental and significant 
capability for several cognitive radio sensor networks to co-
exist[3][4]. This task is rendered difficult due to challenges in 
sensing the spectrum in a reliable manner. In fading channels, 

single radio sensing is unreliable due to the multipath, 
shadowing and local interference, which could result in SNR 
regimes below the below threshold and lead to the signal 
detection infeasible[5]. However, due to the variability of 
signal strength at various locations, this worst case could be 
avoided by the distributed sensing schemes via network 
cooperation. Meanwhile, once the network is deployed, 
automatic interference detection is also required. As a result, 
distributed interference and fault detection is another 
application of spectrum sensing. In this paper, we propose a 
distributed spectrum sensing algorithm based on Gabor Time-
Frequency analysis to solve the above two problems. 

Spectrum sensing is considered as a detection problem, which 
has been extensively investigated on time and frequency 
domain since early days of radar. In addition, spectrum 
sensing is also a cross-layer design problem in the context of 
wireless networks. Currently, existing spectrum sensing 
techniques are largely categorized into energy detection and 
feature detection. If the signal arrival time is known, energy 
radiometric in time domain is an optimal detector for narrow-
band continuous interference[6][7]. However, in the future 
sensor networks where the spectrum utilization is high, the 
significant spectrum scarcity would call for different 
spectrum sharing mechanisms such as ultra-wideband 
cognitive radios, which in turn entail different wideband 
sensing tasks for spectrum overlay. A wavelet approach is 
proposed to implement the wideband spectrum sensing and 
spectrum holes detection for cognitive radio network[9].
However, our goal in cognitive sensor networks is to 
implement a distributed Generalized Maximum Likelihood 
Ratio test algorithm in Gabor domain due to presence of 
noise uncertainty and background interference without any 
prior information, especially for unknown and transient 
interferences.

The rest of the paper is organized as follows: the Gabor 
transform based Time-Frequency (TF) analysis is introduced 
in Section 2. The Gabor analysis based spectrum sensing 
method is presented in Section 3. The simulation results and 
performance analysis are given in Section 4. At last, we make 
some conclusions in Section 5. 
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2  Gabor Time-Frequency analysis

Transient interferences are non-stationary signals and Time-
Frequency methods are often used to describe non-stationary 
signals. Several possible linear time-frequency transforms are 
available, but we have selected the Gabor transform 
representation because it uses complex exponential basis 
functions that appear also in the transient signals of linear 
systems. For completeness, we recall the definition of the 
Gabor expansion. For a discrete time sequence y(t) of length 
L, the finite approximation of the Gabor expansion is defined 
as[8][10]
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for k=0,…,L-1. Cm,n are the Gabor coefficients and N and M 
are the maximum allowable time and frequency shifts 
respectively. The synthesis function gm,n(k) is given by  
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where the ( )g k  is the periodic extension of the window 
function g(k). Some constraints need to be imposed on the 
parameters of the synthesis function for the transform in (1) 
to be stable. Details can be found in various treatments of the 
Gabor transform, e.g. [10]. 

The window function is defined as the Gaussian 
1/ 4 2( ) 2 exp( )g t t

the corresponding bi-orthogonal function is given in [5]. 

3  Spectrum sensing in Gabor domain

A simplified sensor network model is shown in Fig. 1. In the 
application scenarios involving geographically distributed 
radios, distributed spectrum sensing and transient interference 
detection is determined by the severity of the noise, and the 
amount of available knowledge about the signal. Suppose that 
a total of B Hz in the frequency range [ 0 , Nf f ] is available 
for a wideband wireless sensor network. Currently, most RF-
chips support multiple channels for sensor node design. 
Being cognitive, the network supports heterogeneous node 
devices that may adopt different wireless protocols for 
transmission over different bands in the frequency range. A 
CR at a particular place and time needs to sense the wireless 
environment in order to identify spectrum holes for 
opportunistic use. Suppose that the radio signal received by 
the CR occupies N spectrum bands, whose frequency 
locations are to be detected and identified. These spectrum 
bands lie within 0[ , ]Nf f consecutively, with their frequency 

boundaries located at 0 1... Nf f f . The n-th band is thus 
defined by Bn :

1{ : }, 1,2,...,n n Nf B f f f N N

Fusion Center

Node

Fig. 1 The simplified sensor network model 

Another application, interference signal detection in time 
series data is governed by the theory of statistical hypothesis 
testing. However, when the prior signal amplitude parameters 
are unknown, energy radiometric is not an optimal detector. 
In essence, we wish to make cognitive radio’s spectrum 
sensing more robust to unknown transient interference in 
severe fading environments and doesn’t require any prior 
information for signal.  

In this section, we propose a detector based on the Gabor 
coefficients, and analyze its distributions under the 
hypotheses of noise only (H0) and signal plus noise (H1). The 
detector is based on a generalized likelihood ratio test and is 
localized, i.e., it examines sets of coefficients {Cm,n} spanning 
relatively short time intervals. While not strictly necessary, 
localized detection is better suited to the nature of signals that 
are assumed to be present than a global detection. 

Let us thus assume that 
1) Under H0, no signal is present, i.e., y(t) is a white 

Gaussian noise; 
2) Under H1, y(t) consists of a transient plus white Gaussian 

noise; furthermore, the transient is such that only the 
coefficients ,{ ;0 1m nC m M ,

}n are nonzero, where is a subset of K integers 
in the range [0, N-1]. 

Assumption ii) allows for a variety of situations. The simplest 
case is when K=1, i.e., when we want to test for a single, 
relatively short transient. Another possibility is when the K 
indexes are consecutive, i.e., 0 0 1N n N K  for 

some 0N .

This corresponds to a test for a single, relatively long 
transient (i.e., longer than one time-bin). Yet another 
possibility is when consists of two sets of consecutive 
indices, in which case we want to test for two transients, etc. 
We can include, under H1, up to 2N different tests (this 
doesn’t necessarily imply that one would want so many tests 
in a specific application). 

691



The development of a transient detection scheme based on a 
transform domain representation of the signal begins with the 
observation that we can construct a statistical test in the 
transform domain. If the transform is constructed using 
orthogonal basis functions, the probability density function of 
the transform coefficients for zero mean Gaussian noise will 
also have a zero-mean Gaussian distribution. If the transform 
is not orthogonal, an additional orthogonalization step must 
be performed on the transform coefficients. Under these 
conditions, a likelihood ratio based hypothesis test for signal 
detection can be designed based on the transform coefficients. 

For the null hypothesis, H0, the Gabor coefficients have a 
zero-mean distribution, and under the alternative hypothesis, 
H1, the coefficients where signal energy is located will have a 
non-zero mean Gaussian distribution. The transient signal can 
contain multiple components, at different arrival times and 
frequencies, resulting in multiple non-zero components. The 
detector is realized as a test on specific coefficients or a group 
of coefficients in the grid, and the alternative hypothesis, H1
is designed accordingly. Unfortunately, this implies that the 
locations of these components must be known. If no location 
information is available, the H1 hypothesis must test all 
coefficients, and this corresponds to creating an energy based 
detector in the transform domain. Ideally, each damped 
complex exponential component in the signal corresponds to 
a coefficient that is included in the test. However, 
computation of the Gabor transform is sensitive to the 
alignment of the transient signal components with the time-
frequency grid. Unless a component of the signal can be 
described exactly by one basis function, the coefficient 
energy spreads out over a set of neighboring coefficients, 
corresponding to a representation that utilizes multiple basis 
functions. Grouping neighboring elements in the H1
hypothesis improves the robustness of the detector against 
mismatch, but at the cost of reduced sensitivity. 

4  Simulations 

The performance of the GLRT based detector in Gabor 
domain is evaluated based on the statistical properties of the 
Gabor transform coefficients. The transform coefficients of 
white noise are jointly Gaussian. The transform coefficients 
of a transient signal will have non-zero mean value in the 
subset of the time-frequency plane where the signal is located. 
This becomes the hypothesis H1. The test is constructed on 
the probability ratio of non-zero mean value in the subset of 
the time-frequency plane. If multiple regions are to be 
evaluated, multiple tests are required. Each region then 
corresponds to a different component of the transient signal. 
Fig.1 illustrated the use of regions in the TF grid.  

The first example, two signal source with FM signal 
modulation will transmit 1s duration data in every 5s period. 
Through the addition of the two signals, we treat this 
combination as the wideband interferences should be detected 
by Gabor detector. Through Gabor transform, we can see the 
distribution of Gabor coefficients in Time-Frequency 

platform under the environment of C/N is 10dB in Fig. 2. 
Then the GLRT algorithm is employed to sense the spectrum 
and interferences. The results is shown in Fig.3 and compared 
with the Time domain GRLT. The choice of parameters 
depends on the characteristics of the transient signals of 
interest. Here, L=4.8e6, M=100, N=24.  

Fig. 2 Gabor transform of Two FM signal combination, 
C/N=10dB 

The second example, a Blue-tooth FHSS signal source with 
1600 hops every second is used to generate transient 
interferences and the distribution of Gabor coefficients in 
Time-Frequency platform under the environment of C/N is 
10dB in Fig. 3. This result could show the transient signal 
detection capability and wide spectrum sensing capability of 
Gabor detector. 

Fig. 3 Gabor Transform of FHSS, C/N=10dB 

The third example, we study the weak signal detection in 
Gabor domain in low SNR environments. The signal source 
is also two FM signal combination, but with the different 
signal periods. We can see it is difficult to sense the spectrum 
and detect interference in the CNR below 10dB in Fig. 4. 
Here L=4800, M=100, N=24. 
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Fig. 4 Gabor transform of Two FM signal combination, C/N= 
-10dB 

5  Conclusion 

In this paper, we present detection schemes based on a time-
frequency representation of the signal and likelihood ratio 
detectors based on GLRT approaches, where the decision 
function is constructed as a GLRT on the transform domain 
coefficients. A framework for non-parametric transient 
detection in the TF frequency domain is based on a Gabor 
domain representation of the transient signals. The Gabor 
transform is a linear transform using windowed complex 
exponentials as the basis functions. The familiar Gaussian 
function is used as the window function in the Gabor 
transform. 
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