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Abstract—The objective of this work is to design and im-
plement a novel framework for automatic signal classification
techniques (FACT) for software defined radios (SDR) capable
of classifying multiple signals simultaneously. The focus of this
work is to create a modular classification framework to facilitate
the testing and implementation of new classification methods.
The framework is divided into three parts: (i) Sensor resource
manager (SRM), which performs the initial signal detection,
preprocessing and the delegation of secondary receivers to the
corresponding signals of interest (SOIs); (ii) Modulation classifier
block (MCB), which takes the received signal from SRM and
performs the required modulation classification and (iv) Data
library and statistical block contains all the templates required
to perform classification, thresholds for signal detection and also
known parameters of expected signals. To prove the feasibility of
the framework, FACT is implemented and tested on a Universal
Software Radio Peripheral (USRP) test bed using GNU radio
signal processing toolkit. We evaluate the performance of signal
detection based on the probability of detection (P;) in varying
signal-to-noise ratios (SNR). Additionally, the USRP based exper-
iments demonstrate FACT operating as a single unit, preforming
both blind detection and classification of multiple SOIs using
different classification methods.

I. INTRODUCTION

With an increasing number of wireless devices, the radio
frequency (RF) spectrum is becoming increasingly congested.
Spectrum sharing using cognitive radio will maximize the
utilization of the existing spectrum. An important functionality
of cognitive radio is detection of available spectrum (i.e
spectrum holes) by classification and identification of primary
user signals. Additionally, signal detection and classification
are paramount to several civilian and military applications
such as dynamic spectrum access (DSA), authentication, threat
detection etc. Signal detection and classification are chal-
lenging tasks, especially in a non-cooperative environment
where various factors like interference, low SNR, fading,
phase and frequency offsets cause distortion to the received
signal. SDRs are widely used for the various civilian and
military applications mentioned above. The flexibility provided
by SDRs makes them ideal for implementing a framework that
performs blind detection and classification of unknown signals.
The objective of this paper is to design and implement an
SDR based framework in order to perform signal detection and
classification of multiple SOIs. The framework is beneficial
in all the cognitive radio applications discussed above and it
enables easy integration with existing systems. It will also
serve as a common platform for the evaluation of multiple
detection and classification techniques under controlled exper-
imental conditions.

Automatic modulation classification (AMC) is an interme-
diate step between signal detection and demodulation. In a
hostile non-cooperative environment, it is important to detect
a friendly signal and demodulate it securely, while simulta-
neously detecting and jamming the intruder signal. AMC is
an important element that helps to detect and classify the
unknown signal. It is advantageous to exploit the flexibility
of SDRs and re-configure the transceiver between various
modulation schemes in response to the available spectrum or
channel condition. Since feedback is traditionally provided
by the transmitter prior to the reconfiguration, an intelligent
transceiver equipped with AMC will increase the transmission
efficiency of the radios by automating the reconfiguration pro-
cess without the need for feedback. Due to the non-cooperative
nature and real-world scenarios, AMC faces various challenges
due to unknown carrier frequency and phase offset, time offset,
signal power, multipath fading, frequency selective fading etc.
These techniques have been studied for more than a decade and
they are broadly categorized as feature-based (FB) classifiers
and likelihood-based (LB) classifiers.

Due to the various kinds of digital modulation techniques
and similarly the wide variety of detection and classification
methods, it is difficult to select a single detection and classi-
fication method that is applicable in all scenarios. This work
focuses on developing and implementing a flexible framework
that is capable of using algorithms and techniques to perform
blind detection and classification of unknown RF signals.
Depending on the application or the expected SOI, the frame-
work will dynamically select between different techniques to
maintain the desired performance. This dynamic nature will
also allow the transceiver to adapt to the QoS requirements of
the system. This framework implemented using USRPs will
also become a platform for facilitating the implementation and
testing of new AMC algorithms and detection techniques for
SDRs. The aim of this paper is to discuss the design and
implementation of FACT and demonstrate the framework’s
capability to use real hardware platforms to detect and classify
multiple SOIs.

The rest of the paper is organized as follows. In Section I,
we review common approaches in detection and classification.
We discuss the design of FACT in Section III. Next in Section
IV, we describe the experimental configuration used to evaluate
FACT. Finally, the conclusion and future work is presented in
Section V.
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II. RELATED WORK

Signal detection is the necessary first step in automatic
signal classification when the signal parameters such as the
center frequency and bandwidth are not known prior to classi-
fication. Various detection techniques have been developed for
cognitive radio networks. The authors in [1] give an overview
on the recent advances in spectrum sensing by describing
multiple spectrum sensing strategies including energy detec-
tion, cyclostationary based detectors, second-order statistical
detectors and cooperative sensing methods. Energy detection
has been widely implemented due to its simplicity and good
performance in high SNR. Low SNR environments require
more computationally complex methods such as the cyclosta-
tionary feature based detector described in [1]. The authors
in [2] and [3] studied the performance of both, energy- and
cyclostationary based detectors on a GNU Radio based test bed
using commercially available SDRs. While the implementation
of different detection techniques on various hardware platforms
is an area of research on its own, the theoretical work on
spectrum sensing provides the underlying algorithms which
determine the performance of most signal detection schemes.
In [4], the authors offer an adaptive spectrum sensing technique
with an estimation of the unknown noise variance. A crucial
part in the performance of an energy detector is the estimation
of noise. The detection threshold is dynamically changed based
on the current channel conditions using models based on
the probability of false alarm, noise variance and number of
collected samples [2], [3] and [4].

The next step after signal detection is AMC, which has
been studied for over a decade and there is a large number
of techniques available in the literature. Some preprocessing
is usually applied on the received signal samples before iden-
tifying the modulation type.This preprocessing may include
noise reduction, estimation of carrier frequency, phase offset,
signal power etc. The requirements of this preprocessing in
terms of accuracy and processing time are dependent on the
application and classification algorithm being employed. There
are multiple techniques used for performing classification of
modulation [5]. These techniques are broadly classified into
two types, FB methods [6]-[14] and LB methods [15]-[20].
The advantage of the FB approach is the ease of imple-
mentation, low computational complexity and a near optimal
performance when the classifier is designed well. On the other
hand, the LB approach computes the likelihood of the received
signal by assuming that the conditional probability density
function of the received signal on a given modulation format
is available. The final classification decision is made by testing
multiple hypotheses. This method is optimal in the Bayesian
sense but it is computationally complex.

Some FB approaches use features that extract information
in the instantaneous amplitude, phase and frequency of the
received signal to make a classification decision. Examples
of these features include maximum power spectral density
of normalized centered amplitude, standard deviation of nor-
malized centered amplitude, phase and frequency [6]. Usually
such FB techniques implement a decision tree approach, such
that the first stage decides whether the modulation belongs
to classes such as ASK, PSK, FSK etc. Subsequently, in the
next step the order of the modulation scheme is determined.
Some other FB approaches include wavelet transform based
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Fig. 1: Framework for automatic signal classification

algorithms [14] and signal statistics based algorithms which
use cyclic cumulants [11]-[13]. The LB approach is divided
into three main categories depending on how the unknown
quantities are modeled. Average likelihood ratio test (ALRT)
models unknowns as random variables, general likelihood
based approach (GLRT) models unknowns as deterministic
and hybrid likelihood ratio test (HLRT) models unknowns as
both deterministic and random variables. The ALRT based
algorithms usually have higher computational requirement
when compared to HLRT and GLRT. There has been several
works aimed to reduce the computational complexity of an
LB approach [19]. Additionally, there are works which use
multiple sensors to improve the classification performance
[18]-[20] especially in the low SNR scenarios. Overall, it can
be seen that the performance of LB schemes is optimal in the
Bayesian sense but the total computational time it takes to get
to a decision might be longer than what the system requires.

Although some of the work mentioned above shows the
ability to classify a wide range of modulation schemes, most
of the proposed AMC techniques provide a solution to classify
only a subset of modulation schemes used today. It can also
be observed that efficiency of operation for each method
may be limited by SNR, the assumptions made about time
offset, frequency offset and computational complexity etc. In
other words, one method (e.g. FB approach) of AMC may be
suitable over the other (e.g. LB approach) depending on the
application and existing scenario or vice versa. This induces
the need to have multiple classification algorithms available
for use to cover a wider number of modulation schemes and
various operational configurations. A central decision center
is also needed to detect various active SOIs and choose most
appropriate modulation classification techniques for each SOI.
To the best of our knowledge, there is very little work which
evaluates the performance of AMC using actual SDR hardware
[2], [18] rather than simulations. Thus, the aim of this paper
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is to provide a novel SDR based framework to enable such
capabilities and extract benefits of using hybrid (both LB
approach and FB approach) classification techniques. Addi-
tionally, the intend is to encourage and facilitate the process
of implementing detection and classification techniques on
software defined hardware like the USRP.

III. FRAMEWORK DESIGN

Figure 1 depicts the overall design of FACT developed for
a cognitive radio based test bed. FACT will perform detection
and modulation classification of multiple SOIs. As illustrated
in Fig. 1, the black and blue lines represent the received
signal flow and the information and control flow respectively.
The SRM acts as the intelligence center for FACT. SRM is
attached to a wideband primary receiver which performs the
initial signal detection. The primary receiver looks for any
activity within the target spectrum assigned by the application
to extract the center frequencies and bandwidths of the de-
tected SOIs. Next, the SRM delegates the secondary receivers
to monitor each detected signal individually and to collect
data for the modulation classifier block. The SRM will then
perform the initial preprocessing of the individual signals and
divide them into multiple frames with corresponding headers
referring to the type of modulation classification to be used by
the classifier. This encapsulation process will be application
specific and the SRM uses information from the preprocessing
and the data library to choose an appropriate classification
method. According to the headers provided by the SRM, MCB
may have to perform multiple levels of classification instead
of just one. The final decision is made by the MCB and this
information is updated in the data library to provide feedback
to the SRM and to evaluate the performance of FACT.

A. Sensor resource manager

As shown in Fig.2, the SRM controls the operation of two
types of sensors: (i) A primary receiver (RX) that continuously

Fig. 4: Energy detection using GNU radio

scans the target spectrum for potential signals. The receiver
can be any commercially available SDR with a re-tunable
radio front end that has a wide frequency range and large
digital/analog bandwidths, both essential in wideband spectrum
sensing. (ii) A variable number of secondary receivers (RX] ...
RX,) that can be low cost sensors with lower frequency ranges
and bandwidths than the primary receiver. The secondary
receivers are assigned by the SRM for narrowband data collec-
tion at specific frequencies and sample rates depending on the
signal detection results. In case of a spread spectrum signal,
another primary classifier can be used for cyclostationary
analysis at target frequencies.

The SRM itself is implemented in Python and C++ con-
sisting of three main software modules: signal detection mod-
ule (energy detector), sensor assignment module and signal
extraction module. The signal detection module is chosen by
the SRM depending on the RF environment and the types of
signals to be detected. Energy detector is initially chosen as
the spectrum sensing module due to its simplicity and good
performance in high SNR. After additional sensing modules
become available, the SRM will adaptively choose between
different sensing techniques. The sensor assignment module
assigns secondary receivers based on the signal detection
results. Meanwhile, the primary receiver continues to perform
wideband spectrum sensing for any additional signals. The cen-
ter frequency and bandwidth estimates of all detected signals
are put into a queue by the signal detection module. Next, the
sensor assignment module accesses this queue and evaluates
the available resources to efficiently assign secondary receivers
for each SOI in the queue. Finally, the signal extraction
module performs the required preprocessing to extract the
desired signal from noise or it combines signals from multiple
sensors and encapsulates the data. The filtered complex data
samples are arranged into frames with a corresponding header
as shown in Fig.3. The header consists of a signal ID, frame
ID, time of detection, estimated signal parameters such as
the frequency and bandwidth, suggested classification method,
Rx ID signifying which radio(s) collected the data, frame
length and an empty reserve field for the classification result
(modulation type) as shown in 3. These frames are passed on to
the MCB which uses the information in the header to perform
the required modulation classification. The method of signal
detection that is currently implemented in FACT is explained
below.

The detection of a signal from received samples can be



treated as a binary hypothesis testing problem, given as [3]

Hy :x[n| =wn]+i[n] =Ww[n]
Hy:x[n|=h-sn+wn|+in

if signal is absent (1)
if signal is present (2)

where 4 and s[n] are the channel impulse response and
target signal respectively, w[n] is additive white gaussian noise
and i[n] represents other sources of interference; thus the
equivalent noise observed at the antenna input is expressed
by W [n]. The energy detector is implemented using the GNU
Radio signal processing toolbox and Python programming
language together with a USRP N210 SDR. The GNU radio
based flow graph of the energy detector is shown in Fig.4.
The USRP source block supplies a stream of complex IQ
samples at a requested sample rate from the radio through
a Gigabit Ethernet (GbE) connection. The samples are then
grouped into vectors of size N = 1024, where N is the number
of points in the FFT. The vectors of complex samples go into
a 1024-point FFT block, where a Blackman-Harris window
is applied to each vector before computing the FFT. Next, the
power is obtained by taking magnitude squared of each sample.
The output frames go into a custom GNU Radio block called
ed_statistics. First, it calculates a time average over multiple
FFT frames at each FFT point, after which the block forms the
test statistics and converts all results into decibels (dB). The
detection test statistics are obtained based on the Neyman-
Pearson criterion by computing the total power in a set of N
samples [3]

Y= LS xpp (3)
Nn:l

where X [n] corresponds to the received samples in the fre-
quency domain.

The test statistics are written into a FIFO from where
the SRM reads in these test statistics and compares it to a
dynamically calculated detection threshold. The threshold is
calculated as follows [2]

T=u+0 ' (Pr)o )

where u and G are the mean and standard deviation of the time
averaged FFT points respectively, Q' () represents the inverse
Q-function and Py, is the probability that the detection module
chooses H; while the correct decision is Hy. The decision rule
can be modeled as [3]

_(Y<T —H
D(”)—{Y>r s Hy 5)

If a signal is detected, the SRM estimates the center
frequency and bandwidth and looks for a match in the data
library or in case no match was found, updates the library
with new signal parameters.

B. Modulation classifier block

The received signal, preprocessed and encapsulated by the
SRM, is fed to the MCB. According to the headers obtained
from the SRM, this block may perform simple classification
of modulation format or may choose to run multi-level classi-
fication techniques which may be FB decision tree scheme,
computationally complex LB classification or both. All the
required algorithms will be imported from the data library

\.
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Fig. 5: Modulation classification block

based on the headers created by SRM. The MCB will be able to
process n parallel SOIs from the SRM, where n will depend on
the resources available in terms of sensors and computational
capability. Each of these n parallel SOIs can be classified
using different classification techniques. After the classification
decision is made, MCB adds the result to the reserve field of
the frame header previously created by the SRM. This frame
with the classification decision in the header is then sent to the
data library and statistical block where the results are stored for
feedback to SRM and other components of the communication
system (e.g. demodulator).

We present a specific scenario to better describe the ad-
vantages of having a framework capable of utilizing multiple
techniques. The SRM will estimate the SNR of the detected
signal during the preprocessing stage. While the estimated
SNR is above a predetermined threshold, the SRM may
choose a less computationally intensive approach using FB
classification [6], [7], [9] which requires only a single sensor.
But when the SNR falls below the threshold, the SRM will
switch to multi-sensor LB techniques developed to improve
classification in low SNR scenarios [18]-[20]. Hence, we
utilize the hardware and computational resources efficiently
to maintain the required performance of the classifier based
on the existing scenario. In the above case, a hybrid approach
was used with the assistance of the flexible framework. In
other words, we use the advantages of both FB classifier and
LB classifier to improve the performance of the system.

Since the objective of this paper is to demonstrate the
feasibility of using a hybrid classification approach, we first
implement a simple FB classifier to perform the initial classi-
fication between FSK modulation and PSK. Then we use an
LB approach to classify between 8PSK and QPSK. The feature
used in our implementation is the maximum value of power
spectral density of the normalized-centered instantaneous am-



plitude given by [7], [9]

max|FFT (aq,(n 2
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where

acp(n)=—= -1 (7

where a(n) is the absolute value of the analytic form of the
received signal. The number of samples is given by N; and m,
is the average of the instantaneous amplitudes given by

1Nv

2. a(n) (8)
-1

n=

mg = N,
The normalization of the instantaneous amplitude is required
to compensate for the channel gain. Once ¥,y is calculated, it
is compared to a predetermined threshold (73) to distinguish
PSK signals from an FSK signal. The signals that have Y. <
Ty, are classified as FSK signals and Y > 175, are classified
as PSK signals, after which the data is sent to the next stage
of classification to determine whether it is a 8PSK or QPSK
signal.

Next, we implement an LB approach [19] which performs
hybrid likelihood ratio test to perform classification. The author
uses Expectation maximization (EM) algorithm to reduce the
computational complexity. Since this approach is optimal in
Bayesian sense, it should provide high probability of correct
classification (P,.) between the PSK signals. Both these clas-
sification techniques are implemented in Python to work along
with GNU radio used to control the USRPs.

C. Data library and statistical block

The data library encompasses various formulas correspond-
ing to different classification techniques, estimated unknown
signal parameters and other values such as detection thresholds
with associated frame numbers, decisions made etc. The data
library feeds updated data to the SRM to help it make a
decision on the detection and classification techniques to be
used for each frame that is processed. Depending on the
application the framework is used for, specific variables or
registers are defined and they are updated as the system
performs detection and classification. The statistical block is
used for evaluation of new algorithms that are implemented
using FACT. This statistical block will compute metrics like
P, Py, false alarm rate, and provide graphical representation
of the performance.

IV. EXPERIMENTAL EVALUATION

In this section, we describe the implementation of FACT
using open-source signal processing software called GNU
radio. GNU radio is a commonly used framework to program
various software defined algorithms that incorporate the USRP.
GNU radio comprises of various signal processing and digital
communication blocks which are used to implement transmit
and receive chains for various digital modulation schemes.
As shown in Fig. 6, the experimental setup consists of two
Linux based host PCs, three USRP N210s used as primary
receiver (RX) and secondary receivers (RX; and RX;) and
two USRP X310s used as transmitters (7X; and 7X>). The
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Fig. 7: FACT’s probability of signal detection (P;) vs SNR

SBX and CBX daughterboards are used with the radios,
which cover frequency ranges from 400 MHz to 4.4 GHz and
1.2GHz to 6 GHz. The receivers (USRP N210s), provide up
to 40MHz of instantaneous analog bandwidth. The analog-
to-digital and digital-to-analog converters on the motherboard
use a 100MHz master clock and sample at 100MS/s and
400MS/s respectively. The on-board Xilinx Spartan 3A-DSP
3400 FPGA performs the required digital interpolation or
decimation to provide the required sampling rate. The host
PC interfaces with the USRP using a Gigabit Ethernet (GigE)
connection.

These initial experiments were conducted to demonstrate
the feasibility of FACT to perform detection and classification
using real SDR hardware. The first set of experiments is
conducted to evaluate the signal detection module implemented
in the SRM. As discussed in section III-A, we implement the
dynamic threshold based energy detection using (4). A single
USRP X310 is set up as a transmitter and it is placed at a
distance of 10ft from the primary receiver, USRP N210. P, is
computed by observing 50 consecutive attempts of detection
by the energy detector module. This is repeated by using
two values of Py, in the threshold calculation; Py, = 0.4 and
Pry = 0.1. Figure 7 depicts the plot of P; vs SNR with the
above mentioned set up. It can be seen from Fig. 7 that
choosing a higher Py, = 0.4 value to calculate the threshold
enabled the detector to detect low SNR signals compared
to using Pr, = 0.1. As expected, we noticed multiple false
detections in case of Py, = 0.4, especially at the lower SNR
region. Although there were no false detections while using
Py, = 0.1 even at lower SNR, it performed adversely when
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used to detect multiple signals simultaneously. Since the aim
of the next set of experiments illustrates FACT operating as
a single unit that monitors the desired spectrum to detect two
SOIs and perform modulation classification using both FB and
ML techniques, we chose to use Py, = 0.4 for our threshold
calculation.

Test 1
Tx Gain
QPSK | 8PSK
20 0.96 1.00
15 0.96 1.00
5 0.88 1.00
1 0.88 0.96

TABLE I: Probability of correct classification (P..): QPSK &
8PSK

Test 2 Test 3
Tx Gain Tx Gain
GFSK | 8PSK GFSK | QPSK
20 1.00 1.00 20 0.96 0.6
15 0.96 1.00 15 0.92 0.8
5 0.92 1.00 5 1.00 0.76
1 0.92 0.92 1 0.96 0.84

TABLE II: Probability of
correct classification (Pp.):
GFSK & 8PSK

TABLE III: Probability of
correct classification (Pp.):
GFSK & QPSK

For the next set of experiments we use the setup shown in
Fig. 6. The transmitter is set to transmit at different frequencies
using GFSK, 8PSK and QPSK modulation schemes. Figure
8 shows an example of the spectrum where all the three
transmitters are active simultaneously. Due to the limitation of
resources we only use two active transmitters in the following
experiments. Thus, at any particular instant two transmitters
are active at two distinct random frequencies transmitting two
of the above three modulation schemes. The SRM uses the
primary receiver (RX) to detect the presence of an active signal

and estimates the center frequency of each distinguishable SOI.
Then, the SRM delegates the secondary receivers (RX; and
RX5) to tune to each corresponding SOI and creates frames
for the MCB to make a classification decision. According to
the information in the header of each frame, MCB imports
the required algorithm from the data library and makes the
classification decision.

In these three test scenarios, we have implemented a simple
feature based approach to classifiy a FSK signal from a PSK
signal. Then, if a PSK signal is observed, an LB approach is
used to classify between 8PSK and QPSK. The receiver gains
are set to a constant 1dB and the transmitter gain is varied from
1dB to 20dB. Since, the transmitters and receivers are placed
close to each other even at 1dB of transmit gain we recorded
high SNR values. We chose this setup because at this point
the focus of this work was not to stress test the classification
algorithms but to show the feasibility of implementing a FACT
using real hardware.

Tables I, II and III show the P.. of each transmitted
modulation with varying transmit gain. P, is calculated from
25 decisions made by the MCB using the frames acquired from
the SRM which performs blind signal detection within the tar-
get spectrum. It can be seen from the P, values of tables I and
I that the classifier’s performance decreases as the transmit gain
reduces. The P.. values of table III shows deviation from the
expected result. Though P, values of GFSK are consistently
high with small deviations, the P.. value of QPSK seems to
be low at high transmit gain but increases when transmit gain
is low. Upon further analysis, it was discovered that QPSK
was being classified as GFSK at high transmit power. This
could be because GMSK transmitter was causing interference
on the frequencies chosen by QPSK transmitter. Thus, when
the transmit gain was reduced, interference decreased and the
P.. for QPSK increased. This will be further investigated in
future works and we will also add multi-sensor classification
techniques for low SNR scenarios. Overall, these experiments
successfully demonstrate FACT performing as a cohesive unit;
energy detector detected and estimated frequencies of SOI,
SRM delegated secondary receivers to these frequencies and
finally MCB used the frames obtained from SRM to make
classification decisions.

V. CONCLUSION AND FUTURE WORK

In this paper, we have described the design and implemen-
tation of a flexible framework (FACT) for performing blind
detection and classification of multiple simultaneous SOIs in
the given spectrum. The feasibility of FACT is demonstrated
through implementation of the framework using USRPs. The
performance of the energy detector was evaluated using dif-
ferent thresholds. We successfully implemented a simple FB
classifier and an LB classifier to show a hybrid AMC approach
used to maintain good P, and demonstrated the blind detection
and classification of multiple unknown signals using USRPs.
Additionally, the implementation showed how FACT could be
used by researchers as a common platform for comparing the
performance of multiple detection and AMC techniques using
real hardware and verify if it corroborates with the simulation
results.

In future, we would like to add more classification algo-
rithms into our data library to classify a larger number of



modulations in various constrained environments. The per-
formance of the energy detector is limited due to it’s noise
sensitivity. Thus, we are implementing techniques like cyclo-
stationary to improve the signal detection module. The current
usage of the secondary receiver is simple and not optimized.
We plan to use time sharing or similar techniques to enable
a single secondary receiver to collect samples from multiple
SOIs. Additionally, as a next step we want to formulate
multi-objective optimization problems to optimize the use of
available resources to maximize the performance of FACT in-
terms of number of SOIs detected and classified accurately.

REFERENCES

[11 E. Axell, G. Leus, E. Larsson, and H. Poor, “Spectrum sensing for cog-
nitive radio : State-of-the-art and recent advances,” Signal Processing
Magazine, IEEE, vol. 29, no. 3, pp. 101-116, May 2012.

[2] T.J. O’Shea, T. C. Clancy, and H. J. Ebeid, “Practical signal detection
and classification in GNU Radio,” in SDR Forum Technical Conference,
2007.

[3] A. Nafkha, M. Naoues, K. Cichon, and A. Kliks, “Experimental
spectrum sensing measurements using usrp software radio platform
and gnu-radio,” in Cognitive Radio Oriented Wireless Networks and
Communications (CROWNCOM), 2014 9th International Conference
on, June 2014, pp. 429-434.

[4] D. Joshi, D. Popescu, and O. Dobre, “Adaptive spectrum sensing with
noise variance estimation for dynamic cognitive radio systems,” in
Information Sciences and Systems (CISS), 2010 44th Annual Conference
on, March 2010, pp. 1-5.

[5] O. A. Dobre, A. Abdi, Y. Bar-Ness, and W. Su, “Survey of automatic
modulation classification techniques: classical approaches and new
trends.” IET Communications, vol. 1, no. 2, pp. 137-156, 2007.

[6] E. E. Azzouz and A. K. Nandi, Automatic Modulation Recognition
of Communication Signals. Norwell, MA, USA: Kluwer Academic
Publishers, 1996.

[71 E. Azzouz and A. Nandi, “Procedure for automatic recognition of
analogue and digital modulations,” Communications, IEE Proceedings-,
vol. 143, no. 5, pp. 259-266, Oct 1996.

[8] A. Nandi and E. Azzouz, “Algorithms for automatic modulation recog-
nition of communication signals,” Communications, IEEE Transactions
on, vol. 46, no. 4, pp. 431-436, Apr 1998.

(9]

[10]

[12]

[13]

[14]

[15]

A. Hazza, M. Shoaib, S. AlShebeili, and A. Fahd, “Automatic mod-
ulation classification of digital modulations in presence of hf noise.”
EURASIP J. Adv. Sig. Proc., vol. 2012, p. 238, 2012.

A. Kubankova, J. Prinosil, and D. Kubanek, “Recognition of digital
modulations based on mathematical classifier,” in Proceedings of the
European Conference of Systems.  Stevens Point, Wisconsin, USA:
World Scientific and Engineering Academy and Society (WSEAS),
2010, pp. 245-249.

O. Dobre, Y. Bar-Ness, and W. Su, “Higher-order cyclic cumulants
for high order modulation classification,” in Military Communications
Conference, 2003. MILCOM ’03. 2003 IEEE, vol. 1, Oct 2003, pp.
112-117 Vol.1.

O. Dobre, A. Abdi, Y. Bar-Ness, and W. Su, “Selection combining for
modulation recognition in fading channels,” in Military Communica-
tions Conference, 2005. MILCOM 2005. IEEE, Oct 2005, pp. 2499—
2505 Vol. 4.

O. Dobre, Y. Bar-Ness, and W. Su, “Robust gam modulation classifi-
cation algorithm using cyclic cumulants,” in Wireless Communications
and Networking Conference, 2004. WCNC. 2004 IEEE, vol. 2, March
2004, pp. 745-748 Vol.2.

K. Ho, W. Prokopiw, and Y. Chan, “Modulation identification of digital
signals by the wavelet transform,” Radar, Sonar and Navigation, IEE
Proceedings -, vol. 147, no. 4, pp. 169-176, Aug 2000.

W. Wei and J. M. Mendel, “Maximum-likelihood classification for digi-
tal amplitude-phase modulations,” Communications, IEEE Transactions
on, vol. 48, no. 2, pp. 189-193, 2000.

F. Hameed, O. Dobre, and D. Popescu, “On the likelihood-based
approach to modulation classification,” Wireless Communications, IEEE
Transactions on, vol. 8, no. 12, pp. 5884-5892, December 2009.

J. Sills, “Maximum-likelihood modulation classification for psk/qam,”
in Military Communications Conference Proceedings, 1999. MILCOM
1999. IEEE, vol. 1, 1999, pp. 217-220 vol.1.

S. Foulke, J. Jagannath, A. Drozd, T. Wimalajeewa, P. Varshney, and
W. Su, “Multisensor modulation classification (mmc): Implementation
considerations — usrp case study,” in Military Communications Confer-
ence (MILCOM), 2014 IEEE, Oct 2014, pp. 1663-1668.

0. Ozdemir, R. Li, and P. Varshney, “Hybrid maximum likelihood mod-
ulation classification using multiple radios,” Communications Letters,
IEEE, vol. 17, no. 10, pp. 1889-1892, October 2013.

Y. Zhang, N. Ansari, and W. Su, “Optimal decision fusion based
automatic modulation classification by using wireless sensor networks

in multipath fading channel,” in Global Telecommunications Conference
(GLOBECOM 2011), 2011 IEEE, Dec 2011, pp. 1-5.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


		2015-08-17T13:57:07-0400
	Certified PDF 2 Signature




