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This chart is a graphic single-point-in-time portrayal of the Table of Frequency Allocations used by the
FCC and NTIA. As such, it does not completely reflect all aspects, i.e., footnotes and recent changes
made to the Table of Frequency Allocations. Therefore, for complete information, users should consult the
Table to determine the current status of U.S. allocations.
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Fixed Spectrum Access
Opportunistic Spectrum Access
Problem Statement

Spatio-Temporal Variances In Spectrum Access

FCC Study1: Utilization Varied From 15% To 85%
Spatial Variances: Salt Lake City vs. Green River
Temporal Variances: Business Hours vs. Late Evening
If Only This Could Be Exploited. . .

1[FCC, 2003]
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Fixed Spectrum Access
Opportunistic Spectrum Access
Problem Statement

Fixed Spectrum Access

Fixed Licensing Is Problematic
Crowded: No More Usuable Bands Available
Expensive: 90Mhz Recently Sold2 For $13 Billion!
Under Utilized: Spatio-Temporal Variances

We Need Something Better!

2[FCC, 2007]
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Case Study: Public Safety Band Usage3

Channels: 23
Channel BW: 25KHz
Total BW: 20MHz
Fc : 856-869MHz

1569003080 
 

3

The system does not use knowledge of the location of 
subscribers such that traffic is transmitted via the forward 
channel simultaneously at all repeaters, contrary to a cellular 
telephone system.  As a result, transmissions on the forward 
channel can be detected throughout the entire county, while 
reverse channel transmissions are confined to the locality of 
the emitter and the nearest repeater.  This presents an 
interesting opportunity for dynamic spectrum reuse since there 
will be far more occupancy in the spectrum of the forward 
channels than in that of the reverse channels at any given 
location. 

III. SENSING SYSTEMS AND DATA COLLECTION 
METHODOLOGY 

We sample the virtual channels with two synchronized 
receiver suites.  Each suite is composed of an antenna, pre-
selection filter, low noise amplifier, downconverter, A/D 
converter, and a GPS clock.  The two suites are synchronized 
in time and triggered by a common script so that spectral 
measurements are made concurrently.  In some cases, one 
suite is tuned to the spectrum of the forward channels, while 
the other is tuned to the spectrum of the reverse channels to 
investigate frequency dependencies.  In other cases, both 
suites are tuned to the same spectrum to investigate space 
dependencies.  The spectral data are sampled with 14 bits at 
64 MS/s.  The samples are collected in snapshots of 16384 
each, covering ~ 20 MHz every 100 ms.  This snapshot size 
allows for DFT bins of ~ 3.9 kHz, which is enough resolution 
to discriminate between adjacent forward or reverse channels 
as their centers are never closer than 25 kHz. 

Spectral data were collected over two days at separation 
distances between the two suites of 5, 200, 500, 2300, 3800, 
and 6500-meters.  In general, one suite remained fixed at a 
selected site, while the other suite was positioned at the distant 
locations.  In the sequel we refer to the sensor at the fixed site 
as site 1, and the sensor at the mobile site as site 2. 

IV. ANALYSIS AND INSIGHTS 

In this section, we investigate the collected measurement 
data to identify properties that can aide us in characterizing 
the usage of this public safety network. The objective of the 
analysis is to provide further insight into how white space can 
be identified and utilized.  In general, the data sets allow us to 
understand how these channels are utilized at the time of 
measurement, and the effects of activity in the spectrum 
surrounding these channels. We also investigate the 
effectiveness of a threshold-based detection method based on 
the data and spatial correlation between the two measurement 
sets. In this analysis, we primarily consider the forward 
channel band measurements because of the very localized 
nature of the reverse channel activity. 

A. First Impressions 

At first glance, the spectral power maps of the channels 
provide a fairly clear indication of the channel occupancy. 

Figure 4.1(a) shows one such map for the entire 20 MHz 
spectrum band (from 850Mhz to 870Mhz) at site 1 for the 
second measurement set, using a color gradient to convey 
signal power observed in the spectrum at each time. High 
power usage is easily determined by the colorscale, and the 
frequency of strong transmissions can be determined in the 
graphs, especially because in this case they occur seldom 
enough to draw strong contrast to the lower power or 
completely unused spectrum. 

 
Figure 4.1(a): Spectrum density map for 850-870 MHz 

band 

 

 
Figure 4.1(b): Spectrum density map for the 23 virtual 

 channels of the public safety band 

Note that the 23 virtual channels for public safety users are 
unevenly spaced within the 20MHz band, and that each 
channel only has a bandwidth of 25 KHz.  Further, the actual 
center frequencies for the channels are actually within the 
856-869 MHz band.  Parsing out the frequency bands used for 
the public safety channels and using this same color scale, we 
can then observe which channels show strong activity in each 
measurement set.  

Figure 4.1(b) shows the spectral power maps for the public 
safety bands in the measurement set from figure 4.1(a). The 
white strips in between are used to separate channels and are 
used throughout this section.  We can see clearly that channels 
5 and 23 are occupied for the complete duration of the 
measurement set, and some strong activity is seen for limited 

Figure: PSB Usage

3[Jones, 2007]
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Cognitive Radio

Definition 4

A "Cognitive Radio" is a radio that can change its transmitter
parameters based on interaction with the environment in which
it operates.

Adaptive Transmitter Parameters:
Power Level
Modulation Type
Center Frequency

4[Haykin, 2002]
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Hidden Terminal Problem

Both Nodes Sense CR
Can’t Sense Each Other
This Causes Interference

Figure: Hidden Terminals
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Collaborative Spectrum Sensing

Pros
Two Heads Are Better Than One!

i.e. More CR Nodes =⇒ More Accurate Detection 5

Solves Hidden Terminal Problem

Cons
Some BW Wasted On Control Channel
How Much?

5[Ghasemi, 2005]
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Information Entropy 6

Definition
The entropy of a discrete random variable X is a function of its
PMF and is defined by

H (X ) = −
N∑

i=1

pi log pi

The Number Of Bits Required By A Control Channel
A Similiar Metric, Entropy Rate, Gives Bit Rate
Need Only Know The PMF Of Primary User Activity

6[Shannon, 1948]
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Widely Held Hypothesis

Hypothesis
Primary User Activity is a Markovian Process.

/.-,()*+0
p1

((

q1

�� /.-,()*+1
p2

hh

q2

��

PU Activity Depends Only On Previous State(s)
This Is The PMF We Could Use To Measure BW Loss
But Is This Hypothesis Correct?
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Problem Statement

Problem Statement
We Wish to Measure The Bandwidth Required of a
Collaborative Sensing, Cognitive Radio Control Channel.

Cognitive Radio Needs Collaborative Spectrum Sensing
This Will Require a Control Channel
Control Channel Wastes Some BW
We Assume The Markovian Hypothesis (For Now)
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Software Defined Spectrum Analyzer
Analysis

Universal Software Radio Peripheral
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Analysis

GNU Radio

GNU General Public License
Python Wrapper For C++
Object Orientated Approach
Software Radios Defined In Terms Of Graphs

1 Define Source (USRP)
2 Define Signal Processing Unit (Spectrum Analyzer)
3 Define Sink (File Format)
4 Connect!

Jim Gaines (Dr. Neal Patwari) Entropic Analysis of Spectrum Sensing for Cognitive Radio
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Software Defined Spectrum Analyzer
Analysis

Class Definition

class my_graph(gr.flow_graph):
def __init__(self, min_freq, max_freq):

gr.flow_graph.__init__(self)
self.u = usrp.source_c(...)

s2v = gr.stream_to_vector(...)
c2mag = gr.complex_to_mag_squared(...)
stats = gr.bin_statistics_f(...)

self.connect(self.u, s2v, c2mag, stats)

Jim Gaines (Dr. Neal Patwari) Entropic Analysis of Spectrum Sensing for Cognitive Radio



Introduction
Methods
Progress

GNU Radio/USRP
Software Defined Spectrum Analyzer
Analysis

File Format

TimeDate Stamp Frequency Complex Samples

10/29/07 05:56 PM 898750000 56953 32489 ...
10/29/07 05:56 PM 900250000 322640 358258 ...
10/29/07 05:56 PM 901750000 284045 303849 ...
10/29/07 05:56 PM 903250000 46261 40136 ...

Jim Gaines (Dr. Neal Patwari) Entropic Analysis of Spectrum Sensing for Cognitive Radio
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Software Defined Spectrum Analyzer
Analysis

Sampled ISM Band
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Public Safety Band Revisited7

Count State Transitions
Divide By Sample Count
We Then Have Our PMF

1569003080 
 

3

The system does not use knowledge of the location of 
subscribers such that traffic is transmitted via the forward 
channel simultaneously at all repeaters, contrary to a cellular 
telephone system.  As a result, transmissions on the forward 
channel can be detected throughout the entire county, while 
reverse channel transmissions are confined to the locality of 
the emitter and the nearest repeater.  This presents an 
interesting opportunity for dynamic spectrum reuse since there 
will be far more occupancy in the spectrum of the forward 
channels than in that of the reverse channels at any given 
location. 

III. SENSING SYSTEMS AND DATA COLLECTION 
METHODOLOGY 

We sample the virtual channels with two synchronized 
receiver suites.  Each suite is composed of an antenna, pre-
selection filter, low noise amplifier, downconverter, A/D 
converter, and a GPS clock.  The two suites are synchronized 
in time and triggered by a common script so that spectral 
measurements are made concurrently.  In some cases, one 
suite is tuned to the spectrum of the forward channels, while 
the other is tuned to the spectrum of the reverse channels to 
investigate frequency dependencies.  In other cases, both 
suites are tuned to the same spectrum to investigate space 
dependencies.  The spectral data are sampled with 14 bits at 
64 MS/s.  The samples are collected in snapshots of 16384 
each, covering ~ 20 MHz every 100 ms.  This snapshot size 
allows for DFT bins of ~ 3.9 kHz, which is enough resolution 
to discriminate between adjacent forward or reverse channels 
as their centers are never closer than 25 kHz. 

Spectral data were collected over two days at separation 
distances between the two suites of 5, 200, 500, 2300, 3800, 
and 6500-meters.  In general, one suite remained fixed at a 
selected site, while the other suite was positioned at the distant 
locations.  In the sequel we refer to the sensor at the fixed site 
as site 1, and the sensor at the mobile site as site 2. 

IV. ANALYSIS AND INSIGHTS 

In this section, we investigate the collected measurement 
data to identify properties that can aide us in characterizing 
the usage of this public safety network. The objective of the 
analysis is to provide further insight into how white space can 
be identified and utilized.  In general, the data sets allow us to 
understand how these channels are utilized at the time of 
measurement, and the effects of activity in the spectrum 
surrounding these channels. We also investigate the 
effectiveness of a threshold-based detection method based on 
the data and spatial correlation between the two measurement 
sets. In this analysis, we primarily consider the forward 
channel band measurements because of the very localized 
nature of the reverse channel activity. 

A. First Impressions 

At first glance, the spectral power maps of the channels 
provide a fairly clear indication of the channel occupancy. 

Figure 4.1(a) shows one such map for the entire 20 MHz 
spectrum band (from 850Mhz to 870Mhz) at site 1 for the 
second measurement set, using a color gradient to convey 
signal power observed in the spectrum at each time. High 
power usage is easily determined by the colorscale, and the 
frequency of strong transmissions can be determined in the 
graphs, especially because in this case they occur seldom 
enough to draw strong contrast to the lower power or 
completely unused spectrum. 

 
Figure 4.1(a): Spectrum density map for 850-870 MHz 

band 

 

 
Figure 4.1(b): Spectrum density map for the 23 virtual 

 channels of the public safety band 

Note that the 23 virtual channels for public safety users are 
unevenly spaced within the 20MHz band, and that each 
channel only has a bandwidth of 25 KHz.  Further, the actual 
center frequencies for the channels are actually within the 
856-869 MHz band.  Parsing out the frequency bands used for 
the public safety channels and using this same color scale, we 
can then observe which channels show strong activity in each 
measurement set.  

Figure 4.1(b) shows the spectral power maps for the public 
safety bands in the measurement set from figure 4.1(a). The 
white strips in between are used to separate channels and are 
used throughout this section.  We can see clearly that channels 
5 and 23 are occupied for the complete duration of the 
measurement set, and some strong activity is seen for limited 

Figure: PSB Usage

7[Jones, 2007]
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Challenges

A Lot to Learn
DSP, Embedded Systems, Information Theory
BASH, Python, Linux System Administration
Deciphering Professor’s Code!

A Lot of Obstacles
Non-linear AGC and CIC Filters
Calibrating USRP
Minimal Documentation
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Progress

Software Defined ISM Band Spectrum Analyzer
Matlab Scripts to Analyze Data
BASH Scripts to Automate Data Collection
Debian Domain Controller to Share USRP Access
Custom File Format
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Future Work

Finish Statistical Analysis
Mobile Spectrum Sensing
Emulab Data Collection
Online Database of Samples
Investigate Cyclostationary Feature Detection
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