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ABSTRACT The introduction of spectrum-sensing Cognitive Radio

Spectrum sensing cognitive radios are an emerging technoq-CR) by Mitola [1] is widely heralded as a means to

) - L . overcome the limitations on spectrum access imposed by the
ogy that promises greater efficiency in utilizing the available : : !
; ) : ... _current licensed/unlicensed model. A spectrum-sensing CR
wireless spectrum. In particular, spectrum-sensing cognitive "
. . . I is able to search for an underutilized band of the spectrum,
radios provide the ability to search for and utilize an un-

: . . . : hich it can opportunistically reclaim during periods of
occupied portion of the wireless spectrum during periods o - .
. X o : . nactivity, vacating the frequency band upon the return of the
time when the incumbent user is inactive. A key requiremen

: . ; . Incumbent user. Because spectrum-sensing CR is an overlay
to operating cognitive radios, therefore, is accurately and

. . e - approach (i.e., it must coexist with the incumbent users),
reliably identifying unutilized frequency bands, even when. T : .
) ; its overall success is highly dependent on its success in
those bands may contain extremely weak signals.

In this paper, we present initial measurement resultéa) locating unutilized spectrum and (b) detecting the return

from two spectrum occupancy studies conducted in ané)f a? mcgmbten_t use? te the feasibility of CR b
around Annapolis, Maryland and the US Naval Academy n order to nvestigate tne 1easibiiity o , 8 number

in the frequency range betwe&80 MHz and 6000 MHz of studies have examined the amount of unutilized or un-
At the highest resolution, the measurement system had erutilized spectrum that might be available to CR. [2]-[5]

noise floor of—133 dBm, allowing it to record signals that any of these studies focus only on signals with power

were 10-30 dB weaker than those previously reported iﬁabove approximately-100 dBm to —110 dBm, essentially

the literature. Analysis of the measurement results indicatg.XC“jAdIng an{)thlndg bel(_)w those le'\t/relli fr(;m_dtPhe:r an?r:y-
that spectrum utilization increases exponentially as the re>'s: A narrowband receiver—one wi anaw ess than

ceiver’'s noise floor decreases. Additionally, variations With100 kHz—with a typical noise figure of less than 5 dB, how-

time, frequency, and receiver threshold are observed. Thes&®" will have a noise floor in the130 dBm to —120 dBm

results imply that, in order to provide reliable detection'3N9¢ and will be able to achieve good performance even

of incumbent users, cognitive radios will require sensitiveWhen the received S|gn_gl power 1S n thel 20 d_Bm to
receivers and accurate detection algorithms. —110 dBm range. Cognitive radios that are de3|gn§d only
to look for signals above-110 dBm have the potential to
1. INTRODUCTION cause significant interference to incumbent narrowband users
_ . whose received signal levels are in this power range. As a
ngr the past decade_, rapid g_fOVYth n vylreless COMMUNIzagyit, CR has attracted strong criticism from organizations
cations has resulted in steadily increasing demand for @,,., a5 the television broadcast industry, who have expressed

perpetually scarce resource: access to the wireless spectrufyncerns that their signals may be affected adversely [6].
At present regulatory agencies have primarily been in charge

of allocating this scarce resource by issuing licenses that

authorize exclusive use of a portion of the spectrum. More 2. EXPERIMENTAL SETUP

recently, i.n an attempt to meet .the demand for mass.-mark%t_1 Measurement System

commercial wireless technologies, regulatory agencies have

designated certain bands as unlicensed, where users thatbasic block diagram of the spectrum occupancy mea-
meet the power and frequency requirements of the bandurement system is shown in Fig. 1. In order to accurately
are free to operate, regardless of whether they may causecord extremely weak signals, the measurement system
other users in the band to suffer interference or deleterioustilized an ultra-low noise Miteq AFS3 amplifier with a
performance. measured1.4 dB noise figure (LNA in the figure). To
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minimize the overall system noise figure, the amplifier input ~ To ensure that even the weakest of signals was recorded,
was connected directly to the output of a wideband biconicathe spectrum analyzer was configured to utiliza (ekHz
antenna. The output of the amplifier was then connected toesolution bandwidth and recortb01 points in each fre-
either an Anritsu MS2692A or MS2724B spectrum analyzerquency range, resulting in a measured noise figure®tB
Finally, a laptop computer was utilized to download andfor the entire system. To establish the noise floor for the
record data from the spectrum analyzer, and M&lallas measurement system, the antenna was disconnected and
utilized to post-process and analyze the data. replaced with a50 2 load. Then a series of traces were
recorded in each frequency range, resulting in a measured
noise floor of—135 dBm.

Measurement results from each frequency range were
| @ ° concatenated together to form a composite data set in

0L y order to facilitate analysis over the entire 800-2500 MHz

| 2 frequency range. Additionally, results from all four sites
were pooled together into a single composite short-term
measurement data set.

LNA Spectrum Laptop
Analyzer Computer

Fig. 1. A block diagram of the Spectrum Occupancy Measurei8gsiiem.

2.2.2 Long-term High-resolution USNA Clock Tower Data
For both the long-term high-resolution and short-term low-
2.2 Description of Measurement Procedure and Loca-  resolution measurements, the measurement system was in-
tions stalled on the upper walkway of the Mahan Hall clock tower
Three different types of spectrum occupancy measuremenst USNA, for a height aboye ground of apprgm_maté@
: : . Mmeters. The antenna was installed to haveré° field of
were recorded in several locations around Annapolis, Mary-

land as well as the United States Naval Academy (USNA):VIeW of the Academy and downtown Annapolis (with the

_ remaining90° effectively blocked by a tower support).
. Shortjterm Iow-resoluhon measurements from the An- When performing the high-resolution measurements,
napolis area using a Iovy—to-ground antenna. data were recorded in2.0 MHz segments across a
« Long-term high-resolution measurements from the700_3000 MHz block. Measurements were repeated every
USNA clock tower. _ three hours for a period of seven days. The spectrum ana-
« Short-term low-resolution measurements from they ;o1 \yas configured to utilize 2kHz resolution bandwidth
USNA clock tower. and record551 points in each2 MHz segment, resulting
in a measured noise figure @f2 dB (slightly higher than

2.2.1 Short-term Low-resolution Annapolis Area Data the short-term configuration due to the use of a different

For the short-term measurements in the Annapolis area, fofiPectrum analyzer and a longer cable between antenna and

different sites were chosen to provide some diversity in thénalyzer). To determine the noise floor, the antenna was
measurement environments: disconnected and replaced with58 2 load, resulting in

. The seawall at the United States Naval Academya measured noise floor 6f133 dBm. Measurement results

(USNA) in Annapolis, Maryland, next to the Severn from each2 MHz segment were concatenated together to
River (38.9864° N, 76 21842°yw) ' form a composite data set so that analysis could be per-

. LeJeune Hall at USNA near the gate to downtownformed on the entire 700—3 000 MHz frequency range.

Annapolis $8.9775° N, 76.4814° W).
« Lee Airport, a small airport in Edgewater, Maryland, 2.2.3 Short-term Low-resolution USNA Clock Tower Data

just south of Annapolis38.9411° N, 76.5639° W).  To record the short-term measurements, at the completion of
- Baltimore Washington International Airport (BWI) in a 700-3000 MHz long-term measurement block, the spec-
Baltimore, Maryland £9.1867° N, 76.6544° W). trum analyzer was reconfigured to utilize a 3 MHz resolution

At each of these measurement sites, the measuremebandwidth and recorl51 points across a frequency range of
system antenna was placed in an open area free from armp0—-6 000 MHz. Measurements were repeated every 13-15
obstructions that could cause shadowing, at a heightofn ~ seconds for 45 minute time period at the end of every long-
above the ground, and at led$t0 m away from any visible term measurement block for the entire seven day period. For
transmitting antenna. For every frequency rangespec- each 13- to 15-second measurement sweep, the spectrum
trum analyzer sweeps were recorded ovéabaninute time  analyzer was configured to operate in the Max Hold mode,
period. Measurements were recorded using the MS2692£0 ensure that highly transient signals would be captured.
in each of three frequency ranges: (a) 800-1300 MHzQperating in the Max Hold mode does over-emphasize the
(b) 1300-2000 MHz, and (c) 2000—-2500 MHz. impact of transient signals (recording them as being present
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Location: USNA Clock Tower
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Fig. 2. Example composite spectrum recorded from the USNAICTwer location showing received signal power and the measurement system noise
floor.

for the entire sweep, even if they were present for a very8.1 Total Spectral Utilization
brief time period), however, repeating the measurement

during thel5 minute time period helps to mitigate this over- . . . ;
. : ; . probability that a measured signal is above a predefined
emphasis on transient signals for asingle measurement

sweep. The system was otherwise unchanged from th ower threshold (where the threshold would correspond to

high resolution measurements, and therefore maintained triee noise floor of a spectrum-sensing CR) for a particular

noise figure of2.2 dB, however— as a result of the higher requency range and time period. Fig. 3 presents the spect_ral
. . . utilization for the three measurement cases over the entire
resolution bandwidth—the noise floor for the system was. . .
ime period for which measurements were recorded and
measured at-102 dBm.

_ _across all recorded frequencies.
Collecting both long-term and short-term spectrum uti-

lization data allows us to investigate both the significance o Spectrum Uiization
transient signals in the channel as well as the persistence %7 ¢ \\ o~ High Resolution Clock Tower

T this papertotal spectrum utilization is defined as the

signals in a given frequency band. Collecting long-term datz &7 Short Term Various Locations
allows us to differentiate between white spectrum (very low  80p

utilization), black spectrum (very high utilization), and gray
spectrum (utilization that can be high or low, depending or
time-of-day). Analysis of transient phenomena, however, is
important if CR is to avoid interfering with short-duration

or burst transmissions.

401

Percent Occupied

201

‘ 0600068
-110 -100 -90 -80 =70
Threshold / dBm

3. MEASUREMENT RESULTS

—1?40 —léO —1‘20
In this section, we investigate (a) the total spectrum uti-

lization for each measurement set, (b) spectrum utilizaFig- 3. Measured total spectrum utilization vs. thresholdfie entire time

ti f ti ff f ' h t eriod for which measurements were recorded and across all frequency
ion as a function of frequency for each measurement sef;ns and locations.

and (c) spectrum utilization as a function of time for the

high-resolution measurements. An example of a measured In the figure, it is important to reiterate that the low-
spectrum from the USNA Clock Tower high resolution resolution clock-tower measurement configuration had a
measurements is presented in Fig. 2, illustrating both thsignificantly higher noise floor{102 dBnj, which means
measured spectrum and the measured noise floor of thteat for thresholds of less thar102 dBm, the spectrum
measurement system. will appear to bel00 % utilized. From the figure, we can
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Fig. 4. Measured spectrum utilization vs. time for the loeg¥t high- Fig. 5. Measured spectrum utilization vs. time for the shema low-
resolution clock tower measurements. Note that time is given in 24 houresolution clock tower measurements. The values plotted represent the
format. pooled mean spectrum utilization across alh40 spectrum analyzer

sweeps. Note that the standard deviation for each plotted data point is
less thanl%.

observe two important trends. First, we can see that spectrum
utilization increases rapidly as the threshold is decreased.
This means that achieving an extremely low noise floor for ~ From Fig. 4, we can observe that spectrum utilization
CR is vitally important to detecting weak signals, and sois roughly periodic with respect to time of day, with peak
avoiding interfering with incumbent users. For example, autilization occurring in the early afternoon and the nadir
CR operating with a noise floor 110 dBm would observe in utilization occurring overnight. Intuitively, these results
that the spectrum is approximatedy’% utilized. However, make sense, as people generally access telecommunication
the same radio with a noise floor 6£125 dBm would services (cellular phone, wireless LANSs, etc.) during the
observe a spectrum that is approximately% utilized. daytime. Furthermore, we can see that the trend is irre-
The second observation is that utilizing the long spectrunspective of the threshold chosen and that, once again, the
analyzer sweep times necessary to record high-resolutioghoice of threshold has a significant impact on the observed
measurements means that detection of highly transient sigpectrum utilization.
nals will be missed, leading to an under-estimate of the spec- From Fig. 5, we observe that spectrum utilization over
trum utilization. However, the faster sweep time used in theshort time periods tends to be relatively constant, although
low-resolution measurements captures both highly transietith a significantly higher average utilization as compared
signals and electromagnetic noise (spurious emissions fromo the high-resolution measurements. As with the total spec-
transmitters, radars, etc.) and results in an overestimate afum utilization analysis presented above, these results make
the spectrum utilization. sense, because recording highly transient signals will result
in an overestimate of the spectrum utilization. Additionally,
we observe that even when recording transient signals, the
standard deviation of the measured spectrum utilization is
To gain insight into the long-term and transient temporalextremely small; less that?s in all cases. This result may be
variation of spectrum utilization, we investigated the prob-partially explained by the use of the Max Hold function on
ability that a signal anywhere in the recorded frequencythe spectrum analyzer when recording an individual sweep.
range was above a predefined threshold at a specific point iHowever, the apparent lack of highly transient signals that
time. For the long-term analysis, the high-resolution clock-disappear and reappear from sweep to sweep (resulting in
tower measurement set was utilized, with the results showtarge variations in the measured spectrum occupancy) is
in Fig. 4. intriguing. By performing measurements during the winter

To determine whether transient signals had a significaninonths, when boating traffic around USNA is minimal, we
impact on the spectrum utilization, a similar analysis waswere less likely to observe significant radar activity and,
performed using the short-term clock tower measurementsherefore, to record transient radar signals. Additionally, the
where the results from all of th2940 15-minute sweeps lack of an extensive wireless local area network (WLAN)
were pooled together, and the results are given in Fig. Snfrastructure on the USNA campus, as well as our locating
Note that we are only plotting the mean spectrum utilizationthe measurement system in the clock tower, meant the
as the standard deviation for all cases was lessthgrand  system was a long distance away from industrial, scientific,
deemed to be insignificant. and medical (ISM) band users (Bluetooth, WLANS, etc.),

3.2 Spectral Utilization Over Time
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Fig. 6. Measured spectrum utilization vs. frequency for thersterm
measurements recorded in the Annapolis area.

Fig. 7. Measured spectrum utilization vs. frequency for thegterm
high-resolution measurements recorded at the USNA clock tower.

so transient signals in these ranges would likely have fallen
below the noise floor. Further investigations at locations that
are closer to highly dynamic spectrum users will be requirec
before any significant conclusions can be drawn from thes
results.
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3.3 Spectral Utilization Over Frequency

reshold / dBm
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To determine the relationship of spectrum utilization as ag& - “1(‘ | |
function of frequency, we investigated the probability that (\
a signal recorded at any time in the dataset was abov “
a predefined threshold at a specific frequency. For thit
analysis, all three data sets were utilized, with the results
as shown in Fig. 6, 7, and 8. From these figures, we can
note several interesting trends. First, in all three figures, w&i9- 8. Measured spectrum utilization vs. frequency for thegtterm
. . - low-resolution measurements recorded at the USNA clock tower.
observe high spectrum utilization at a variety of frequency

bands, including the two cellular bands (824—-894 MHz and

1850-1990 MHz), the L1 and L2 Global Position Systemij, the frequency range of 700-6000 MHz. Our measure-
(GPS) bands (1575 MHz and 1227 MHz), as well as théments indicate that a large number of incumbent users
900 MHz and 2400 MHz ISM bands. Further, certain bandsmay be operating in these bands at very low received
(such as the cellular bands) generally have very high ocsjgnal strengths of- 110 dBm to—130 dBm, which is well
Cupancy regardle_ss of the threshold—making these bandssjow CR sensing thresholds previously reported in the
essentially unavailable for use by CR. literature. These existing users could potentially receive
However, a number of frequency bands show almost n@jetrimental interference from cognitive radios unable to
utilization—making them excellent candidates for spectrumyetect the presence of such low-power signals. Furthermore,
sensing CR. Furthermore, we can see that a greater pesyr data suggest that as the sensing threshold is decreased,
centage of the spectrum is available for use by CR athe amount of white and gray spectrum available to cog-
higher frequencies. This result makes sense intuitively asitive radio decreases very rapidly. While these results are
for a given transmitter power level, a wireless signal will preliminary, further measurements in more geographically
propagate farther at a lower frequency, leading to a highegiverse locations will provide a clearer understanding of the
observed utilization at any particular location. nature and power levels of incumbent users and their impact
on the amount of spectrum available to cognitive radios.
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4. CONCLUSIONS

This paper presented the results of a spectrum occupancy
measurement campaign in and around Annapolis, Maryland
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