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SUMMARY

Cognitive radio has recently emerged as a promising solution to conciliaexisting conflicts between
spectrum demand growth and spectrum underutilisation. The basiclyindadea is to allow unlicensed
users to access in an opportunistic and non-interfering manner som&elicbands temporarily unoccupied
by the licensed users. Within the framework of cognitive radio, sewpedttrum measurement campaigns
have been performed in diverse locations and scenarios in ordesessathe degree to which allocated
spectrum bands are currently being used in real wireless communicgggtems. Although such
measurement campaigns follow similar approaches, there is a lacknoheo and appropriate evaluation
methodology, which would be desirable not only to prevent inaccuratétsebut also to enable the direct
comparison of results from different sources. In this context, thikyweesents a comprehensive and in-
depth discussion of several important methodological aspects ttthtmbe accounted for when evaluating
spectrum occupancy in the context of cognitive radio. Moreoveraaftifative evaluation of the impact of
different factors on the obtained results along with various useful Gonéteare also provided. The results
presented in this work highlight the importance of carefully designing @nogpiate methodology when
evaluating spectrum occupancy in the context of cognitive radio. @gipy© 2010 AEIT

1. INTRODUCTION can turn into reality, a full understanding of the dynamic

use of spectrum in real wireless communication systems
Cognitive Radio (CR) has been identified as a promising firstly required. To this end, spectrum measurements
solution to the so-calledpectrum scarcity problemvhich  become an essential and unavoidable step.

resultls from the ste dady _SlPecF“;Idehem;‘”q grogthlqnd therhe measurement of real network activities constitutes
actual spectrum underutilisatiod][ The basic underlying an important step towards a realistic understanding of

idea of the CR paradigm is to allow unlicensed usercﬁﬁnamic spectrum use and hence towards the practical

to access in an opportunistic and_ non-mterfer_mg manng ployment of the future CR technology. One of the
some licensed bands temporarily unoccupied by the

: . : . most important uses of spectrum measurements will be
licensed users. CR is expected to dramatically increase & . . .
not only to convince regulatory bodies and policy makers

spectrum usage efficiency. However, before this paradigorp] the necessity of new spectrum access policies but

P — o ) _ ~also to support them in taking actions to enhance the
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2 M. LOPEZ-BENTEZ AND F. CASADEVALL

guantitative support and a deeper understanding of timethis work are rather intuitive but they have never been
current and projected spectrum usage. Understanding #ssessed in a formal, rigorous and quantitative manner
current use trends in the spectrum is required for the the context of CR. This paper presents various useful
knowledgeable furtherance of these efforts. Therefomgsults that quantify the impact of different individual
spectrum measurements are critical to ensure that resedesttors on the obtained occupancy statistics and reveal
investments target the evolving real-world technicaléssu which of them require more attention. Such factors

From a technical point of view, spectrum measuremerase grouped into aspects related to the design of the
are also useful in detecting what bands are subject neasurement setup (Secti@)) the frequency (SectioB)
low utilisation levels, thus assessing and characterisiagd time (Sectiod) dimensions as well as the employed
the availability of unoccupied spectral resources in ternt&ta post-processing procedures (SecijoBased on such
of frequency, time, and space. This information caresults, various useful and practical guidelines for feitur
be very helpful to the research community in order tepectrum measurement campaigns are also provided. The
identify the most suitable and interesting bands for theain objective of this work is to cope with the major
future deployment of the CR technology. Besides this, tltrawback of previous spectrum occupancy studies (i.e., the
empirical data captured in spectrum measurements can fiadk of a rigorous evaluation methodology) by providing
many other interesting practical applications. One examp unifying methodological framework for future spectrum
is the evaluation and validation of existing and novel DSfeasurement campaigns. The results presented in this
techniques with real-world data. Another application & thwork highlight the importance of carefully following such
development of realistic spectrum usage models basedam appropriate methodology when evaluating spectrum
empirical data, which could be interesting not only fopccupancy in the context of CR.
theoretical analyses of DSA techniques but also for the
development of innovative and accurate simulation tools,

From the previous discussion it is clear that tha' MEASUREMENT SETUP

practical development of the DSA/CR technology cafyany factors need to be considered when defining a

significantly benefit from empirical measurements of th?trategy to meet a particular spectrum measurement need.
spectrum occupancy. The success of such enterprisg, getajled in péj, there are some basic dimensions

however, depends on the availability of reliable ang ¢ every spectrum measurement strategy should clearly
accurate spectrum utilisation statistics. To the datg

, - ecify: frequency(frequency span and frequency points
several spectrum measurement campaigns covering Wfé)ebe measured)location (measurement site selection),
frequency ranges 2(20] as well

. as some specm_c direction (antenna pointing anglepolarisation(receiving
licensed bands2[1-25] have already been performed inynenna polarisation) andime (sampling rate and
diverse Iocatlons.and scenarios in order to determ”ﬁ‘?easurementperiod).The measurement setup employed in
the degree to which allocated spectrum bands are USRf eyajuation of spectrum occupancy should be designed
in real wireless communication systems. Table®nd  5ying into account the previous factors since they play
2 summarise the main technical aspects of varioysyey role in the accuracy of the obtained results. The
broadband spectrum measurement campaigr] (the  measurement setup should be able to detect, over a wide
meaning of some parameters will be clarified latgnge of frequencies, a large number of transmitters of the
on). Although previous spectrum measurement campaigigs diverse nature, from narrow- to wide-band systems
followed similar approaches, a detailed analysis of Table$,§ from weak signals received near the noise floor to

1 and2 highlight the lack of a common and appropriatgyong signals that may overload the receiving system.
evaluation methodology. As pointed oot |216_[, dlfferont Depending on the purposes of the study, different
measurement strategies can result in widely d'Verge&Snfigurations have been used in previous spectrum

answers. Therefore, the availability of a common ange,srements ranging from simple setups with a single
reliable evaluation methodology would be desirable not

only to prevent inaccurate results but also to enable the—————— _ .

direct mparison of results from different sources. | In the context of spectrum occupancy evaluation for CR, thetial
I!’ec comp ; v Homain may refer to the impact of the selected measurement Incatio

this context, this work presents a comprehensive and the occupancy statistics. The choice of the measuremeatidoc

in-depth discussion of several important methodologicBpwever. can be regarded as an aspect more related to theufzarti
ts that dtob fullv taken int t evaluated scenario rather than the evaluation methodolaogsif.i
aspects that need to be carelully taken Into accoun Wh%refore, the spatial domain is not treated as a methodelogspect

evaluating spectrum occupancy. Certain issues discussedlis work. A detailed analysis and discussion can be fanrid?].
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METHODOLOGICAL ASPECTS OF SPECTRUM OCCUPANCY EVALUATION

Table 1. Previous spectrum measurement campaigns — Part |: Messu equipment.

Frequency . Pre-
Ref. range (MHz) Antennas Filters amplifiers
108-960 MHz: Log-periodic mounted at a®4&ngle. Band-sto
[2-5] 108-19700 960-19700 MHz: Slant polarised biconical and rotating P Yes
; . ) . Band-pass
parabolic reflector with dual horizontal/vertical feed.
30-960 MHz: Horizontal log-periodic and discone. Band-stop
(6-8] 30-2900 1240-2900 MHz: Horizontal log-periodic. Band/high-pass Yes
30-960 MHz: Discone. Band-stop
[o-11] 30-2900 960—2900 MHz: Log-periodic mounted at a*4&ngle. Band/high-pass Yes
30-1240 MHz: Discone. Band-stop
[12.13 30-2900 1240-2900 MHz: Horizontal log-periodic. Band/high-pass Yes
. 30-1000 MHz: Discone Band-stop
[14.15  30-3000 1000-3000 MHz: Discone. Band/high-pass "
400-1200 MHz: Horizontal and vertical log-periodic.
[16, 17] 400-7200 12007200 MHz: Hor./vert. pyramidal log-periodic. Band-pass Yes
20-1520 MHz: Discone.
(18] 20-6000 1500—3000 MHz: Discone. No Up to 3 GHz
3000-6000 MHz: Radom discone.
. 806—-1000 MHz: Dipole.
[19 806-2750 1000-2750 MHz: Discone. No No
[20 80-5850 80-5850 MHz: Vertical hybrid biconical/log-periodic. No No
Table 2. Previous spectrum measurement campaigns — Part |IgGatfon parameters.
Ref Span (MHz)  Frequency Resolution/video  Measurement Sweep Deteam Decision
' (No. of bands)  bin (kHz)  bandwidth (kHz) period (hours) time (ses) type threshold
[2-5] 6-2700 (38) 6-2700 3-3000/3-3000 0.09-11.51 0.02-12 Pogidiak N/A
[6-8] 9-214 (30) 18-427 10/10 1 0.1125-2.675 N/A m-dB
[9] 9-280 (28) 18-559 3/3-10/10 22/30 0.1125-3.5 N/A m-dB
[10] 9-280 (28) 18-559 10/10 9 0.1125-3.5 N/A m-dB
[11 9-280 (30) 18-559 10/10 0.233-312 0.1125-3.5 N/A m-dB
[12,13] 9-280 (30) 18-559 10/10 24 0.1125-3.5 N/A m-dB
[14 9-240 (31) 18-479 10/10 48 0.1125-3.0 N/A m-dB
[15 9-240 (31) 18-479 30/30 24 0.1125-3.0 N/A m-dB
[16,17] 6 (N/A) 10 10/10 24 0.150 Positive peak  Multi-dim.
[18] 1500 (4) 183 200/N/A 168 1 Average PFA 1%
[19 N/A (19) N/A 15,120,250/N/A 0.33-0.5 ~5-10 Positive peak 5-dB
[20] 60 (N/A) 150 10/100 24 828 N/A 6-dB

antenna directly connected to a spectrum analy3grtp order to improve the detection capabilities of the system
more sophisticated and complex desighslp]. Different and hence obtain more accurate and reliable results (a
configurations between both extreme points may determigienplified scheme is shown in Figufg. The design is
various trade-offs between complexity and measuremerdmposed of two broadband discone-type antennas that
capabilities. Our study is based on a spectrum analysmver the frequency range from 75 to 7075 MHz, a Single-
setup where different external devices have been addedPiole Double-Throw (SPDT) switch to select the desired

Copyright© 2010 AEIT
Prepared usingettauth.cls

Euro. Trans. Telecomm21: 1-15(2010)
DOI: 10.1002/ett
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Discone antenna — Discone antenna SPDT switch
AOR DN753 LJ JXTXPZ-100800-P DC — 18 GHz
75 MHz - 3 GHz 3-7GHz Spectrum analyser
:T High-pass filter Low'-noise amplifier Anritsu Spectrum
41AN 3000 — 7000 MHz Gain: 8 - 11.5 dB Master MS2721B
/ : N @ Noise figure: 4 — 4.5 dB 9 kHz - 7.1 GHz

e 20 - 8000 MHz
FM band-stop filter

Rejection 20 — 35 dB Low-pass filter } I v/

88 — 108 MHz DC -3000 MHz

~

=1

Figure 1. Measurement setup employed in this study.

antenna, several filters to remove undesired signals,fa directive antenna witlwv-degree beamwidth is used in
low-noise pre-amplifier to enhance the overall sensitivitgrder to provide an addition&l-dB gain with respect to an
and thus the ability to detect weak signals, and a higbmni-directional antenna, it would be necessary to repeat
performance spectrum analyser to record the spectté measurementdy = [360/«]| times in order to cover
activity. These components are discussed in the followinthe entire 360-degree range of azimuths.

When covering small frequency ranges or specific An alternative option to obtain additional gain is the
licensed bands a single antenna may suffice. However,ugse of amplification. Most spectrum analysers include
broadband spectrum measurements from a few megahehuast-in high-gain pre-amplifiers. Nevertheless, in some
up to several gigahertzs, two or more broadband antenmasasurement conditions there may be high losses between
are required in order to cover the whole frequency rangihe antenna port and the spectrum analyser. In this case
Most of spectrum measurement campaigns have besrbetter option to improve the system’s noise figure
based on omni-directional measurements in order to detectto place a low-noise pre-amplifier right after the
licensed signals coming from any directions. To this endntenna system, as show in FigureThis amplifier will
omni-directional vertically polarised antennas have be@ompensate for device and cable losses and increase the
the most common choice. Our antenna system comprissstem’s sensitivity. It is worth noting that choosing an
two broadband discone-type antennas, which are widebaadplifier with the highest possible gain not always is
antennas with vertical polarisation and omni-directiondghe best option in broadband spectrum surveys, where
receiving pattern in the horizontal plane. Even thougbery different signal levels may be present. The existing
some transmitters are horizontally polarised, they ugualirade-off between sensitivity and dynamic range must be
are high-power stations, such as e.g. TV stations, thaken into account. Thus, the correct pre-amplifier has
can be detected even with vertically polarised antennds.be chosen based on the specific measurement needs.
The exceptionally wideband coverage (allowing a reducéd we wish absolutely the best sensitivity and are not
number of antennas in broadband spectrum studies) ammhcerned about measurement range, we would choose a
the omni-directional feature (allowing the detection ofiigh-gain, low-noise pre-amplifier. However, if we wish
licensed signals coming from any directions) make discoa® improved sensitivity but cannot afford to give up any
antennas an attractive alternative in radio scanning amasurement range, a lower-gain pre-amplifier would be
monitoring applications, and have been a preferred optianmore adequate choice. A reasonable design criterion
for many past spectrum occupancy measurement studiegthen selecting the pre-amplifier is to guarantee that the

In studies where the direction of the incoming signalifferent received signal strengths lie within the overall
needs to be resolved, it is possible to use multiple antensygstem’s Spurious-Free Dynamic Range (SFDR), which
arrays along with beam forming techniques in order tis defined as the difference between a threshold or lower
selectively receive or suppress (filter) signals in the #&rgu limit at which signals can be detected without excessive
domain. Directive antennas (e.g., log-periodic antennasjerference by noise (constrained by the system’s noise
may also be used to this end as well as in order ftwor) and the input signal level that produces spurs at
improve the system’s sensitivity at the cost of an increaséslels equal to the noise powekd. If the maximum
complexity in the measurement procedures. For exampieput level is exceeded, some spurs might arise above the
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METHODOLOGICAL ASPECTS OF SPECTRUM OCCUPANCY EVALUATION 5

system’s noise floor and be detectedsignalsin truly GSM uplink without amplifier
unoccupied bands, thus resulting in inaccurate results ¢§ 0 &

erroneous conclusions about the spectral occupancy. 5 &L Aulbddblolosi | & ‘SOWWWWWWM
shown in Figurel, the use of band-stop filters to remove '35 885 850 895 930 905 810 615 & ' 2%80 885 890 895 900 805 910 915
undesired overloading signals, such as those coming frc Average duty cycle = 1.07 %

GSM uplink with external amplifier

Average duty cycle = 7.03 %

. . . = 100 5 100
FM audio broadcast stations, as well as low/high-pa § | 2 5 L ‘
filters to remove out-of-band components, which migt ;i 0 :;’ o
create harmonics or intermodulation products, can be ve © 8% 88 #2203 gy 210 91 & 880 888 B ey iy ° °1°
helpf'ull in satisfying the SFD_R criterion without any loss in (@) (b)
sensitivity at other frequencies.
FIgUI‘eSZ and3 quantltatlvely exemp“fy the impact Of = a0 GSM downlink without amplifier 4SM downllk |th exernal ampllfler

the overall system’s sensitivity on the detected spectiS
activity. In each subfigure, the upper graph shows t3_, 2&2()&
Power Spectral Density (PSD) in average value (thic
line) as well as minimum and maximum values. Whe
considered together, average, minimum and maximu
PSD provide a simple characterisation of the tempor
behaviour of a channel. For example, if the results a
quite similar, it suggests a single transmitter that is glwva © @
on, experiences a low level of fading and is probabléi
9

i el el

Average duty cycle = 67.95 % Average duty cycle = 96.51 %

9
100 ° 100—IW—'—'V_TW_
50 S 50
3
0 2
]
a

925 930 935 940 945 950 955 960 25 930 935 940 945 950 955 960
Frequency (MHz) Frequency (MHz)

o

©

@ Duty cycle (%)

not m _ ure 2. Impact of amplification on the activity detected for
oving. At the other extreme, a large differenc SM: (a) uplink without amplifier, (b) uplink with external

among average, minimum and maximum PSD suggegiyjifier. (c) downlink without amplifier, andd) downlink with
a more intermittent use of the spectru@v]. To more external amplifier.

precisely quantify the detected spectral activity, thedow
graph of each subfigure shows the duty cycle. For each
measured frequency point, the duty cycle is computed amderate/high usage levels (67.95%), the results obtained
the fraction of PSD samples, out of all the captured PSBith amplification in Figure2(d) reveal that such band
samples, indicating the presence of a licensed signaligaactually overcrowded with an average duty cycle of
more formal definition is provided in appendi). This 96.51%, thus resulting in an absolute estimation error of
metric represents the fraction of time a given frequency 86.51% — 67.95% = 28.56%. These results highlight the
occupied and, for the purposes of this work, it also servasportance of the sensitivity: if the measurement setup is
as a metric quantifying the ability to detect the presence pbt sensitive enough, the obtained occupancy statistigs ma
a licensed signal within a certain frequency range. be subject to high estimation errors, thus leading to wrong
Figure 2 shows the results obtained for the Globatonclusions on the spectral activity and spectrum usage.
System for Mobile communications (GSM). As depicted Figure 3 shows the results obtained for Broadband
in Figure 2(a) when the uplink direction is measuredWireless Access (BWA) systems operating in the 3.4-3.6
without any amplification (external pre-amplifier of FigureGHz band. Without amplification, Figur&a) shows that
1 or spectrum analyser’s built-in amplifier), some signalthe band is detected as unoccupied (the average duty cycle
are detected (see PSD) resulting in an overall duty cyadé 0.72% is due to the criterion employed to select the
of 1.07% for the entire band. When only the externalecision threshold, which is explained in Section By
amplifier is connected, a higher number of licensed signalemparing the average duty cycle of Figugéb) and3(c)
are detected and the resulting average duty cycle is 7.0%%an be confirmed that the use of pre-amplifiers near the
in this case, as shown in Figu?éb). These results indicate antenna system provides better sensitivity improvements
that, when measuring the GSM uplink spectral activity dhan the use of the spectrum analyser’s built-in amplifier.
our measurement location, an absolute estimation errorAithough the external pre-amplifier's gain was only 8—
nearly 6% was observed due to insufficient amplificatiorl1.5 dB, it enabled the detection of some signals that
In the case of GSM downlink, poor sensitivity levelsvere not detected with the spectrum analyser’s 25-dB gain
resulted in severe underestimation of spectral activitipuilt-in amplifier. However, Figur&(d) demonstrates that
While the results obtained without amplification in Figurdoth amplifiers are required in order to properly detect the
2(c) conclude that the GSM downlink band is subject tpresence of licensed systems operating in the measured
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3. FREQUENCY DIMENSION

. BWA without amplifiers . BWA with external amplifier
g =70 n% =70
S o S - When the measurement equipment is designed, the next
€100 3450 ss00 3550 seoo™ "Moo a4s0 sso0 3sso seoo  required step is to decide the frequency blocks (frequency
S Averagedutycycle=0.72% 5 Average duty cycle =160 % spans) to be measured. This task basically consists in
g" 8" dividing the entire frequency range under study into
> 0 > 0 e smaller frequency blocks/spans over which measurements
G 3400 3450 36003550 3600 5 3400 3450 9600 9850 3600 are performed individually. This is necessary, especially
(@) (b) in broadband measurement campaigns, because measuring
the whole frequency range under study as a single
= 70 BWA with built-in amplifier = 70 BWA with both amplifiers measurement blOCk WOUld reSUlt in an eXtreme'y poor
g o g o0 frequency resolution and hence in a very coarse spectrum
ﬁ_”ﬁtoo e 3600§_1%%EHO ——— 35%0%3500 occupancy estimation. In previous spectrum measurement

R N campaigns, the division into frequency blocks/spans
verage duty cycle = 0.71 % . . . .
has been performed according to arbitrary criteria

%100 :’100
50 & 50 il "'L" and following a single-stage measurement procedure.
0 2 0
[a]

3400 3450 3500 3550 3600 3400 3450 3500 3550 aseoo However, when little is known about the spectrum bands to
Frequency (MHz) Frequency (MHz)

)

Average duty cycle = 12.52 %

Duty cycl

be measured and their spectral activity, a more reasonable
© (@ approach is to follow a two-stage measurement procedure

as performed in 30, 31]. In the first stage, the whole

Figure 3. Impact of amplification on the activity detected fo T . .
BWA: (a) without amplifiers(b) with external amplifier(c) with frequency range is divided into relatively large frequency

built-in amplifier, and(d) with both amplifiers. blocks/spans, as ir8f] (500 MHz) or in [18] (1500 MHz,
see table2). The measurement of such wide frequency
blocks enables obtaining a first picture of spectrum
o o ) occupancy very quickly since only a few frequency blocks
band. These results indicate that amplification by itself [§aed to be measured. This information may be useful to
not enough: an appropriate amplification configuration f§etermine which spectrum bands are subject to higher
required in order to accurately estimate spectrum usageqctiity levels and are therefore worthy of a more detailed

Other important aspect concerning the design of tisgudy. Based on this first impression and following the
measurement setup (frequently neglected in previolgsal spectrum allocations, the entire frequency range can
spectrum measurement campaigns) is the presencethsin be divided into smaller blocks/spans in such a way
interconnection accessories such as cables, connectbrstqat higher frequency resolutions are obtained in those
adapters. Before performing any measurements, all th@nds where some spectral activity is detected and/or the
devices between the antenna output port and the spectiigfsmitted signals’ bandwidth is narrow@d].
analyser input port need to be calibrated such that theThe relation between the transmitted signal’s bandwidth
power loss/gain introduced by them is known over th@nd the frequency resolution is an important aspect to
entire frequency range. These values are needed in ordeP§o@ccounted for that, unfortunately, has received little

provide amplitude corrections for the measured PSD datdltention in previous spectrum measurement campaigns.
For a given number of measured frequency points per

Finally, the spectrum analyser constitutes the Keyjock/span, the frequency bin size (i.e., the separation
element of the measurement setup. Since the differgyveen two consecutively measured frequency points)
operating modes of spectrum analysers can significanfhtreases with the frequency span. In general, higher
alter the results of a measurement, proper paramef@iquency bins tend to result in higher spectrum
selection is crucial to produce valid and meaningful resultoccupancy rates, as it is shown in Figuefor the
Although the basic principles of spectral analy&i§|[need Digital Cellular System (DCS) and the Universal Mobile
to be taken into account, some particular aspects specificTslecommunications System (UMTS) downlink bands.
CR have to be considered as well in order to obtain reliablowever, the exact behaviour in both cases is different. In
and accurate results in the context of CR. Secti®asnd the case of DCS 1800, for frequency bins lower than the
4 discuss the proper selection of configuration parametdrandwidth of the transmitted DCS signal (200 kHz), the
related to the frequency and time domains, respectively. average duty cycles (45.16% and 58.91%) indicate that the

Copyright(©) 2010 AEIT Euro. Trans. Telecomm21: 1-15(2010)
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100} e

---Frequency bin = 68.2 kHz / Average duty cycle = 45.16 %

—Frequency bin = 145.4 kHz / Average duty cycle = 58.91 %)

=—Frequency bin = 1000 kHz / Average duty cycle = 84.68 %
T =

I ik

1820 1835 1850 1865 1880
Frequency (MHz)

guard bands (as shown in Figudéb)), where the duty
cycle is zero. Based on this discussion, it can be concluded
that if the frequency bin is larger than the bandwidth of
the signal being measured, spectrum occupancy is notably
overestimated. On the other hand, occupancy estimation
is reasonably accurate as long as the frequency bin size
remains acceptably narrower than the signal bandwidth.

@ Another aspect related to the frequency dimension is

the employed Resolution BandWidth (RBW). Narrowing
the RBW increases the system’s ability to resolve signals
in frequency and decreases the noise floor, which in turn
improves the ability to detect weak signals, at the cost of
increased measurement time&$][ This trend is illustrated
in Table3. As it can be appreciated, decreasing the RBW
results in higher average duty cycles for the same band
(enhanced capability to detect the presence of licensed
signals within the measured frequency range) as well
Figure 4. Impact of the frequency bin on the activity detected foRS higher average sweep times (i.e., longer inter-sample
(a) DCS 1800 downlink, anh) UMTS downlink. intervals and therefore longer required measurement
periods to obtain the same number of samples). The band
. . considered in this example (146-235 MHz) comprises
bf"md is subject to modgrate .usage levels. For a freqL’erfFé’nsmissions from radio technologies with various signal
bin of 1 MHz, which is quite greater than the signaj,,,qyidths including Private Mobile Radio (PMR)

bandwidth, the obtained duty cycle of 84.68% incorrectl . .
concludes that the same band experiences a high Ieve%g%works (12.5/25 kHz), wireless microphones (200 kHz)

utilisation. This phenomenon can be explained as followgr]d Digital Audio Broadcasting (DAB) .sy.stems (1'54
As it can be observed in Figurd(a) for DCS 1800, MHz). As g.res_ult, the occupancy statistics shown in
some regions of the band are occupied during the entifable3 implicitly include the effects of several RBWs on
measurement period. As a result, the three frequen@&ﬁerent signal bandwidths. In the performed experiment,
bin values agree and provide similar duty cycles (nearfe 10-kHz RBW can be considered as an adequate
100%) in such portions of the band. In other regiongade-off between detection capability (represented by th
where the activity is lower, different frequency bin valueaverage duty cycle) and measurement time (represented by
provide very different results. Concretely, large frequen the average sweep time). For the results shown in Table
bin values tend to overestimate spectrum occupancy. kae 10-kHz RBW configuration only misses the detection
example, if a frequency bin of 1000 kHz is used, @&f58.04% —56.08%- 2% of licensed signals with respect
single high-power 200 kHz active channel within the biR, the 3-kHz RBW configuration while it is able to capture
may result in the entire 1000 kHz bin being declared 88495/2 815 = 2.67 times more PSD samples within the
occupied. As a result, frequency bin values larger than e measurement period. Wider RBWs result in shorter

the signal bandwidth lead to important overestimatior}ilerage sweep times but higher estimation errors, up to
of spectrum occupancy in regions with moderate activiti/ for the 300-kHz RBW configuration More,over

0,
levels, which in turn results in greater average duty cycles7'68/9 .
for the entire band. In the case of UMTS the studiednce signal bandwidths of less than 10 kHz are unusual,
frequency bins are always lower than the signal bandwidfh0-kHz RBW can be considered as more than enough to
(5 MHz). Although the average duty cycle increases witkgsolve signals in frequency for most of the existing radio
the frequency bin, the difference is less significant (onfgchnologies. Based on these observations, a 10-kHz RBW
8.5% between 109 and 1000 kHz). This difference ca@n be considered as an appropriate choice for broadband
indeed be ascribed to the fact that for the lower frequenspectrum surveys, offering an adequate trade-off between
bins some frequency points lie within the UMTS channelgletection capability and required measurement time.

---Frequency bin = 109.0 kHz / Average duty cycle = 51.79 %)
—Frequency bin = 745.5 kHz / Average duty cycle = 56.98 %|
—Frequency bin = 1000 kHz / Average duty cycle = 60.29 %

Duty cycle (%)

2150

,,,,,,,,,,,,,

2160

[—— I
213 2140
Frequency (MHz)

(b)

0|
2110
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8 M. LOPEZ-BENTEZ AND F. CASADEVALL

gable 30-' tl)mpact ‘L%he Begggﬁwm bandwidth on the activityyolution of the duty cycle for different frequencies along
etected between an z one day. The obtained results are shown in FigG@sd6.
As it can be appreciated in Figuke the activity in the
measured band was produced by at least two base stations,

RBW  Average duty cycle Average sweep time

3 kHz 58.04% 7.49s . .

i which can be inferred from the two broadcast channels
10 kHz 56.08% 2.8ls that can clearly be identified at 1863.2 MHz and 1867.4
30 kHz 50.84% 1.85s MHz for their constant duty cycles (the latter is lower
100 kHz 43.30% 0.92s than 100% because of the distance from the base station
300 kHz 40.36% 0.79s and the experienced fading loss). Traffic channels are also

distinguishable in Figuré for their temporal variation.

In the particular case of broadcast channels, the spectral
4. TIME DIMENSION activity is constant and hence thestantaneousluty cycle

The time dimension of spectrum measurements is mainrR/atCheS the average value at every time instant. As a result,

defined by two parameters, namely the sampling ra 1.-hour measurement period would report an acceptable
i.e. the rate at which PSD samples are captured, and imate of the actual occupancy rate regardless of the

measurement period. While the former is constrained (aﬁH"rt time. This conclusm_)n is valid npt iny for broadca;t
in some cases automatically adjusted) by the measurem nnels of cellular mobile communication systems but in
device, the latter can be easily controlled. general for transmitters with a constant temporal activity

Very different measurement periods have been consi@ttern such as TV and FM broadcast stations, among
ered in previous spectrum measurement campaigns, ag'@hy other types of wireless systems.

can be appreciated in the summary shown in Table Although broadcast channels in Figéirshow a constant
The selected measurement period depends on the traaigtivity pattern, the rest of the band exhibits an oscillgti

off between the overall time required to complete thbehaviour along time. When the entire band is considered,
measurement campaign and the particular objectives thk instantaneousduty cycle then notably differs from
the measurement study. Some previous studies have bggnaverage value. For example, Figé@randicates that a
aimed at identifying spectrum usage patterns over longhour measurement period started at 9:32 would report
periods and understanding any potential seasonality in ty& occupancy rate of 41.58% while the same time span
visible spectrum usage. For such kind of studies, longtarted at 12:32 and 15:32 would report average duty
term measurement campaigns with measurement periegg|es of 68.37% and 33.75%, respectively. None of these
of several years have been suggestet] B2. However, qjyes is representative of the actual average usage of
from the standpoint of resource utilisation, a short-terfpe pand since the true mean over the 24-hour period
evaluation and characterisation of spectrum usage \{s obtained to be 35.60%. Based on this discussion, a
frequently more interesting since in practice it has gagonable option to obtain representative results withou
important impact on the behaviour and performance of g, 3 hriori information of the band to be measured is to

DSA/CR network. In such a case, long-term measuremeiS, sijer measurement periods of at least 24 hours in order
are not necessary. Although the employed measurem%lgccoum for potential daily temporal patterns.
periods can be drastically shortened, a minimum number

of PSD samples is required to correctly characterise theAlthough @ 24-hour measurement period can be
spectral activity of the measured bands. In this contexedarded as adequate, it is certainly true that a relatively
and from a statistical viewpoint, the question is how lontfge number of recorded traces and thus reasonably long
should spectrum bands be measured in order to obtaifil§asurement periods are required to correctly charaeteris
representative estimate of the actual spectrum usagetlig spectral activity in allocated spectrum bands. For
such bands. This section tries to answer this question @yample, 48-hour periods would provide more realistic
showing the effects of the measurement period on t@stimates. Moreover, 7-day periods would also include
obtained results in a quantitative manner. To this enthe potentially different usage patterns of some spectrum
a portion of the DCS downlink band (1862.5-1875.pands in weekdays and weekends. A 24-hour measurement
MHz) was selected and measured during 24 hours. Theriod properly chosen can be considered as a reasonable
average duty cycle for each measured frequency point wisade-off between reliability of the obtained results and
computed over 1-hour periods, thus obtaining the timéme required to complete the measurement campaign.
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METHODOLOGICAL ASPECTS OF SPECTRUM OCCUPANCY EVALUATION 9

most generic case no prior information is available. If
Broadaast channel only power measurements of the spectrum utilisation

are available, the energy detection method is the only
,)‘

possibility left. Due to its simplicity and relevance to the
processing of power measurements, energy detection has

4

=

supposed to be idle. Therefore, the measured PSD samples
need to be compared to a threshold in order to determine
whether they correspond to occupied channels or not.

Time (hh:mm) The decision threshold is a critical parameter in data
post-processing since its value severely impacts the
Figure 5. Average duty cycle per hour for DCS downlink. obtained occupancy statistics. High decision thresholds
may result in underestimation of the actual spectrum
100 *—s—r—+————n—————————————— | 0ccupancy due to the misdetection of faded signals. On
ol 13?‘%831":"‘?&%‘15’0&'@2 ‘ ‘ | the other hand, excessively low decision thresholds may
' result in overestimation caused by noise samples above
1 the threshold. As shown in Figuré different systems
may exhibit different sensitivities to the variation of the
decision threshold. In general, the duty cycle for high-
{1 powered transmitters such as TV stations and cellular
communication base stations (downlink direction) shows a
T PYED 52 o5 lower decreasing rate as the decision threshold increases.
Time (hh:mm) On the other hand, for bands where the received signal
levels are lower the duty cycle is more sensitive to the
decision threshold, with changes from 100% to 0% in 5
dB or less. This observation highlights the importance of
5. DATA POST-PROCESSING using an adequate criterion to select the decision thrdshol

While the previous sections dealt with aspects to be Several methods to determine the decision threshold

considered before the measurement phase, this sectigi€ Peen employed in previous studies. Most of them
discusses different methods for post-processing tREE Pased om priori knowledge of noise properties. The
empirical data captured during the measurement stage &HgPlest way to determine the decision threshold based
the impact of such methods on the obtained statistic resufg the noise knowledge is via empirical analysis, where
Regardless of the final measurement campaign’s objectm? collected measurements are visually inspected and the
(e.g., definition of adequate DSA policies, identificatidn othreshold is arbitrarily placed somewhere in the middle
sparsely used frequency bands or development of spectrdiween the noise and signal curves. For example, the
usage models), one of the very first steps of data po#reshold in p-11] is decided based on visual inspection
processing is to determine which captured PSD samplels PSD curves. An alternative approach is adopted in
correspond to occupied and unoccupied channels. [25], where the spectral occupancy (average duty cycle)

To detect whether a frequency band is used by a licengédcomputed as a function of the decision threshold for
user, different sensing methods have been proposedsgveral used channels as in Figuteand the decision
the literature 3, 34]. They provide different trade-offs threshold is manually placed between the noise curve and
between required sensing time, complexity and detectitive curves corresponding to the used channels. The main
capabilities. Depending on how much information ishortcomings of these approaches are their arguably lack
available about the signal used by the licensed netwook rigour, subjectivity and difficulty to be implemented in
different performances can be reached. However, in the automated fashion.

< ('/47//‘, e

? 80 : M‘/"%’//W,ﬂ' o been a preferred approach for many past spectrum studies.
2 e "":";"‘Vﬁi‘“" // W/’I‘ /) Energy detection compares the received signal energy in a
g ; ‘V'/ !/‘i%l‘\l ' ” , / certain frequency band to a predefined decision threshold.
Ef ”/ /Iﬁ»"l\i If the signal lies above the threshold the band is declared to
s ""'¢ s be occupied by the licensed system. Otherwise the band is
<<

Ly

Frequency (MHz)

1875

15:32

60

40t

All channels
1862.5 - 1875.5 MHz

208 (Average = 35.60%)

Average duty cycle per hour (%)

0

Figure 6. Average duty cycle per hour for DCS downlink.
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100 #—%gogn— ‘ ‘ f as the decision threshoid f):
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Aero radio navigation/location — A —
PMR/TETRA & paging — & —

UMTS downlink —&—

o8 ounink - V() = Xonaz(f) @)
DCS uplink —&—
GSM downlink —— . . . . .
esmupink —— | This method will be referred to aslaxNoise criterion
v This option guarantees that no noise samples lie above
the threshold and therefore that spectrum occupancy
is never overestimated. However, occupancy may be
underestimated due to weak signal samples lying below the
maximum noise level. To solve this problem, an alternative
option is to fix the decision threshotd decibels above the

average noise level:
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Average duty cycle (%)
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Figure 7. Average duty cycle as a function of the decisionOise level (e.g.m =6 dB as in pa] or m =10 dB
threshold for different s;/ste)r/ns:TV (470-862 MHz), BWA (3400_53 suggested in3p]). This method will be referred to
3600 MHz), GSM uplink (880-915 MHz) and downlink (925-9602S "-dB criterion The main drawback of this method
MHz), DCS 1800 uplink (1710-1785 MHz) and downlink (18054S that the noise variance and also the maximum noise
1880 MHz), UMTS uplink (1920-1980 MHz) and downlinklevel X,,..(f) may vary band-by-band depending on
(2110-2170 MHz), PMR/TETRA and paging (406.1-470 MHz)several configuration parameters such as the frequency
and aeronautical radio navigation and location (960-1350 MHZ%pan, which makes difficult to precisely control the relatio
between the noise level and the decision threshold. As
illustrated in Figures, a fixed decision threshold may be
Masdimum noise level Xoma (f) Decision threshold (m'-dB) appropriate for certain measurement conditions but may
not be adequate if the measurement configuration changes
from one band to another. Therefore, a constantB
threshold over the entire measurement range may not be
appropriate. A different solution conciliating the prew#o
methods is thérobability of False Alarm (PFA) criterion

In the context of CR, the PFA is defined as the probability
that the CR network declares a channel to be occupied by
a licensed signal when it is actually free. This event may
be caused by strong noise samples along with low decision
thresholds. Based on a target PFA for a CR network equal
to Py, the decision threshold(f) at each measured
Frequency frequency pointf is fixed such that only a fractiof’s,

of the noise sampleX((f), measured by replacing the
antenna with a matched load, lie above the threshold:

_ _ N Y(f) = Fxlp) (1 = Pra) (3)
Other more rigorous methods to determine the decision

threshold are shown in Figui@ These methods assumeyhere F)?lf () represents the inverse dfx s (-), the
a perfect knowledge of the noise properties, at least efimulative ~distribution function of the noise values
the meanX,,cq,(f), minimum X,,;,,(f) and maximum X (f). It is worth noting that this alternative can be
Xmao(f) values at different frequencie$, which can considered as an intermediate approach between the
easily be measured by simply replacing the antenna withaxNoise criterion, where spectrum occupancy is never
a matched load. A simple possibility to determine theverestimated, and the»-dB criterion, where spectrum
decision threshold would be to select the maximum noigecupancy may be significantly over/underestimated. The
level X,,....(f) recorded at each measured frequency pointaximum overestimation error in which the PFA criterion

SSNUSISUUUSI VT VSUIU AN AU SRS USSPV, SV SPSSRVMISIR SIS

|Average noise level X,,can (f)

Decision threshold (PFA 1%) Decision threshold (m-dB)

Power spectral density

Minimum noise level X, (f)

Figure 8. Various criteria to determine the decision threshold.
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METHODOLOGICAL ASPECTS OF SPECTRUM OCCUPANCY EVALUATION 11

may incur is given by the value d;,, i.e. if the maximum threshold is further lowered with the PFA 2%, 5% and 10%
fraction of noise samples allowed to lie above the decisiamiteria, more weak signals are detected and the resulting
thresholdy(f) is equal toPy,, spectrum occupancy will average duty cycles increase (and so does the maximum
never be overestimated by an amount greater fian overestimation error). A similar trend is observed for weak
There exists a second category of algorithms tGSM uplink signals (870-915 MHz), although in this case
determine the decision threshold without aaypriori the PFA improvement is less significant.
knowledge of the noise properties. Some examples ardn the 2700-3000 MHz band (occupied only by a few
the Otsu’s algorithm 36] and the Recursive One-sidedmilitary radars) and the 5470-5875 MHz band (completely
Hypothesis Testing (ROHT) algorithm proposed 8v]] unoccupied), the PFA criterion increases the average duty
The main drawback of these algorithms is that they amycle by the same amount as tlt¢, parameter of the
more complex and based on some assumptions that nagorithm. For example, when moving from PFA 2% to
not hold. Moreover, such assumptions are not necess&fyA 5% the duty cycle increases about 3%. The absence of
when noise properties can be known as it is our case. Théisensed signals in these bands indicates that such irereas
methods are not considered in this study. is not caused by the detection of true weak signals but
To quantitatively assess the impact of the decisiomise samples above the threshold. As shown in Figure
threshold on the obtained occupancy statistics, the samesimilar behaviour is also observed for bands with high-
set of empirical data was post-processed based on thsver transmitters such as TV and GSM downlink. In this
energy detection principle but using the MaxNoise; case, this means that in such bands lowering the decision
dB and PFA criteria. The results obtained for variouthreshold below the maximum noise level with the PFA
frequency bands are shown in Figude Regarding the criterion does not result in the detection of some additiona
m-dB criterion, the performed experiments demonstrata/eak signals, which indeed do not exist in these bands, but
as previously mentioned, that a constant valuenofails the misinterpretation of some noise samples as signals. In
to provide consistent results over the entire measuremébich a case PFA results in an occupancy overestimation
range: while for some bands the obtained results are simiggual toP;, with respect to MaxNoise.
to those obtained with MaxNoise and PFA, for other bands It can be concluded that, in general, PFA improves the
the results are completely divergent. This indicates that tdetection performance of MaxNoise at the cost of a risk
suitability of this criterion is highly questionable. of incurring in overestimation errors in bands occupied by
The rest of this section focuses on the comparison Bfgh-power transmitters. Increasing the targgt, of the
MaxNoise and PFA. The comparison is performed bas&FA method improves the detection performance but also
on the occupancy statistics obtained for four differenetyp the maximum overestimation error. Based on the obtained
of bands, namely bands occupied by a wide diversif@sults, the PFA 1% criterion can be considered as a
of licensed systems (146-235 MHz and 235-317 MHZ)gasonable trade-off between improvement in the ability
high-power transmitters (470-870 MHz and 915-96® detect weak signals and overestimation error in bands
MHz), low-power transmitters (870-915 MHz), and bandgccupied by high-power transmitters.
sparsely used (2700-3000 MHz) or completely unoccupied
(5470-5875 MHz).
When the decision threshold is lowered from thg' CONCLUSIONS
MaxNoise criterion to the PFA 1% criterion, a maximumAlthough several spectrum measurement campaigns have
amount of 1% noise samples are allowed to lie aboweeen performed in the context of cognitive radio, there is a
the decision threshold, which may be detected as sigiatk of common and appropriate evaluation methodology,
samples. A maximum increase of 1% in the duty cycle duehich would be desirable not only to prevent inaccurate
to noise samples is hence expected in this case. Howevesults but also to enable the direct comparison of
Figure9 indicates that the average duty cycle for the 146results from different sources. This work has presented
235 MHz and 235-317 MHz bands, which are occupied ey comprehensive and in-depth discussion of several
awide variety of licensed systems, increases 12.76% (framportant methodological aspects that need to be carefully
43.32% to 56.08%) and 12.55% (from 28.90% to 41.45%gken into account when evaluating spectrum usage. A
respectively, when moving from MaxNoise to PFA 1%gquantitative evaluation of the impact of different indival
Since these increments are higher than 1% this cleaffctors on the obtained results along with various useful
means that PFA is able to detect some additional wegkidelines have been provided as well. The results
signals around the noise level in these bands. If the decisjoresented in this work highlight the importance of cargfull
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Figure 9. Impact of different decision threshold selection criteria ométected activity for various licensed frequency bands.

designing an appropriate methodology when evaluatingThe set of Power Spectral Density (PSD) samples
spectrum occupancy in the context of cognitive radi@ollected by a spectrum analyser over a time spgf,,
This work has contributed a unifying methodologicaind along a frequency spdfy,,,, can be represented by a
framework for future spectrum measurement campaignsN; x N; matrix M as

A. DUTY CYCLE DEFINITION M = [M(t;, f;)] (6)

This appendix provides a formal definition for the dutwhere each elemer/(¢;, f;) represents the PSD sample

cycle, which is used throughout this work as an evaluati@aptured at time instant (i = 1,2, ..., N;) and frequency

metric quantifying the ability to detect the presence of point f; (j = 1,2, ..., Ny).

licensed signal within a certain frequency range. To compute the duty cycle, the presence or absence
The duty cycle is computed based on a finite sef a licensed signal needs to be determined for each

of discrete measurements collected along a range p§pD sampleV (¢;, f;). In other words, for each captured

frequenciest’spon = Fitop — Fitart (frequency span) and pSp sample it is necessary to determine whether the

over a period of tim&s,q, = Titop — Tstart (tiMe span).  sample corresponds to a licensed signal sample or a
The mea;ured discrete time instant(Tstqr+ < ;i < noise sample. Several signal detection principles have bee
Tst0p) are given by proposed in the literature to perform such task, [34].

However, as discussed in secti@n when only power
measurements of the spectrum utilisation are available,
. i o the energy detection method is the only possibility left.
whereT;. represents the time resolution and is given binaray detection compares the received signal energy in
the spectrum analyser's sweep time, which in turn depengds.qain frequency band to a predefined threshold. If the
on the selected configuration parameters. For a given g | energy lies above the threshold, a licensed signal is
resolution;., the number of traces; collected within @ yecjared to be present. Otherwise, the measured frequency
time sparsyay, is given byN; = Tspan /T channel is supposed to be idle. Following this principle, a

The measured discrete frequency poiffifs(Foiare < binary spectral occupancy matrix
fj < Fsop) are given by

ti:Tstart+(i_1)'Trv i:1727"'7Nt (4)

fi=Fuae+(—1)-F, j=12....N; (5) Q= [Qt;, f7)] @)

where the frequency resolutiol, = F,,.,/N; is given is defined, where each elemesi(t;, f;) € {0,1} is
by the frequency bin, determined by the selected frequeng§mputed as

span Fy,,, and the number of frequency point¥;

measured by the spectrum analyser. Qti, f7) =M (i, £5),7(f5)) (8)
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with ~(f;) being an energy decision threshold fohigher duty cycles. Moreover, the duty cycle constitutes a

frequency pointf; and¢(z, y) a function defined as simple, intuitive and easily computable evaluation metric
0, z<uy
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