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Abstract—This paper considers fair radio resource assignment sizes and provide higher data rates for the foreseeableefutu
for secondary users operating in TV white space by means wireless access traffic demands? The answer to this question
of frequency hopping. The achieved throughput for differet  might be yes up to now but it will change to no at some
secondary users is used to measure the degree of faimess.eTh point because we can not support infinite increase of this dat
permissible transmission power for secondary users is setot  afic due to the existence of finite resources. Here, ressur
protect the TV transmission from excessive interference. Ence, preliminary refer to the financial resources, infrastrﬁretand

there are different limits on the secondary transmission pwer lect fi di ¢ Th dieg th
when operating in different idle TV channels because diffeent electromagnelic radio spectrum. € concerns regardiag

adjacent channels generates different amounts of interfance ~ fadio spectrum availability to adopt the growth in mobildada
based on the TV receiver transfer function in the frequency traffic has translated into a phenomenon known as spectrum

domain. Moreover, different free TV channels experience dt scarcity [4].

ferent amounts of interference due to the non-linearitiesn the . . . .

o : , Simultaneously with the emerging spectrum scarcity phe-
the free. TV channcls . developed based on the réceived Ty NOMeNoN, many experimental investigations have detetinine
signal, TV receiver characteristics and secondary user lation.  that the radio spectrum below 6 GHz is inefficiently utilized
For the sake of fair resource allocation, frequency hopping Where the duty cycles of some wireless systems reaches
is proposed herein, and its performance is evaluated. In tisi 1% or less [5]-[7]. Considering both facts of the need for
study, three different TV transmitters located in three different more spectral resources and being inefficient in utilizing t
cities in Sweden, namely, @vle, Stockholm and Linkdping, are  current available spectrum forms a paradox. A framework
exploited where the_ interference from the TV transmission nto that makes use of this paradox by accessing the spectrum
the free channels is measured. For the secondary system, the opportunistically called cognitive radio (CR) was first posed
deployment of indoor WiFi access points in an office environmnt 54 18] CR enables flexible access to the radio spectrum,twhic
is considered and simulated. The main finding is that frequeay can significantly enhance spectrum utilization efficien@j-[

hopping can provide fair radio resource distribution in terms of . S . L
the obtainable throughput. Moreover, it is shown that the deser [11]. Therefore, the ulimate objective of CR is to mitigate

the area is, the higher the achievable secondary throughpudue ~ th€ Spectrum scarcity by enabling dynamic spectrum access

to the higher attenuation of the interfering signals. (DSA), which allows unlicensed users, so-called secondary
Keywords-TV white space; Radio Resource Allocation: WiFi users (SUs), tollldentn‘y unut|I|zeq channels in the licehse

Access Points, Secondary Spectrum Access, Frequency Hopping; spectrum and utilize them dynamically as long as they do not

Throughput; TV Transmission | nterference. cause unacceptable interference to the communicationdy th
legacy spectrum licensees known as primary users (PUs) in
I, INTRODUCTION CR and DSA terminologies [12], [13]. The temporarily unused

_ . . . ortions of the spectrum are called spectrum white spaces
This paper is an extended version of [1] and it reports mor WS), spectrum holes or spectrum opportunities. Throughou
measurements analyses. this paper,the term WS will be used, which may exist in time,
At the beginning of its appearance, designers of wirefrequency, and space domains. To find a WS, one of three
less communication systems designers were concerned abaifiproaches can be used, namely, spectrum sensing, beacon
coverage to provide as wide as possible wireless accessignal and geo-location database [14]. Both spectrum isgnsi
Thereafter, capacity concern began to emerge where not onhd beacon signals are beyond the scope of this paper.
coverage is considered but also data rates as high as needed

are pursued [2]. Previous studies realized that the capactit d in 151 and h b v b tensivel
wireless networks had doubled every two and a half years ovefS Proposed in [15] and has subsequently been extensively
sed in literature. With a geo-location database approach,

a span of 104 years [2]. However, later studies have shown th%e SU needs to reports its location into a database, which

this rate is currently higher, but for the sake of illustoati en informs the SU about the available spectrum fo use
we can assume that this rate of wireless throughput increadfen | s ut val spectru USe
with the associated constrains. A geo-location database is

currently holds, then, we have a one million-fold incredaees : o L .
1965. This explosive growth is attributed to the reduced celPCteNtially beneficial when the activity pattern of the PU is
highly predictable or slowly varying (quasi-static) ovane.

size and the availability of the spectrum with wider bandhad Such systems include the terrestrial TV transmission ard th

[3]. In fact, both factors have their roots in spectrum-eda i .
; ; ; ; radar systems [16]. With a TV transmitter as a PU, the free of
aspects, as the former is feasible with the aid of spectruisere use channels are called TV white space (TVWS).

Consequently, a fundamental question that arises is do we ha
sufficient and wide spectrum to go further with smaller cell  In the case of terrestrial TV broadcasting, to avoid exces-

Using a geo-location database for accessing spectrum holes
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e The performance of secondary operation in TVWS is
evaluated in three different representative locations in
Sweden.

The reminder of this paper is structured as follows. Section
Il introduces the system model, including the TV broadcasti
transmission, the sharing model, SU power assignment and
the propagation model. In Section Ill, the motivation for
the frequency hopping framework is presented and discussed
The methodology for obtaining the parameters and for the
performance evaluation is presented in Section IV. Section
i V shows the numerical results and interpretations. Finally
! Section VI concludes the paper.

TVWS 'IFrequency
|:| II. SYSTEM MODEL
Frequency This section addresses aspects related to the system model
and is further divided into three subsections. The first sub-
Figure 1. TVWS concept. The free channels located to thet Agh section overviews the concept of WiFi-like secondary opera

available for lo- power secondary access at the left lonatind vice versa. tions in TVWS. The proceeding subsection explains how the

maximum allowed transmission power of the APs is executed.
Finally, the last subsection shows the model used to determi

sive interference into the TV transmission, SUs cannot hee t the received downlink power at the SUs terminals.
same channel. However, interference caused by SUs is not onl| ' .
limited to co-channel interference. In particular, in shange A Fi Secondary Access to the Terrestrial TV Band
scenarios, adjacent channel interference is an equalgreev =~ The UHF terrestrial TV broadcasting band lies between
problem. In [17], indoor home scenarios with cable, rooftop470—862 MHz and is divided intet9 of channelss MHz each.
antenna and set-top antenna reception of TV signals weré6 MHz is used for TV signals within each channel, wtile
analyzed. The spectrum reuse opportunities for SUs have bedIHz is deducted and evenly distributed as two guard bands
determined using the number of channels where it is possible at each side of the channel. The channels are indexed @s
transmit without causing harmful interference to TV reeess Wwhere
as a performance measure. Consequently, the transmission
capacity depends on which of the free channels are assigned f 21 < j < 49. (1)
a specific SU. Free channels that are exposed to interference T
from either local or neighboring TV masts will have lower  Each channef location in the frequency domain is deter-
throughput. One approach to allocate the available channejjned as
in a fair way among the users is to switch channels using a
pseudo-random sequence, igsing frequency hopping.

In the literature, the most related work is reported in [18]
and [19]. In [18], the potentials and performance of WiFi- A single TV transmitter serves a coverage area with a
like network deployments in TVWS are studied. In [19], the ragius 0f30 — 50 km using a transmission power 6 — 50
attainable throughput of WiFi systems deployed in TVWS isgB\w. Due to the high power of the TV transmitter and high TV
studied in comparison to the current deployment approach igyasts neighboring TV transmitters use different broatitugs

§1ATO+ 8 x (j —1) < 470+ 8 x j. )

the ISM band. channels (typically less than 10 channels). Consequeintly,
In contrast to the related work in the literature, the digtin each geo-location, a number of TV channels (generally more
contributions of this paper are as follows: than 40 channels) exist that are unoccupied and potentially

usable for low-power short-range secondary operations&he
into free channels and the secondary to secondar noccupied TV channels are called TVWS. Figure 1 presents

interference are all considered to provide a full picture conceptual demonsiration of TVWS.
for a secondary access scenario. According to [20], WiFi-like short-range indoor wireless
e A combination of measured data together with sim-Systems are the ‘sweet pomt’ for.seco_ndary operations In
ulations are used to obtain a realistic representative, Y /S for techno-economical considerations. Therefore, th
environment. deploym_ent of WiFi access points (AP_s) is considered in
o . . the studies conducted in this paper. It is assumed here that
e Frequency hopping is adopted as a technique to fairlymong the unoccupied TV channels, a specific number of
distribute the available free channels among the secchannels/ is available for the deployed APs. With secondary
ondary users. indoor operation in TVWS, both secondary and TV reception
e The interference from the TV transmission into the experience interference from TV and secondary transnmissio
free channels is empirically evaluated. This inter-respectively. Figure 2 illustrates the entire system maualel
ference is because of the non-linearities in the TVcluding mutually interfering signals and geo-locationatetse
transmitter chain in forms of spectrum leakage andaccessibility. Hereafter, WiFi APs are deployed followiting
intermodulation products. layout shown in Figure 3, where all APs are attached to the

e TV reception protection, TV transmission interference
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Figure 2. TVWS spectrum sharing using the geo-locationbdee-based
spectrum opportunities model. The geo-location datatmpepulated by the
TV transmitter either directly or by other entities such pscirum sensing

device or network. SUs access the database to inspect thebsvaadio

channels and their associated parameters. SUs also hagpau their . .
existence to the database to update different transmigsicameters. Figure 3. Deployment layout of APs. The APs are the smalllbfings. The
blue circles represent the areas served by the APs to rdfleatancept that

each SU terminal is attached to its closest AP. The red detshar users’
terminals. Both ther and they axes represent hypothetical Cartesian

- . . . di in units of .
building’s ceiling and equally spaced. Each SU terminal is coordinates In units of meters
linked to the closest AP. Users are uniformally distributed
throughout the entire building and within each floor.

. . in a specific channel and the power leaked from the adjacent
B. Permissible Transmission Power of APs channel into that channek; (k) is dependent on the selectivity
The permissible transmission power model is based on theurve of the TV receiver, which is determined as
interference tolerance of adjacent channels of the TV vecei
which guarantees a certain minimum level of TV reception

quality. In [21], interference of adjacent channels waseexp Fhtr
imentally evaluated. The aggregate interference comiam fr C(k) = < | H(f) |? dx) _
multiple SUs into channel at specific location coordinates FErr [dB]
(z,y) is denoted ad;.:(x,y), which is calculated as L
v (/ |H<f>|2dx> . ®
Itot(x7y) = ZZI",k+L(l‘,y)7 (3) 1 [dB]
ko’ where f/ and f; denote the upper and lower limits of the

it" TV channel, respectively, and (f) is the TV receiver’s
transfer function in the frequency domain. Both integnatio
terms of 6 are on their logarithmic scale.

where(z, y) are evaluated with a referen¢@ 0) denoting the
TV transmitter mast locationyV is the total number of SUs,
and I; x.1.(z,y) is the interference injected by thg" SU
occupying channet + L into a TV receiver located dtr, y). ) ,
. . C. Received Power at SU Terminals
If the TV received power on channél at location(x, y) ) i )
is Sy (,) and the minimum acceptable signal-to-interference  To obtain the received power at each SU terminal, a
ratio (SIR) isv, then to meet the TV reception requirements,Propagation model is required. In [22], a propagation model

we should satisfy based on combining the COST 231 [23] model and ITU-R
P.1238 [24] is developed. The model calculates the path loss
Sp(z,y) > v+ Liot(z,y). (4)  between the SU transmitter and receiver as
\évgere all quantities in (4) are on the logarithmic scale, i.e PL(d, f) = PLps + ad + neLy +nsLs + A, (7)

To determine the maximum permissible transmission powewhere PL(d, f) is the path loss when the transmitter operates
on channelk + L, one needs to account for the aggregateat a frequency off MHz and located at a distance of
interference from multiple SUs. Hence, a margin ©fdB  meters from the receiven,,, ny, L., and Ly are the number
can be used to compensate for this adjacent interferencef penetrated walls, number of penetrated floors, loss per
Accordingly, the maximum permissible transmission poveer f wall and loss per floor, respectively, and A are constants.

a SU in channek + L at location(z,y), say Pf, ; (z,y), is ~ Table | shows the model parameters for the case of an office
found as environment.

pt - e C(K) —§ 5 To accoun_t for thg—:- shadovy fading, the received power at
ks (2) = Sil@,y) =7 = (k) ®) channelk + L in location (z,y) is denoted ag’}; (z,y) and
where( (k) is the k*" adjacent channel power ratio (ACPR), modeled as a log-normally distributed random variable \&ith
which represents the difference between the power receivedean(Py, ; (z,y) — PL(d, f)) and standard deviation.

2016, © Copyright by authors, Published under agreement with IARIA - www.iaria.org



International Journal on Advances in Telecommunications, vol 9 no 1 & 2, year 2016, http://www.iariajournals.org/telecommunications/

TABLE I. Propagation Model and System Parameters

Parameter

value

~

T

k>4

25 dB [25]
—33dB [21
—43 dB [21
—48 dB [21
—50 dB [21
10 dB

0.17 dB/m [22]
1.4 dB [22]
0.231 wall/m [26]
5.9 dB [22]

14.0 dB [22]

6.0 dB [24]
—174 dBm/Hz

]
]
]
]

IIl. FAIR RADIO RESOURCESDISTRIBUTION
In this section, the motivation for having a fair radio When transmitting on channet + L with the maximum

resource allocation mechanism in TVWS is shown, whichPermissible power is denoted &%, and calculated as
is essentially the heterogeneity of the free TV channels.

Moreover, frequency hopping as an enabler for such fairness

is explained.

A. Heterogeneous Free Channels
Applying (5) to determine the maximum permissible AP game channek + L, IZV, is the interference from the TV

28

TABLE Il. Equipments and measurements parameters

Equipment/Parameters Type/Value

Antenna R&S HE200 (RF Module 2)
Spectrum Analyzer Anritsu MT8221B BTSMaster
Centre Frequency 666 MHz

Span 400 MHz

Resolution Bandwidth (RBW) 400 KHz

Preamplifier On

Input Attenuation 0dB

Detector RMS

Sweeptime (SWT) 840 ms

hop between the available channels in a random uncentlalize
manner. Through the use of frequency hopping, it is ensured
that no APs will be holding all the time on the channels with a
high SINR and none will be forced to use the low SINR chan-
nels during the entire time of operation. Therefore, by nsean
of frequency hopping, all APs will eventually achieve sianil
long-term throughput. The achievable downlink throughput

Piip(z,y)
Ck+L = |Og 1+ LA S ) (8)
S\ BRI+

whereI?, is the interference from other APs occupying the
v Tk+L

transmission power at a specific location provides differenyansmission into channel+ L andy is the background noise.
values for different channels due to the following reasons. . .
First - and most importantly - there are different adjacent NOt€ that the throughput obtained using (8) and throughout

channels indices; thereforé(k) takes different values for

the reminder of this paper iper Hertz capacity and given

different channels depending on which channels are used Hf) [Pits/sec/Hz]. For simplicity, the\/ available TV channels
the TV transmitter. Second, different used TV channels us@'€ locally re-indexed by the indicds< m < M. Suppose

different transmission powers, which provides differealues

of SL(IC, y)

Not only is the AP transmission power different for dif-
ferent channels, but the TV transmission interference int
different unoccupied channels also considerably variesa-M

that the SU terminal is served by its nearest AP that has an
index: and hops among th&/ available channels with equal
probabilities. Denote the channel used by the serving AP as
m at each hop. Thus, the average downlink through@,,

Qor each SU is calculated as

suring this interference in a specific area is a stand-alone
contribution of this paper as explained in Section V. This

PU interference originates from TV transmitter non-linées
in the form of spectral leakage and intermodulation prosluct
Spectral leakage essentially affects the first adjacentraia
while intermodulation products are found in different chels.

M .
1 PI; L(x7y)
Chop = 37 D108, [ 1+ — :
m=1 Z (ﬁmpﬁm(m; y)) + I,T,;V +n

Moreover, channels used by neighboring TV transmitters can 3=0

also generates interference. Although TV transmissicerfiet- i )
ence is more severe in outdoor operations, our measuremer{$ere

results presented in Section V show that the PU indoor iaterf 1 = m

ence into free TV channels is not negligible and considgrabl Bm = { 0 Otherwise

affects the performance of the SUs.
Having different permissible AP transmission power with Without loss of generality, one can neglect the interfeeeoic

different primary TV transmission interferences at diffier

adjacent channels among the APs because the use case is a

channels would result in having a wide range of throughputow-power short-range WiFi-like system.
achieved when using different channels. The following sub-
section proposes frequency hopping as a solution to pravide IV. METHODOLOGY

fair distribution of the available channels among the APs.

B. Frequency Hopping

The methodology for evaluating the proposed frequency
hopping framework is explained in this section. A repreaent
tive case study is considered in which data based on measure-

Frequency hopping is proposed in this paper to distributenents and simulations are obtained. Moreover, a simulation
the available heterogeneous free TV channels in a fair mannef deployed APs performing frequency hopping in TVWS is
among the APs. By frequency hopping, it is meant that the APgerformed based on the findings of the representative cases.
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Figure 4. Measurements locations in Gavle. Measurementgibns are the Figure 7. Measurements locations in Linkdping. Measurgméocations are
yellow markers the yellow markers.

—r

Spectrum I <

Analyzer

3/06 /20118

Figure 5. Measurements locations in Stockholm. Measur&srienations are
the yellow markers

Figure 8. Measurements setup

A. Obtaining TV Received Signal Power

SPLAT (RF signal propagation, loss, and terrain analysisind performed ir6 different locations, marked as L1-L6. The
tool) [27] is a simulation tool that is used to obtain the feed  measurements in Stockholm and Linkdping are complementar
signal power at each point inside the area under investigati and performed for comparisons and to consider areas with
The input data to SPLAT are the transmitter properties (e.gdifferent characteristics. Table Il shows the GPS coatéin
transmission power, mast height, and so forth) which wergyng descriptions of the measurements locations. GooglesMap

obtained from the Post and Transport Agency (PTS), thgmages for the measurements locations are also presented in
Swedish communication regulator. SPLAT uses the Longleyfigures 4, 5, and 7.

Rrice propagation model [27] and terrain data that are alvksl
online at [27]. The simulation results for chanri&l in the
surroundings of the Gavle area are shown as an example
Figure 11.

The measurements are performed using a set up that
consists of an antenna, a spectrum analyzer and a PC. The
Shtenna and the spectrum analyzer are used to capture the
signal in the entire TV band, which is then recorded using
L ) the PC for further analysis. The PC also controls the spectru
B. Measurements for Obtaining TV Interference into Free  analyzer. Figure 8 presents a field photo of the measurements
Channels setup. Moreover, the equipments and other parameters are

The TV transmission interference into free channels igorovided in Table I.
not covered by the simulation model; rather, an empirical
model for this interference is developed. Measurements are V. RESULTS
performed in three areas served by three different TV trans- The results can be divided into three parts, namely, fetch-
mitters in Sweden, namely in the cities of Gavle, Stockholming the interference from the TV transmission into the free
and Linkdping. In Gavle, the measurements were extensivehannels, obtaining the model parameters part and ewvatuati
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Figure 6. Maximum allowed transmission power density [dBaj/for a SU in channel®5, 48, and 35 (from left to right). All the color-coded values
correspond to the Gavle area.

TABLE IIl. Measurements Locations

Measurements Location Description GPS coordinates Active TV channels
L1  Next to the TV transmitter antenna  60.6400 N, 17.1322 E
L2  In a supermarket 60.6417 N, 17.1428 E
Gavle L3 In the city center 60.6734 N, 17.1395 E 24, 27, 30, 32, 46, 50
L4 In a school 60.6689 N, 17.1514 E
L5 In an apartment 60.6904 N, 17.1198 E
L6 At University of Gavle 60.6692 N, 17.1210 E
Stockholm Office complex (ELectrum) 59.4053 N, 17.9489 E 24,31, 39, 40, 42, 53
Linkding Central train station 58.4166 N, 15.6250 E 23, 38, 42, 50, 53, 55, 56

of the deployed APs part. The AP evaluation is based on th b0 — A
achieved throughput.
90} ""r‘""'-‘w'w;,\,w,\I Wi 1
A. Interference from TV Transmission into Free Channels .
The interference from the TV transmission is caused by -100- Channel boundaries 1
the non-linearities introduced by the TV transmitter power L \

amplifier. These non-linearities are divided into spectieak-

age and intermodulation products. Figure 9 is a qualitative
illustration of the measured leaked power at location L2
in Gavle as an example. In Figure 10, the intermodulatior 120 ‘ | ]
products are shown. For later analysis the quantitativerfgsd

-110 B

Power [dBm]

of both the spectrum leakage and the intermodulation pitsduc
are used.

To reflect the extent of the variety of the free TV channels,

-130

\

Noise floor

il
Wl

Lt

b s

i oLy

Y
L

-2 0 2 4
Frequency(Base Band) [MHz]

6 8 10

let us defineyy(k+ L) as the ratio between the permissible SU
transmission in channél+ L and the TV interference into the
same channel. In many channels, the valugyadpproacheso Figure 9. Measured spectrum of changélat location L2 in Gavle. The
as the best case. while as the worst case in the measurement§eaked power from chann@&0 into its adjacent channels is observed.
locations, the value of(47) is equivalent t®26 dB in location

L5.

calculated using (5). Figure 6 shows this permissible trasis

sion power density for channel$, 48, and35 in the Gavle
rea. These three channels have been chosen as reprgssntati
r the 1%, 274 and 3"¢ adjacent channels, respectively. The

B. Obtaining Model Parameters

As described in Subsection IV, the received TV signal
power and the TV interference into free channels are neede
The received TV signal power is obtained by SPLAT, as showtig ;re shows how the permissible transmission power for SU

in Figure 11 as an example of one channel. differs in different channels and different locations. Eaam-
Using the received TV signal power at all points in the ple, SUs can transmitting in chanrg# with an approximately
study area, the maximum permissible transmission power i80 dBm/Hz higher power density compared to transmit in
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Figure 11. SPLAT results for the received signal power faarotel24 [dBm] in the Gavle area as a function of the TV receiver lmrat
channel25. throughput with an average 6f8 bits/sec/Hz. Therefore, the
three available channels are shared among the three APs in a

C. APs Throughput fair manner.

At first, to show the creditability of using the frequency  ag another case, Figure 16 shows the achievable throughput
hopping scheme, the achieved throughput without and witlye; square meter in Stockholm when using different numbers

hopping is studied. Assume an AP serving area0 m* and ot Aps for different floor areas. All the findings shown in
three APs using three different TVWS channels without hoPF'gure 16 consider a hopping set fchannels, which are

ping. AP1 uses channel 47, AP2 transmits on channel 34, a annel24, 36, and48 chosen randomly.

AP3 operates on channel 36. These three channels are delecte

to have three different classes of the provided throughput. Now, suppose that frequency hopping is applied among
Figure 12 shows the cumulative distribution function (CDF)a certain set of channels, called a hopping set; then the
of the throughput on each channel when each AP holds oachieved throughput depends on the permissible trangmissi
its channel. As shown in this figure, user 1 served by APJpower and the TV interference on this hopping set. As an
obtains the lowest throughput all the time with an averageexample, consider the following three cases. In Case 1, the
of 2.6 bits/sec/Hz, while user 3 served by AP3 achieveshopping set is three interfered channels with low permissib
the highest throughput with an average @®fl bits/sec/Hz. transmission power; for this case, use chana¢ld5, and47.
Applying frequency hopping among the three channels foilCase 2 uses better channels than Case 1, namely channels
all APs would then make the three users achieve the sanih, 34 and35. the case 3 hopping set is the best, where chan-
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Figure 12. Achieved throughput CDF when using three diffeghannels
individually and when hopping is applied.

Figure 14. The 5, 10, 50, 90 and 95 percentile for the achi¢hezlighput

when using different sizes of hopping sets.
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Figure 15. Overall throughput achieved in the building tedain Gavle, L4

Figure 13. Achieved throughput CDF for three different casten 3
using different AP serving areas (i.e., different numbdr&\Bs).

channels are used by the APs with frequency hopping.

nels 35,36, and51 are used. As Figure 13 depicts, hopping _ _
among the case 1 set provides the lowest throughput, whileeparated when higher hopping sets are used.

using the channels in case 3 as a hopping set provides the Together with the hopping set, the AP serving area, which
highest throughput. the throughput in case 2 is in betwee@etermines the number of APs in the building, determines the
that of cases 1 and 3. Quantitatively, the case 1 set provideghjeved throughput in the entire building. Figure 15 shows
approximately50% of the throughput that the case 3 setpow the total throughput provided by the WiFi-like system is
achieves. affected by changes in the AP serving area and the hopping set
An important factor for the achieved throughput is the sizeFigure 15 shows that increasing the AP serving area de@ease
of the hopping set (i.e., the number of channels). In thiargg the provided throughput for the entire building becauseethe
a simulation is conducted in which the set size is changed. Thare less resources to handle the traffic. However, incrgaisa
hopping set is chosen such that the average channel quali®P serving area increases the distances between the ARs usin
is preserved when comparing different set sizes. Figure 1lthe same channel while hopping, which in turn decreases the

shows that the achieved throughput changes almost linearipterference among the APs. Therefore, the decrease in the
throughput does not occur linearly with the increase in the

when increasing the hopping set frointo 4 channels in

all regions of the CDF curve. However, for the mean andAP serving area. It is important to study the throughput map
above the50 percentile, when increasing the hopping sizein the building. Figure 17 presents a color-coded map of the
beyond4 channels, the linear increase stops and the gain ithroughputin one of the building floors with the APs locaton
the throughput tends to saturate. This result is due to ttie fa The figure is generated considering a deploymeriofAPs.
that APs using the same channel are more likely to be furthein general, it is observed from the figure that the closer & th
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Figure 18. Throughput's upper and lower bounds in the measents
locations in Gavle, Stockholm and Linkding.

Figure 16. Achievable capacity density in the simulatedding located in
Stockholm in the measurements location using different bems of APs and
different floor areas.

bounds. As shown in the figure, in the Stockholm area, higher
throughputs are attainable in both sides due to the existefhc
higher buildings and more objects that attenuate more of the
interfering signals. An important observation here is ttiet

TV signal in Stockholm is still high compared to that in Gavl
and Linkding, which enables high secondary transmission
power. This high received TV signal is observed despite the
high building and existence of attenuating objects, whigh i
due to some consideration in the system design of the TV
mast height and the transmission power. Comparing Gave an
Linkoding, it is observed that the performance is neariyioeal

with slightly higher performance in Linkding. Note thatte
results are for the measurements locations which are specifi
cases. However, the general tendency can be extrapolated.

VI. CONCLUSION

Throughout this paper, the performance of a WiFi-like
Figure 17. Average throughput at different points in onehef building’s secondary network deployed in an office environment has
floors located in Gavle. The black rings are the deployed. APs been studied. Three different locations in three differtigs,
namely Gavle, Stockholm and Linkoing, all located in Seed
are considered for the studies within this paper. The seaxgnd
WiFi-like network operates in a TVWS using the geo-location
gatabase spectrum opportunities framework. The main enetri
sed in the performance evaluation is the achievable dawnli
r?éoughput for the access points. This achievable throughp
determined using the permissible transmission poweigtwh
protects the TV reception, the interference among the acces

APs are located at one side and therefore have longer distand?©Nts and the TV transmission interference. All these pa-
to APs located at the edges. On the other hand, the APs fiRMeters have been obtained using either measurements or
the middle receive interference from all directions witwes  S'Mulations for a realistic scenario. The results have show

: . ; : . that different TV channels experience a large variety irirthe
?r:?é%rz]%epsu{rom the interferes, which decreases their geoli provided throughput. Therefore, frequency hopping is iagpl

) . for fair resource distribution among the access points.eévior
For comparison, Figure 18 shows the upper and lowepyer an investigation on the impacts of the size of the hagppi
bounds for the entire building throughput for the simulatedset and the number of deployed APs has also been conducted.

office building located in Gavle, Stockholm and Linkding.

The bounds are considered when the hopping set is composed REFERENCES

,Of 3 Channels_' For the upper bounds, th,e b&gthann,els [1] M. Hamid and N. Bjorsell, “Frequency hopping for fairdia resources
in each location are used for the hopping set, while the allocation in TVWS,” in 11th Int. Conf. Wireless and Mobileo@mun.
worst 3 channels are used to reach the lower throughputs’ (ICWMC), Oct. 2015, pp. 71-76.

AP that the user is, the higher the throughput that they vecei
This result is not only because of the higher received powe
from the AP but also because of being further from the othe
APs that use the same channel and hence, less interferenc
experienced. Moreover, the APs located closer to the edges
the building supply higher throughput because other iater§

2016, © Copyright by authors, Published under agreement with IARIA - www.iaria.org



International Journal on Advances in Telecommunications, vol 9 no 1 & 2, year 2016, http://www.iariajournals.org/telecommunications/

(2]

(3]

(4

(5]

(6]

(7]

(8]

El

[20]

[11]

[12]

[13]

[14]

[15]

M. Dohler, R. W. Heath, A. Lozano, C. B. Papadias, and R. A.

Valenzuela, “Is the phy layer dead?” IEEE Communicationgdine,
vol. 49, no. 4, Apr. 2011, pp. 159-165.

V. Chandrasekhar, J. G. Andrews, and A. Gatherer, “Fegltonet-
works: a survey,” IEEE Communications Magazine, vol. 46, dSep.
2008, pp. 59-67.

G. Staple and K. Werbach, “The end of spectrum scarcipe¢trum
allocation and utilization],” IEEE Spectrum, vol. 41, nqg.ar. 2004,
pp. 48-52.

M. Wellens, J. Wu, and P. Mahonen, “Evaluation of spattieccupancy
in indoor and outdoor scenario in the context of cognitivdiod in

2nd International Conference on Cognitive Radio Orientetleléss
Networks and Communications, (CrownCom), Aug. 2007, p 42
427.

R. I. C. Chiang, G. B. Rowe, and K. W. Sowerby, “A quanfitat
analysis of spectral occupancy measurements for cognidde®,” in
Vehicular Technology Conference, 2007. VTC2007-Sprilt=E 65th,
Apr. 2007, pp. 3016-3020.

T. M. Taher, R. B. Bacchus, K. J. Zdunek, and D. A. Robersanng-
term spectral occupancy findings in chicago,” in IEEE Synposon
New Frontiers in Dynamic Spectrum Access Networks (DySPARy
2011, pp. 100-107.

J. Mitola, “Cognitive radio for flexible mobile multiméal com-
munications,” in IEEE Int. Workshop on Mobile Multimedia @e
mun.(MoMuC), 1999, pp. 3 -10.

S. Haykin, “Cognitive radio: brain-empowered wirelessmmunica-
tions,” IEEE Journal on Selected Areas in Communications, 23,
no. 2, February 2005, pp. 201 — 220.

S. Stotas and A. Nallanathan, “Enhancing the capacityspectrum
sharing cognitive radio networks,” IEEE Transactions orhivelar
Technology, vol. 60, no. 8, Oct. 2011, pp. 3768-3779.

——, “On the throughput and spectrum sensing enhanceoferppor-
tunistic spectrum access cognitive radio networks,” IEEEN$actions
on Wireless Communications, vol. 11, no. 1, Jan. 2012, ppl07.

A. Attar, O. Holland, M. R. Nakhai, and A. H. Aghvami, ‘terference-
limited resource allocation for cognitive radio in orthogd frequency-
division multiplexing networks,” IET Communications, va, no. 6,
Jul. 2008, pp. 806-814.

G. Hattab and M. Ibnkahla, “Multiband spectrum acce&eat
promises for future cognitive radio networks,” Proceediofthe IEEE,
vol. 102, no. 3, Mar. 2014, pp. 282-306.

A. Ghasemi and E. Sousa, “Spectrum sensing in cognitagio
networks: requirements, challenges and design trad¢-t#EE Com-
munications Magazine, vol. 46, no. 4, April 2008, pp. 32 —39.

M. Denkovska, P. Latkoski, and L. Gavrilovska, “Geadtion database

[16]

[17]

(18]

[29]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

34

approach for secondary spectrum usage of TVWS,” in 19thcdete
mun. Forum (TELFOR), Nov. 2011, pp. 369 —-372.

M. Nekovee, T. Irnich, and J. Karlsson, “Worldwide tdsnin regulation
of secondary access to white spaces using cognitive ratiEE
Wireless Communications, vol. 19, no. 4, Aug. 2012, pp. 82-4

E. Obregon and J. Zander, “Short range white spacezafiitin in
broadcast systems for indoor environments,” in IEEE SynmpNew
Frontiers in Dynamic Spectrum Access Networks (DySPAN),.Ap
2010, pp. 1-6.

L. Simic, M. Petrova, and P. Mahonen, “Wi-Fi, but not otersids:
Performance analysis of a Wi-Fi-like network operating WVS under
realistic conditions,” in IEEE Int. Conf. on Commun. (ICQun. 2012,
pp. 1533-1538.

Y. Yang, L. Shi, and J. Zander, “On the capacity of Wi-Fstm in
TV white space with aggregate interference constraint@timint. Conf.
on Cognitive Radio Oriented Wireless Networks (CROWNCOW)I.
2013, pp. 123-128.

“Model integration and spectrum assessment methogplQUASAR
Deliverable D5.1,” Tech. Rep., Mar. 2011.

E. Obregon, L. Shi, J. Ferrer, and J. Zander, “Experialeverification
of indoorTV white space opportunity prediction model,” iroBeedings
of the Fifth International Conference on Cognitive RadioieBted
Wireless Networks Communications (CROWNCOM), Jun. 2018, p
1-5.

W. Yamada, M. Sasaki, T. Sugiyama, O. Holland, S. PingYé&oah-
Akowuah, J. Hwang, and H. Aghvami, “Indoor propagation mdde
TV white space,” in 2014 9th International Conference oni@ibge Ra-
dio Oriented Wireless Networks and Communications (CROV@INA,
Jun. 2014, pp. 209-214.

“Digital mobile radio: COST 231 view on the evolution wards
3rdgeneration systems,” Commission of the European Coriti@sin
Tech. Rep., 1989.

“Propagation data and prediction method for the plagnof indoor
radio communication systems and radio local area netwank¢he
frequency range 900 MHz to 100 GHz, ITU-R P.1238-7,” Techp.Re
2012.

A. Sahai, M. Mishra, R. Tandra, K. Woyach, G. Atia, andSéligrama,
“Prospects and challenges for spectrum sharing by cognitidios,” in
EE Seminar at Harvard, Feb. 2009.

D. H. Kang, K. W. Sung, and J. Zander, “Attainable useotiyhput
by dense Wi-Fi deployment at 5 GHz,” in IEEE 24th In. Symp. on
Personal Indoor and Mobile Radio Commun. (PIMRC), Sep. 20p3
3418-3422.

SPLAT! [Online]. Available:
html[retrieved:Aug.,2015]

http://www.gsl.net/kdsl/splat.

2016, © Copyright by authors, Published under agreement with IARIA - www.iaria.org



