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A bstract: Due to the extensive growth of wireless communications, the usage of radio bands requires a
substantial optimized approach and rational treatment. Many new emerged communication scenarios necessitate
techniques for optimal spectrum evaluation and monitoring. This paper discusses various such approaches and par-
ticularly focuses on spectrum sharing and coexistence presenting several case studies. It offers insights into simula-
tion, modeling and measurement-based methodologies related to spectrum evaluation and utilization, focusing on the
effects before and after the digital switchover (DSO) of the TV systems. We investigate the usability of the different
propagation models in current wireless systems modeling, including the measurement-based validation of their preci-
sion for different scenarios. The article, furthermore, presents laboratory experiments on DVB-T and LTE-800 coex-
istence. Finally, it discuses a designed example of a nationwide monitoring system for intruder detection, comparing
several applied methods and their precision.
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METO/JHU 3A EBAJIYAIIUJA U MOHUTOPHUHI' HA PAIUOCIIEKTAP

AmncrpaxkT: Copa3Bojor Ha O6E3)KMIHATE KOMYHHKALIUH CE jaByBa II0Tpeda 0Ol OCTOjaHO ONTHMHU3HPAE H
paLOHAIHO KOPHUCTEHE Ha OICe3UTe Ha paanodpekBeHIuuTe. MHOryTe HOBM KOMYHHKALMCKH ClieHapHja Gapaat
TEXHUKH 3a eBallyallija ¥ MOHUTOPUHI Ha CHEKTapoT. Bo TpymoT ce pasrieayBaar moBeke MPUCTAIM HOBP3aHU CO
0BOj 1pobiieM co mocedeH (OKyc Ha HEKOJIKY pa3paboTeHH MPUMEPH 3a JICNICHhE Ha CIIEKTapOT M KOer3UCTEHIIMja Ha
TEXHOJOTHU. TPYyAOT JaBa AETald MOBP3aHU CO eBajyalHjaTa Ha CHEKTApOT IPEKy CHMYJALUH, MOJCIUpAme U
Mepeme, (OKycHupajku ce Ha eeKTHUTe mpel W MO JWrHTain3andjata Ha TENeBU3HCKUOT cucteM. Ce HCIUTYyBa
KOPHCTEHETO Ha Pa3yIMYHU MPONAranickd MOJEIN M CE NpaBH HHMBHA BalHIalMja cO Mepeme. J[OMONHUTEIHO ce
JTaJICHN pe3yNITaTh oJ1 JabOPaTOPUCKH EKCIIEPUMEHTH moBp3aHu co koersucteHurja Ha DVB-T u LTE Texnomnoruu.
Ha xpajoT e omuian cucteM 3a MOHUTOPUHT Ha HATPAITHHUIU BO CIIEKTapOT KOj (yHKIHMOHMpPA HA 1IeaTa TepUTOpHja
Ha eqHa qpkaBa. VcnuTyBaHu ce pa3iMYHE METO/H 3a JISTeKIHja OJ] aCMeKT Ha HUBHATA NPELH3HOCT.

Kayuynu 360poBu: paaunocnekrap; mepeme; Mmoaenupame; LTE; DTV; nerekuuja Ha HATpariHUIA

1. INTRODUCTION

The continuous increase in data rates and the
number of people using mobile communications
has been a trend over the last decade. Successful
implementation of digital television (DTV) and the
emergence of the digital dividend (DD), increases
significantly the demand for wireless services,
stimulated by new applications and the push to-
wards the Internet of Things (IoT) [1], 5G mobile
communications [2] and small cells [3]. The higher

number of users, as well as the diversity of the ser-
vices operating in the same or adjacent bands, con-
tributes to the increased spectrum evaluation and
optimization problems. This is why the planning
and managing of the spectrum imposes a necessity
for international regulations on global, regional
and national levels. The global radio services are
regulated coherently for all countries worldwide
under the auspices of the International Telecom-
munication Union. The regulation of the spectrum
requires clear approaches, rational usage and opti-
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mization, which is not a trivial task and needs
some comprehensive research, with variety of ap-
plied methodologies. Furthermore, the local regu-
lators need accurate results for the specific prob-
lems of spectrum management, caused by the co-
existence of wireless technologies. Some examples
are: the coexistence of DVB-T and LTE-800 or
WiFi-like devices operating within the TV band.
Such results can be obtained by focused measure-
ment campaigns, laboratory experiments and com-
prehensive calculations. Finally, the maintenance
and the protection of the spectrum impose a neces-
sity of nationwide monitoring systems.

In this context, the reminder of this article is
organized as follows: Section II describes the tar-
geted scenarios; Section III presents several case
studies on spectrum evaluation, detailing the re-
sults based on modeling and measurements. Secti-
on IV contains the laboratory experiments on
DVB-T and LTE-800 coexistence. In Section V,
the article provides solutions for radio interference
and intruder detection on a nationwide operational
level and finally, Section VI concludes the article.

2. USAGE SCENARIOS

The implementation of DSO leads to TV
White Spaces (TVWS), i.e. chunks of available
spectrum that can be used for a plethora of appli-
cations and services. First and foremost, it is tar-
geted for the mobile broadband services such as
LTE-800, as witnessed by the adoption of the DD
1, as well as the adoption of the DD 2 [4]. How-
ever, other potential scenarios are also viable, e.g.:

® Cellular use of white spaces where cellular
systems are secondary users of the TV bands
and they get access to the available spectrum
in addition to the licensed mobile bands.

e WiFi-like usage of TVWS where the second-
ary system is a fixed network operator, i.e. a
WLAN service provider, which deploys op-
portunistic spectrum access for WLAN-like
devices operating in the TV bands.

Both of the envisioned scenarios require a
clear and distinct technical and business feasibility
study for practical deployment.

3. DTV SPECTRUM MODELING
AND MEASUREMENT

Multiple interleaved methodologies and ap-
proaches should be engaged to obtain relevant re-
sults and conclusions regarding the coexistence of

different wireless technologies. A full list of utili-
zed methodologies involves: numerical calculati-
ons performed by multiple software packages,
simulations of behavior prediction, laboratory set-
up measurements, as well as field measurements.
The methodology also includes validation of re-
sults, obtained by comparison between the predic-
tions and the measurements. This section provides
details in spectrum modeling and measurement.
The main focus is on the UHF TV band, pinpo-
inting the most suitable propagation models and
measurement setup for DTV spectrum evaluation.

a) Modeling approach

The process of spectrum modeling for any
foreseen spectrum sharing scenario requires usage
of (as accurate as possible) radio propagation mo-
dels. Propagation models in general are divided
into empirical-statistical models and physical-ana-
lytical models. Empirical models are better adapted
to a quick and approximate coverage calculation,
while physical-analytical models may be computa-
tionally-intensive but they are much more accurate.

In order to verify the relevance of this metho-
dology for assessing TVWS, this section investi-
gates the influence of the used propagation model
on the channel availability, taking the territory of
the Republic of Macedonia as an example study
area [5]. The following figures (Figure 1 and Fig-
ure 2) present the number of free TV channels for
each location (pixel size 100x100 m) within the
target territory, when applying two different
propagation models. Figure 1 presents the estima-
ted available channels when the calculations in-
clude the statistical ITU propagation model [6],
without taking into consideration the real geo-
graphical terrain in the area. Figure 2 uses the
Longley-Rice propagation model [7] and the actual
terrain. Both cases apply same regulatory criteria
for channels availability.

The figures reveal that due to the highly
mountainous geographical characteristics of the
target area, the results significantly differ from
each other. In particular, the most common number
of available channels per location in the first case
is one or two, while in the second case this number
varies between five and ten. In the first case, the
maximum number of free channels is 20, while in
the second case this number is 40. Obliviously the
second approach involving actual terrain plus
Longley-Rice propagation model provides more
realistic white space availability.
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Fig. 1. TV channels availability
(ITU propagation model)

Fig. 2. TV channels availability
(Longley-Rice propagation model)

b) Spectrum availability
before and after DSO

The majority of the European countries have
completed the process of DSO for their television
systems [8]. The major DTV advantages are: in-
creased number of television programs, excellent
visual and audio quality, possible mobile and port-
able reception, plethora of new services and appli-
cations on demand, reflection-free picture and con-
stant signal quality.

This sub-section showcases the spectrum ava-
ilability obtained by measurements, before and
after the DSO in Macedonia. Furthermore, the ana-
lysis provides an evaluation of the available spec-
trum usability when assuming WiFi-like secondary
users operating in TVWS.

The measurement setup was customized to-
wards an accurate estimation of the TV signals and
it involved an Anritsu MS2690A spectrum ana-
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lyzer and a Sachwarzbeck bi-conical antenna. The
results revealed the primary system activities dur-
ing the DSO transition in terms of frequency spec-
trum utilization. Figure 3 shows the frequency
utilization of the 470 — 790 MHz band that is fore-
seen as the main TVWS provider. A visual com-
parison of the two figures (Fig.3-a and Fig.3-b)
proves the expansion of the TVWS after the DSO.
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Fig. 3. Spectrum occupancy in Macedonia

In order to calculate the real usable frequency
chunks for secondary communication that will not
degrade the operation of the primary TV reception,
the analysis firstly needs to determine the maxi-
mum received power for each TV channel. These
values represent an input to the calculation process,
which implements the ECC rules for operation of
the White Space Devices (WSD) in the TV band
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based on the SE43 Report 154. According to the
SE43, the implementation of any WSD should not
violate certain limits related to the degradation of
the TV reception location probability. Additional-
ly, the calculation of the secondary spectrum avail-
ability needs a precise specification of the WSD
transmission power and the required channel
bandwidth. One important parameter is the number
of adjacent TV channels, which will be protected
from the WSD transmissions in terms of the inter-
ference produced towards the TV receivers oper-
ating on the same channels. The requirement to
protect a higher number of adjacent TV channels
reduces the secondary spectrum availability.

In terms of TVWS usability, the continuity of
the available frequency channels for the WSD op-
eration also represents an important parameter. The
blocks of the available channels, also known as
available frequency chunks, are multiples of 8-
MHz frequency channels. The size of these fre-
quency chunks determines the operational WSD
channel bandwidth. According to the results, the
most promising scenario in terms of spectrum avai-
lability is the one immediately after the DSO, pro-
tecting =1 adjacent TV channels, due to the num-
ber of available chunks with a size of 8 MHz.

A quantitative study on the TVWS availabil-
ity prior and after the DSO would require a com-
parison of the secondary system performance in
terms of throughput achieved by the WSDs. In or-
der to obtain this performance metric, the calcu-
lation process requires an even more detailed de-
scription of the secondary system and its capabili-
ties.

The results reveal that the scenario involving
the TV band after the DSO, where the secondary
system operates over 8 MHz frequency chunks,
provides the best performance in terms of achie-
vable throughput. The organization in 16 MHz
chunks is less efficient mainly because of the spec-
trum utilization efficiency. The achievable through
iput prior the DSO is much lower for both cases (8
MHz and 16 MHz).

4. LABORATORY EVALUATION OF LTE-800
AND DVB-T COEXISTENCE

The recent DSO and the release of the upper
UHF bands for LTE services, has led to coexis-
tence issues between LTE-800 and DVB-T trans-
missions. This is a significant problem especially
for the DTV service degradation because the DTV
receivers are still manufactured to receive signals

in the upper UHF bands. Therefore, the regulatory
bodies have been particularly active in this area
performing tests and deriving the DTV service pro-
tection ratios for different types of commercial re-
ceivers.

The performed laboratory evaluation predicts
the LTE interference on DVB-T system perform-
ance. The analysis considers the current regulatory
recommendations. It numerically and experimen-
tally derives the DTV protection ratios, comprising
an USRP2-based [9] implementation of an LTE-
like signal generator, a DVB-T transmitter and re-
ceiver, and a video encoder. The performance
analyses consider different LTE transmission con-
figurations in terms of the transmit/receive power,
the bandwidth and the DTV frequency proximity
[10].

The LTE-like signal generated with the
USRP2 and the WBX daughterboard is combined
with a real DVB-T signal (generated with an R&S
transmitter, and video encoded by a Promax H264
encoder) and input directly to a Samsung
P2270HD TV. The practical setup and analyses are
presented in Figure 4-a). The desired signal levels
are achieved using adjustable attenuators and mea-
sured using an Anritsu MS2690A signal analyzer.
The LTE-like transmission uses a central frequen-
cy of 786MHz, while the DVB-T transmission/re-
ception is switched between channels 52-60 to eva-
luate the adjacent and co-channel DTV protection
ratios. The equipment used in the demo setup is
listed in the table within Figure 4-b).

Figure 4-c) presents the numerically and ex-
perimentally derived protection ratios for the LTE-
like transmitter and the four different DTV receiv-
ers, i.e. three typical Silicon receivers [11] and one
Samsung P2270HD TV. The LTE-like transmitter
uses 5 MHz bandwidth. The results consider a sce-
nario when the required signal level of the DTV
reception is —50 dBm. It is important to notice that
the practically obtained (with Samsung P2270HD)
and the numerically obtained (with the Silicon re-
ceivers from [11]) protection ratios experience in-
creased differences (up to 10 dB). This is due to
the non-linearity of the signals attenuation caused
by the used attenuators and the combiner in the
demo. In particular, some frequency chunks of the
DVB-T signal are more attenuated than others.
Based on the results, the USRP-based LTE-like
transmitter is a satisfying LTE emulator, since
there are only minor differences in the protection
ratios with the results in [11].
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Fig. 4. Demo setup and results for the practical evaluation
of DTV protection ratio with the LTE-like transmitter

5. ANALYSIS OF INTERFERENCE
AND INTRUDER DETECTION

The coexistence of DVB-T and LTE-800 may
often lead to undesirable consequences such as in-
terference and service outage. All national regula-
tory bodies perform radiomonitoring in order to
ensure quality reception by the end users. The
scope of their work targets continuous radiomoni-
toring of interference, control of technical and ex-
ploitation conditions (usual for operation of li-
censed wireless transmitters), discovery of unau-
thorized wireless transmitters as well as monitoring
of the spectrum usage.
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Modern radiomonitoring encompasses wire-
less signal receptions by fixed, remote and mobile
radiomonitoring stations and sensors. The received
signals are then subjected to analysis by Direction
Finding (DF), Time Difference of Arrival (TDoA),
Angle of Arrival (AoA) and/or hybrid (combination
of TDoA and AoA) methods for geolocation of
wireless transmitters.

The TDoA method determines the location of
a wireless transmitter by using a relative time dif-
ference of the received signal by several radio-
monitoring stations and sensors. The AoA method
determines the direction of arrival of a wireless
transmission using a receive antenna array. The
hybrid method combines TDoA and AoA charac-
teristics, in order to improve the precision. It ex-
ploits parabolic curves and DF lines stemming
from the TDoA and AoA methods and analyzes
their intersections to precisely find the geolocation
of a wireless transmitter [12].

This sub-section focuses on the practical (em-
pirical) evaluation and validation of the TDoA,
AoA and hybrid geolocation methods using the
nationwide spectrum monitoring system of the
Agency of Electronic Communications (AEC) in
Macedonia (see Figure 5-a). The empirical results
prove the validity and the precision of the designed
system and pave the way towards the modern ra-
diomonitoring for effective spectrum usage regu-
lations [13].

The empirical analysis exploits the operatio-
nal radiomonitoring system of AEC and a fixed
wireless transmitter (signal generator Anritsu
MS2690A) with a variable output power. The
transmitter is used to generate controllable trans-
missions of different wireless signals (e.g. DVB-T,
FM, TETRA, GSM, UMTS) under five distinct
measurement scenarios:

1. TDoA geolocation using three sensors closely
located to the position of the wireless trans-
mitter.

2. TDoA geolocation using three sensors located
far from the position of the wireless transmit-
ter.

3. TDoA geolocation using five sensors.

Hybrid geolocation three TDoA sensors (clo-
sely located to the actual position of the wire-
less transmitter) and a DF receiver.

5. Hybrid geolocation three TDoA sensors (lo-
cated far from the actual position of the wire-
less transmitter) and a DF receiver



72 L. Gavrilovska, P Latkoski, V. Atanasovski

[ EOETEEEE T, . R L e aaeemEp T

File View Mode umentiyOa-irgd  Took  Help

a)

MU Down (n-Eral 1485 X004 20T

> 1500 +
£
g 1000 —— i—
;.E;l—!
EE so0
=
E 1 = = ! = =
E oo
g 1 2 4 5

Scenarios

b)

c)

b 200 -
£ 150 — =
3
g 100 — — — —
£ u DVE-T
= Y 0 B LM
3 1 05 025
= Qutput power [W]
d)

Fig. 5. Transmitter localization using a nationwide monitoring system in the Republic of Macedonia
a) Distribution of TDoA sensors (AEC spectrum monitoring solution); b) Geolocation accuracy of the hybrid method for FM,
TETRA and DVB-T signals; ¢) Geolocation accuracy of the hybrid method for GSM signal with variable output power;
d) Geolocation accuracy of the AoA method for DVB-T and GSM signals with variable output power

The scenarios are chosen to reflect the effect
of the geometry and the number of used sensors on
the system performance having in mind the actual
operational characteristics of the wireless systems.
Measurements were conducted with variable out-
put power of the controlled wireless transmitter in
order to analyze the minimum transmitter power
that can be detected by the system. The metrics of
interest is the geolocation accuracy expressed in
the coordinate difference between the actual loca-
tion of the transmitter and the output of the chosen
geolocation method.

Figure 5-b shows that the accuracy for the
hybrid method is improved when the signal being

located has wider bandwidth (DVB-T as opposed
to FM and TETRA signals). Figure 5-c shows that
the accuracy of the hybrid method is the highest
for a GSM signal with lower power (higher powers
lead to interferences that affect the accuracy of the
system). Finally, Figure 5-d shows that the geolo-
cation for a DVB-T signal does not necessitate
TDoA sensors for high accuracy (as opposed to a
GSM signal).

The empirical evaluation in this analysis gives
a detailed insight into the performance of an op-
erational nationwide radiomonitoring system that
incorporates different radiomonitoring stations and
different geolocation methods.
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One of the main findings is that the hybrid
method offers the best performance in terms of
geolocation accuracy. The reason lies in the unique
combination of both TDoA and AoA benefits
within.

6. CONCLUSION

This article discussed a plethora of possible
methodologies and approaches in radio spectrum
evaluation. These methods (including laboratory
and field measurements, numerical and analytical
calculations, simulations and modeling) need to be
applied in combined manner in order to provide
accurate results and mutual validations. The spec-
trum re-usage and co-existence are hot topics and
above all an obvious necessity in the radio-com-
munications today and it requires careful selection
of tools and means when estimating the secondary
system characteristics. Furthermore, the applied
settings of each particular approach must be custo-
mized according to the primary and secondary sys-
tems. This article elaborated several case studies
on spectrum availability, pinpointing to possible
issues that may emerge by the coexistence of wire-
less technologies.
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