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Abstract

Nowadays, the demand for high-quality multimedia services (video, audio, image, and data) is rapidly increasing. The
Digital Video Broadcasting - terrestrial (DVB-T) standard, its second-generation version (DVB-T2), and the Long-Term
Evolution (LTE) standard are the most promising systems to fulfill the demand for advanced multimedia services

(e.g., high-definition image and video quality), especially in Europe. However, LTE mobile services can operate in a part
of the UHF band allocated to DVB-T/T2 TV services previously. The main purpose of this work is to explore the
possible coexistences of DVB-T2-Lite and LTE systems in the same shared frequency band (co-channel coexistence)
under outdoor-to-indoor and indoor reception conditions. Furthermore, an applicable method for evaluating
coexistence scenarios between both systems is shown with a particular example. These coexistence scenarios
can be noncritical and critical. In the first case, both systems can coexist without significant performance degradation. In
the second one, a partial or full loss of DVB-T2-Lite and/or LTE signals can occur. We consider an indoor LTE
femtocell and outdoor-to-indoor DVB-T2-Lite signal reception in a frequency band from 791 up to 821 MHz.
Simulations of combined indoor and outdoor signal propagation are performed in MATLAB using 3rd Generation
Partnership Project (3GPP) channel models, separately for both DVB-T2-Lite and LTE systems. Correctness of path
loss simulation results is verified by measurements. Afterwards, an appropriate linear model is proposed which enables to
evaluate the impact of coexistence on performance of both systems in outdoor-to-indoor and indoor-to-indoor reception
scenarios. The results are related to an actual location in the building and are presented in floor plans. The floor
plans include different coexistence conditions (different power imbalance and different amount of overlay of the
radio channels). Service availability of both systems is verified again by measurements. The resulting maps help
better understand the effect of coexistence on achievable system performance under different indoor/outdoor
reception situations considering real transmission conditions.

Keywords: Channel model; Coexistence; DVB-T2-Lite; Indoor and outdoor-to-indoor propagation; LTE femtocell;

Path loss; QEF; EVM; CQIl; RF measurement

1 Introduction

Advanced wireless communication systems can provide
users with any type of multimedia. Thanks to this, the
idea to ‘connect, upload, download, share and transfer
anything at anytime and anywhere’ is not a futuristic vi-
sion [1,2]. From the viewpoint of service providers, effi-
cient usage of limited resources in the radio frequency
(RF) spectrum is one of the biggest challenges. Hence,
the increasing density of wireless networks and the
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increasing volume of user equipment (UE) terminals in use
escalate the risk of unwanted coexistence scenarios [3,4].

In the near future, the next-generation digital terrestrial
television broadcasting (DVB-T2/T2-Lite) and Long-Term
Evolution (LTE) systems will be deployed to provide multi-
media services for mobile and portable scenarios, mainly in
Europe. DVB-T2-Lite [5-8] is a new profile which was
added to the DVB-T2 system specification in April 2012.
This subset within DVB-T2 is very perspective for mobile
and portable TV broadcasting as it is designed to support
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low-capacity applications for advanced handheld receivers
[9]. It is based on the same core of technologies as the
DVB-T2 standard but uses only a limited number of
available modes. By avoiding the modes, which require
the most computational power and memory [6], the ne-
cessary complexity of T2-Lite-only receivers is reduced.
DVB-T2-Lite, compared to the first-generation DVB-T/
H [10], can support TV content delivery with higher
flexibility. Moreover, it can operate in VHF (from 174
up to 230 MHz) and UHF (from 470 up to 870 MHz)
bands, allocated earlier for DVB-T/H. From the view-
point of system flexibility, spectral efficiency, and avail-
able transmission scenarios, DVB-T2-Lite is the system
of choice for the next-generation terrestrial mobile and
portable digital TV broadcasting.

Third Generation Partnership Project (3GPP) LTE
[11-13] technology brings a new concept, based on
the Orthogonal Frequency Division Multiple Access
(OFDMA), into mobile communications. LTE sup-
ports high data rates and flexible system configuration
in order to adapt transmission parameters to the ac-
tual state of a radio link. LTE architecture involves a
specific type of cells called femtocells. These short
ranges, mainly indoor cells, improve coverage in de-
sired areas, especially buildings. Femtocells are served
by a special type of base station called Home eNodeB
(HeNB). LTE can exploit the same UHF frequency
bands which are already available for existing 2G/3G
networks (e.g., bands: 800, 900, 1,800, and 2,600 MHz).
Moreover, additional ranges (from 2.5 up to 2.7 GHz)
and the 700-MHz band are also allocated for LTE
usage. The European Union decided to harmonize the
‘800 MHz band’ in favor of the LTE services, starting
from January 2013 [4]. Consequently, DVB-T/T2 and
LTE services can occupy either the same or adjacent
frequency spectrum. As a result, unwanted coexistence
between DVB-T/T2 and LTE services can occur [4,14].

This work deals with the study of possible co-channel
coexistence between DVB-T2-Lite (outdoor-to-indoor
reception) and LTE services (provided by the femtocell)
under fixed indoor reception conditions.

The paper is organized as follows. An overview of
related work in the field of different wireless stan-
dards’ coexistence, especially DVB and LTE, is pre-
sented in Section 2. This section also includes a
detailed list of aims and contributions of this work. A
description of the explored coexistence scenario and
the considered DVB-T2-Lite system parameters are
presented in Section 3. Section 4 contains a descrip-
tion of the applied simulation method and the pro-
posed measurement testbed together with its detailed
setup. Results obtained from simulation and measurements
are presented and discussed in Section 5. Finally, Section 6
concludes the paper.
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2 Related works

Undesirable interactions between similar or different kinds
of wireless communication systems, operating in adjacent
or shared frequency bands, are not a new phenomenon
[3,15-18]. The exploration, monitoring, measurement, and
possible suppression of interferences are a hot topic. This
fact is also evidenced by many published studies available.
Authors of [19] studied the possible inter-band interfer-
ences between UMTS and GSM systems. In another work
[20], the coexistence between advanced wireless systems
and International Mobile Telecommunication-Advanced
(IMT-A) services is explored. Different kinds of coexist-
ence scenarios in LTE networks are analyzed in [21-23].
Possible methods to mitigate or suppress interferences
from coexistence between two different wireless sys-
tems are outlined in [24-26].

In the last decade, researchers’ attention has been de-
voted to the study of different coexistence scenarios be-
tween the DVB-T/T2 and LTE/LTE-A standards.

Table 1 summarizes the previously explored coexist-
ence scenarios between such systems. From the pre-
sented works, it is clearly seen that many times the
researchers use either only simulation tools or only dif-
ferent measuring methods to explore the coexistence
scenarios. Furthermore, in most works, a scenario is
considered in which macrocells are used to provide LTE
service coverage, coexisting with DVB-T2-Lite services
in the same or adjacent frequency band. The main aim
of this research article is to explore the interaction of
DVB-T2-Lite and LTE in a shared frequency band, such
that femtocells (HeNB) are used to provide LTE indoor
coverage. Attention is devoted to availability monitoring
of DVB-T2-Lite and LTE services in different locations
under fixed indoor reception conditions. For this pur-
pose, an appropriate simulation model is proposed and
verified by measurement. Based on these results, non-
critical (both DVB-T2-Lite and LTE system working)
and critical (partial or full loss of DVB-T2-Lite and/or
LTE signals) coexistence scenarios can be identified and
the general conclusions are outlined. To the best of our
knowledge, no similar exploration in this form has been
presented in any scientific or technical paper so far.

3 Considered coexistence scenario

The investigated coexistence scenario between the DVB-T/
T2 and LTE RF signals in the fixed indoor transmission sce-
nario is shown in Figure 1. The main system parameters of
DVB-T2-Lite and LTE systems, considered in this work,
can be found in Table 2. The DVB-T2-Lite TV signal is
broadcast in a single frequency network (SEN) at a center
frequency of 794 MHz and received by UEL in a building.
In the same building, LTE femtocells are deployed and the
HeNB provides mobile connectivity in a channel belonging
to Band 20 (from 791 up to 821 MHz). A user of UE2
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Table 1 Comparison of explored coexistence scenarios between DVB-T/T2 and LTE systems

Reference Coexistence scenario (TV broadcast scenario) Type of interference Results Evaluation parameters
[42] DVB-T vs. LTE (fixed) Mutual co-channel Simulation SNR, SINR, QoS

[43] LTE vs. DVB-T (fixed, portable) Adjacent channel Simulation PR, CR

[44] DVB-T vs. LTE (fixed) Adjacent channel Simulation BER, PF, PR

[45] DVB-T vs. LTE (fixed) Intersystem Simulation IPL, spectral overlap
[27] LTE-A vs. DVB-T (fixed) Intersystem Simulation ADL, FO

[46] LTE vs. DVB-T (fixed) Intersystem (co-channel) Measurement Data throughput, RSRQ
[47] DVB-T vs. LTE (fixed) Co-channel Simulation I/N, C/(N+)

[48] DVB-T/H vs. LTE (fixed) Co-channel Measurement SSIM, QEF, SIR

[30] LTE vs. DVB-T2-Lite (mobile) Adjacent channel Measurement SDR, QEF, EVM, MER
[31] DVB-T/T2 vs. LTE (partly mobile, fixed) Co-channel and adjacent channel Measurement SDR, BER, EVM, MER

This study  DVB-T2-Lite vs. LTE (fixed) Simulation/Measurement  QEF, partly CQl, EVM

Abbreviations: ADL, antenna discrimination loss; PER, packet error ratio; BER, bit error ratio; PF, picture failure; Cl, carrier-to-interference ratio; PR, protection ratio;
CR, correction factor; QEF, quasi error-free; CQl, channel quality indicator; QoS, quality-of-service; C/(N+l), carrier-to-noise+interference ratio; RSRQ, reference signal
received quality; EVM, error vector magnitude; SDR, spectral density ratio; FO, frequency offset; SIR, signal-to-interference ratio; IPL, interference power level; SINR,
SIR plus noise-ratio; I/N, interference associated to new sources; SNR, signal-to-noise ratio; MER, modulation error ratio; SSIM, structural similarity.

Co-channel (partial overlapping)

establishes connection with HeNB at downlink frequency
band from 795 (797.2 MHz) to 805 MHz (817.2 MHz).
We consider that the bandwidth of the LTE signal is 10 or

under outdoor-to-indoor and indoor-to-indoor condi-
tions, is presented. Furthermore, the proposed measure-
ment testbed and its setup, used in this work, are

introduced. The simulation and measurement campaign
consists of the following:

20 MHz, and intersystem frequency overlapping is from
0.8 up to 3 MHz. Consequently, coexistence between
HeNB (supporting 3GPP LTE Release 9) and DVB-T2-Lite
system can occur. As a specific type of coexistence, a
partial overlapping scenario is assumed. It means that the
channel of the interferer (in this case LTE) partially over-
laps with the channel of the victim (in this case DVB-T2- 2.
Lite) [27]. It is assumed that both UEs are stationary.

1. Simulation (propagation loss) and measurement of
LTE performance in different locations (indoor and
outdoor environment);

Simulation (propagation loss) and measurement of
DVB-T2-Lite performance in different locations
(indoor and outdoor environment);

Simulation and measurement of simultaneous
transmission (signal propagation) of both LTE and
DVB-T2-Lite RF signals in order to evaluate the

4 Simulation and measurement setup 3.
In this section, the simulation method, used to explore
the coexistence of digital TV and mobile RF signals
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Figure 1 Unwanted coexistences between DVB-T2-Lite and LTE services at fixed indoor transmission scenario. Supposed scenario where LTE femtocell is
indoors and DVB-T2-Lite signal penetrates from outdoor transmitter and affects performance.
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Table 2 DVB-T2-Lite and LTE main system parameters
considered in this study

DVB-T2-Lite LTE (Release 9)
BCH and LDPC Turbo

Definition of parameters

Type of FEC scheme

FEC code rate 2/3 1/3
Type of modulation 160AM QPSK
160AM
64QAM
Constellation rotation No -
IFFT size 2,048 (2K) 1,024 (10 MH2)
2,048 (20 MH2)
Type of PP pattern PP2 -
Guard interval duration 28 s 4.7 us
Transmission mode SISO SISO
Carrier frequency (MHz) 794 Downlink (791 + 821)
Channel bandwidth 8 MHz 10 MHz, 20 MHz
RF power 0.1 to 5) W (0.01 to 0.06) W
Channel environment Outdoor-to- Indoor (indoor-to-
indoor outdoor)
FEC decoding method 1D LLR [6] Max Log-map
Tx antenna height (m) 2 1

(above floor)

Rx antenna height (m) 1 1
(above floor)

Huawei e389u-15 (LTE UE
category 3)

LTE user equipment -

BCH, Bose-Chaudhuri-Hocquenghem; LLR, log likelihood ratio; FEC, forward
error correction; PP, pilot pattern; IFFT, inverse fast Fourier transform; SISO,
single-input single-output; LDPC, low-density parity-check.

influence of coexistence on the performance of both
systems (on physical layer (PHY) level); and

4. Identification of the noncritical (both systems can
coexist) and critical (partial or full loss of DVB-T2-Lite
and LTE signal) coexistence scenarios for both systems.

4.1 Simulation setup

The considered coexistence scenario was briefly outlined
in the previous section. In this work, we assume that
transmitters and receivers are located on the seventh
floor (the top floor) in the building of Brno University of
Technology (BUT), Faculty of Electrical Engineering and
Communications (FEEC) in Brno. Laboratories of Digital
TV Technology and Radio Communications, and Mobile
Communications of the Department of Radio Electronics
(DREL) are located on this floor. The floor plan of the sev-
enth floor is shown in Figure 2. Approximate dimensions
of the floor are 50 x 25 m. The HeNB is located in the
Laboratory of Mobile Communication Systems (room
7107), and the DVB-T2-Lite transmitter is located outdoor
on the terrace.
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The whole simulation model is realized in MATLAB.
Propagation of the LTE and DVB-T2-Lite RF signals are
simulated separately. The simulation of separate propa-
gation loss of LTE and DVB-T2-Lite RF signals will be
used as the reference (no coexistence).

The simulation model consists of three main parts for
both LTE and DVB-T systems. The first part represents
the simulation of a link budget, according to the 3GPP
recommendation for system level simulations [28,29] for
both coexisting systems. Signal strength in the receiver
can be expressed as follows:

P RX = P TX_L TXC =+ G T)(A—PL + G RXA_L RXC (1)

where Prx is transmitter power, Ltxc are wiring losses,
Grxa is transmitting antenna gain, Grxa is receiving an-
tenna gain, Lrxc are wiring losses, and finally, Prx is re-
ceived signal level. Path losses in wireless transmission
are denoted as PL (for details see Equation 3). Value of
Py is known from the transmitter setup. Values of
Lrxc, Lrxc, Grxa, and Grxa are constants depending on
the used equipment (for details see Subsection 4.2). The
second part represents the validation of obtained results
from the simulation according to the performed meas-
urement and their interpretation in a map. Details are in
Subsections 4.1 and 4.2. The last part compares power
imbalance of tested radio channels and computed
achievable performance of both systems in certain loca-
tions. Details are given in Section 5.

The propagation scenario of the LTE RF signal in femto-
cell involves indoor-to-indoor line-of-sight (LOS) propaga-
tion for the same room where HeNB is located (room
7107) and non-LOS (NLOS) for other indoor locations.
Path losses are modeled according to the 3GPP recommen-
dation for indoor LTE femtocell as described in [28],
denoted as UE to HeNB, where UE is inside the same
building as HeNB. In order to model indoor-to-outdoor
propagation from the HeNB to the measurement points on
the terrace, the original equation was extended with out-
door wall penetration loss. On the other hand, the recom-
mendations in [28] are generally valid for frequencies
around 2 GHz, but we exploit an 800-MHz band in this
study. Therefore, it is necessary to perform a correction as
described in [29]. This correction defines the correction
factor for 800 MHz as follows:

PL cor = 20log;(f.) (2)

where f; is carrier frequency in MHz.
The resulting path loss equation is:

PL = 38.46 + 20log(d) + 0.7d in + LP goor
+ gL mwan + #L outwan + PL cor (3)

where d is the distance between the HeNB and the UE,
di, is indoor propagation distance, LPg,,, is penetration



Polak et al. EURASIP Journal on Wireless Communications and Networking (2015) 2015:114 Page 5 of 14

x 90
G [dBi] = f (o[°])
120
Gmax =15.4 dBi
150
250
[tk :
: m TERRACE
200 ]'_'_T' 8
j = | & ' =
]. : ! 3 — '
| mer
[Tt e P ————
E 1s0f - Ifl:,:' 1 ._;L— | 210
S g « | '
> TR | K [
-3 Aty p S -  RSNSNS
E Il _i. " ™ -u " .n‘ .__‘ " = : —-[:..../ 300
& 100 [ ] i a 51 _ .. |ERP=30dBm
® " " " ®x  um " ® = = ==|2=
Measurement points bl ;
\é’: EIRP = 10 dBm | E|E5)
50 - = = n = ® = = = = = i o= " = | l
y ROOM 7107
- T e e L e e e e e m e
0 1 | 1 1 1 ]
0 100 200 300 400 500 800
Dimension X [dn)
LTE ¥ i DvB LTE e-nodeB DVB-T2 Test Transmitter
Analzyers

val

E

Antenna TechniSat (G <2 dBi) A
Feedline3 m (L = 1.6 dB)

USB Stick SEFRAM
HUAWEIE398  7866HD-12

PC with ROMES

Antenna Sectron
(G<3 dB|, incl. feeder)

USRP Unit
PC with Linux-based

SW for MME and
eNodeB emulation

Yagi Antenna (Gmax = 15.4 dBl)
Feedline 4.4 m (L = 2.1 dB)

RF Attenuator (L = 0 dB)
Feedline 1 m (L = 0.85 dB)

RF Power amplifier

(G =36-50dB)

Feedline 1.6 m (L= 1.1 dB)

R&S SFU Broadcast

Test Sysiem

Figure 2 Floor plan and general block diagram. Floor plan of the seventh floor in the building of BUT, FEEC, DREL and general block diagram of
the measurement testbed.

J

loss due to propagation through the floor (it is equal to
zero because a single-floor propagation scenario is as-
sumed), parameter ¢ is the number of indoor walls

separating the transmitter and receiver, Ly is the
penetration loss due to walls inside the building, # is the
number of outside walls, LoyTyan is the penetration loss



Polak et al. EURASIP Journal on Wireless Communications and Networking (2015) 2015:114

of the exterior wall, and PLcoy is the frequency correc-
tion factor as defined in [29] and shown in Equation 2.
In our case di, = d, LPgo., = 0 (single floor), ¢ > 0 (in
the case of the NLOS scenario), Linway = 5 dB, 7 is be-
tween 0 and 5 (depending on the concrete position on
the floor) and Loytwan = 10 dB.

The propagation scenario between the DVB-T2-Lite
transmitter and TV receiver is considered as outdoor-to-
indoor urban femtocell propagation, where the UE is
outside as described in [29]. The DVB-T2-Lite RF signal
attenuation with frequency correction can be calculated
similarly to Equation 3 as:

PL = max(15.3 + 37.6log,o(d), 38.46 + 20log,o(d))
+0.7d in + LP floor + g L inwatl + 1L ouTtwall + PL cor

(4)

where all variables have the same meaning as in Equation 3.

No fading was included in the data displayed in Figures 3
and 4, however, both fast fading and shadowing were com-
puted according to recommendations in [29].

Figures 3 and 4 show the results of LTE and DVB-T2-
Lite radio signal propagation obtained from simulation,
respectively. System parameters determined according to
the simulation results prove accessibility of wireless ser-
vices in all tested locations.

Path loss model data provides the basis for coexistence
simulations. We have provided a detailed description of
LTE and DVB-T2-Lite coexistence in our previous works
[30] and [31]. Based on data collected from the
mentioned measurements, we made a dense description
(linear model) of coexistence. There are two types of in-
put parameters for the models: global and local. The glo-
bal parameters are mainly represented by the settings of
both systems’ PHY, such as modulation used in DVB-
T2-Lite, inverse fast Fourier transform (IFFT) size, and
the Forward Error Correction (FEC) code rate of both
systems. Obviously, the overlapping bandwidth is also a
global parameter. Local parameters, used as the model
input, are mainly local power levels of signals, back-
ground noise, and the local fading model employed.
These parameters are input into the linear model, which
maps them to the Quality-of-Service (QoS) parameters.
More details can be found in Subsection 5.1.

4.2 Measurement setup

For evaluating the interaction of the described coexist-
ence scenarios between DVB-T2-Lite and LTE RF sig-
nals, the same measurement testbed was used as
described in our previous works ([30] and [31]). The
whole measurement campaign was implemented on the
seventh floor of the building of BUT, FEEC, DREL (see
Figure 2). The measurement campaign and the basic
principle of our measurement method are as follows.
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Firstly, the parameters and performance of the 3GPP
LTE network are measured in different locations on the
seventh floor. At the time of LTE measurement, T2-Lite
services were not broadcasted. The HeNB is located in
room 7107, and its antennas are placed on top of a table
(approximately 1 m above the floor). The HeNB consists
of two main hardware components, namely a PC with
the Fedora Linux operating system and universal soft-
ware radio peripheral (USRP) N210 from Ettus,
equipped with an SBX daughter card. The PC runs the
commercial software package Amari LTE [32], imple-
menting functions of LTE Mobile Management Entity
(MME) and eNB (both are 3GPP LTE Release 9 compli-
ant). A detailed configuration of the LTE network is
summarized in Table 2. The receiving UE is Huawei
€398-ul5 (Huawei, Shenzhen, China) (LTE UE Cat. 3)
[33], connected via USB port to a laptop equipped with
the Rohde & Schwarz drive test software ROMES4. For
receiving LTE services, the TechniSat Digiflex TT1 mo-
bile antenna (TechniSat, Vulkaneifel, Germany) was used
(G < 2 dBi). The length of its feed line is 3 m. The UE is
connected to an external antenna placed on a wooden
cart approximately 1.0 m above the floor. We set up the
connection between UE and HeNB and performed sim-
ultaneous full buffer transmissions in uplink and down-
link. The measurement was carried out in fixed points
distributed on the seventh floor as shown in Figure 2.
The receiving antenna was kept still for 2 min at each
measurement point and in each location we have col-
lected approximately 100 samples of each network param-
eter of interest (including RSS, Channel Quality Indicator
(CQYI), Error Vector Magnitude (EVM), etc.).

Secondly, we have measured the performance of the
DVB-T2-Lite signal in different locations on the seventh
floor. At the time of T2-Lite measurement, LTE services
were not provided. By using the R&S single frequency unit
(SFU) broadcast test system, an appropriate video transport
stream for portable TV scenarios was generated. Then, the
DVB-T2-Lite complete system configuration was set up,
and the output signal was RF modulated (to the frequency
of 794 MHz). For its amplification, a custom-built RF
power amplifier (PA), based on hybrid module Mitsubishi
RA20H8087M (Mitsubishi Electric, Tokyo, Japan) [34], was
applied. This RF three-stage module is primarily destined
for transmitters using FM modulation that operate in the
range 806 up to 870 MHz, but it may also be applied in lin-
ear systems by setting the proper drain quiescent current
with externally settable gate voltage. The PA was assembled
according to the recommendations of the producers and
thoroughly tested. The comprehensive measurement dem-
onstrates that this PA can be used in a wider band, circa
from 650 to 900 MHz, and can be used in the presented
coexistence test. The gain of the PA strongly varies in the
introduced frequency range from 36 to 50 dB, but in a
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Figure 3 Simulation of LTE RF signal propagation. The HeNB is located in room 7107 (the blue triangle), and network parameters are as described in
Table 2. The path loss model was adopted from [28] and extended for the 800-MHz band according to [29] (see Equations 2 and 3). All values are in dBm.
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narrow band, the gain is quite stable (max. 1.5 dB in 10
MHz bandwidth). The maximum output power of this
amplifier is around 30 W. However, we practically used
only 1 W (5 W was used for the scenario where power im-
balances were equal to 20 dB) with quiescent drain current
4 A, gate bias voltage 4.3 V, and supply voltage 13.8 V to

achieve high linearity for reliable application in the
mentioned setup. Accordingly, the power efficiency in
this setting is only 2%. On the other hand, reaching lin-
earity is the fundamental parameter which needs to be
set for minimizing any nonlinear distortion. For the
used testing DVB-T2-Lite frequency (794 MHz), the
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Figure 4 Simulation of DVB-T2-Lite RF signal propagation. The DVB-T2-Lite transmitter is located on the terrace (the blue triangle), and its parameters are
described in Table 2. The path loss model was adopted from [28] and extended for the 800-MHz band according to [29] (see Equations 2 and 4). All values
are in dBm.
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measured 1 dB compression of this PA is 37.9 dBm
(6.2 W), two-tone third-order intermodulation distor-
tion (IMD3) (tone offset 1 MHz) is better than -38
dBc at the output power of 1 W, which corresponds
to output intercept point (OIP3) 49 dBm. Between
the PA and the antenna, there is an attenuator in the
signal path. It serves as PA protection in the case of
antenna switch-off or strong reflections in the an-
tenna near the field. The JFW Industries 50BR-104 N
attenuator (JFW Industries, Indianapolis, IN, USA)
was used which was set to 0 dB during measurement.
The mentioned nonlinear distortions caused by PA
are not considered in our simulation model.

The used antenna is a multi-element Yagi antenna
(Gmax = 15.4 dBi) whose horizontal radiation pattern is
shown in Figure 2. The feed line for the TV transmitter
chain is a coaxial cable RG58 C/U which has a power
loss of approximately 0.35 dB/m on the tested band-
width. Attenuation of the auxiliary connection between
‘N’ and ‘BNC’ connectors is approximately 0.5 dB/m.

For the LTE system (HeNB), the Sectron AO-ALTE-
MGS5S antenna (Sectron Inc., Ormond Beach, FL, USA)
was used. In our case, it was used as an omnidirectional an-
tenna in vertical polarization (G < 3 dBi). After setting up
the testbed, we moved with the Sefram 7866HD-T2
analyzer (Sefram Instruments and Systems, Saint-Etienne,
France) to measure the received TV signal through all
measuring points. The same antenna setup was used as is
outlined above for LTE downlink. Once again, we spent 2
min at each measurement point for correctly evaluating the
performance of the received DVB-T2-Lite RF signal (to
avoid fast fading by averaging).

Figures 5 and 6 show measured and extrapolated values
of RSS. Figure 5 shows the results of LTE radio signal
propagation while Figure 6 shows the results of T2-Lite
radio signal propagation obtained from measurement. Sys-
tem parameters determined according to the simulation re-
sults proves accessibility of wireless service in all tested
locations. As we can see, results from measurement, shown
in Figures 5 and 6, correspond with simulation results
shown in Figures 3 and 4. This experimental result proves
our simulation technique valid for coexistence applications.

Afterwards, the whole measurement campaign was re-
peated, but now both wireless services (DVB-T2-Lite
and LTE) were provided together at the same time. The
above outlined QoS parameters of both services, caused
by coexistence between them, were measured separately
with Rohde & Schwarz devices.

5 Experimental results

5.1 Parameters to evaluate the performance of DVB-T2-
Lite and LTE

Before evaluating and discussing the obtained results, it is
necessary to briefly define the most important measured
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parameters which were used to evaluate the performance
of T2-Lite and LTE systems. To evaluate the quality of the
received and decoded TV services, the Quasi Error-Free
(QEF) reception conditions were monitored. QEF is a
minimal limit defined in the DVB-T2-Lite standard for
achieving video service availability without noticeable er-
rors in the video. To fulfill such requirements, the bit
error ratio (BER) after FEC decoding must be less than or
equal to 1 x 1077 [6].

To evaluate the performance of LTE, the RSS, CQ],
and EVM parameters were monitored. The CQI con-
tains information sent from the UE to the HeNB to indi-
cate a suitable downlink transmission data rate. It is
based on the observed signal-to-interference-plus-noise
ratio (SINR) and used by the HeNB for downlink sched-
uling and link adaptation [28]. There are 15 different
CQI values (numbered from 1 up to 15). The connection
between them and the modulation scheme can be found
in [35] (Table 7.2.3-1).

EVM, the second parameter, is a measure used to
quantify the performance of an LTE communication
link. It is the RMS value of the distance in the IQ con-
stellation diagram between the ideal constellation point
and the point received by the receiver. For each modula-
tion, there is a defined EVM limit, for which the trans-
mitted signal has an acceptable quality. This limit is
equal to 175% for quadrature phase-shift keying
(QPSK), 12.5% for quadrature amplitude modulation
(16QAM), and 8.0% for 64QAM [11,28].

5.2 DVB-T2-Lite and LTE performance evaluation
In Subsection 4.1, it has been mentioned that the linear
coexistence model maps input parameters from simula-
tions and measurements to the area of QoS states. We
have defined the following QoS states for the coexisting
services. For DVB-T2-Lite, there are two states: correct
reception and no reception. In the case of correct recep-
tion, the above defined condition for QEF reception is
satisfied. For LTE, we have defined four QoS states
which differ in user bitrate and potential radio access
network (RAN) throughput. These parameters obviously
increase with M in M-QAM modulation of subcarriers.
The LTE system changes the modulation scheme adap-
tively according to the channel parameters (e.g., CQI,
EVM). To be more precise, the highest useable M-state
for the defined interfered radio channel sets the QoS
state of LTE. Four states correspond to maximal M
equaling 64 (64QAM), 16 (16QAM), and 4 (QPSK), and
the state when providing LTE services is not possible.
The considered coexistence scenarios between DVB-T2-
Lite and LTE services were described above. Furthermore,
we also consider various system parameters. The complete
list of assumed scenarios is clearly summarized in Table 3.
There are three main parameters: bandwidth of the LTE RF
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Figure 5 Measurement of LTE RF signal propagation. The HeNB is located in room 7107 (the blue triangle), and network parameters are
described in Table 2. The measurement was carried out in highlighted points and extrapolated using MATLAB. All values are in dBm.

channel (marked as Birg), overlap of coexisting channel
(Bover), and the power imbalance between transmitted
powers (AP).

The last one is calculated as follows:

where equivalent isotropically radiated power (EIRP);rg
and EIRPty denote the channel power of LTE and T2-
Lite RF signals, respectively.

Figure 7 shows the simulated results of six map repre-
sentations of QoS states in DVB-T2-Lite and LTE sys-

AP[dB| = EIRP [ 1rg—EIRPTy (5) tems. Each map (from (a) to (f)) corresponds to the
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Figure 6 Measurement of DVB-T2-Lite RF signal propagation. The HeNB is located in room 7107 (the blue triangle), and network parameters are
described in Table 2. The measurement was carried out in highlighted points and extrapolated using MATLAB. All values are in dBm.
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Table 3 Variable parameters of DVB-T2-Lite and LTE for
assumed coexistence scenarios

Map B, 1 (MHz) Bover (kHz) Power imbalance (AP) (dB)
a 10 800 0

b 20 800 0

C 20 1,600 0

d 20 1,600 -10

e 20 1,600 =20

f 20 3,000 0

considered system parameters and coexistence scenarios
which are presented in Table 3. In the floor plan of the
university, for each point in the explored areas, the state
of both coexisting systems is indicated.

Performances of T2-Lite and LTE systems can be
clearly explained in the legend of Figure 7. Four colors
represent the LTE maximum useable internal modula-
tions: orange - 64QAM, yellow - 16QAM, and green -
QPSK, and unavailable LTE services are indicated by a
cyan color. The performance of DVB-T2-Lite services is
indicated by a crosshatch in the same maps. The pres-
ence of a hatch means that the QEF limit of mobile TV
reception is fulfilled. For a better explanation of the ob-
tained results, we describe a specific example.

For example, we consider a partial overlapping coexist-
ence scenario between T2-Lite and LTE services when
Bite = 20 MHz, Bover = 1,600 kHz, and AP is equal to
0 dB (see line (c) in Table 3). Performances of coexisting
systems for these parameters are plotted in Figure 7c. As
can be seen from the legend, at the 1.6-MHz channel
overlapping, in the LTE system, only sub-frames using
QPSK and 16QAM modulations will be received and
demodulated correctly (yellow color in the legend) on
the left side of the corridor. It means that only at these
modulations EVM errors do not exceed the permitted
limit values [11]. In the remaining rooms, the highest
64QAM modulation (highlighted by orange color) is
used in the LTE system. Consequently, CQI values can
be 10 or higher. Furthermore, this field also indicates
that the services of DVB-T2-Lite are highly noised and
conditions for QEF reception are not fulfilled (there are
no hatched parts). The situation result is the opposite on
the terrace where DVB-T2-Lite services are broadcasted.
At this place, the provided LTE services are not available
(blue color). In this case, the LTE system could not de-
code the received signal and the CQI value is the lowest.
Interestingly, in the small corridor, located between the
terrace and the main floor corridor, partial coexistence
between T2-Lite and LTE systems is possible. It means
that at this place, both wireless systems can coexist. The
QEF limit for DVB-T2-Lite is still fulfilled. However, in
the LTE system, only sub-frames using QPSK modula-
tion can be successfully processed. Hence, the CQI
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indicator values will be in the range from 1 up to 6 [35].
Similar graphical representations of considered coexis-
tences are plotted in Figure 7a,b,c,d,e,f.

Now, let us focus on the first two charts (see Figure 7a,b).
Their parameters differ just in the used LTE channel band-
width (Boveg), but the disparity in state map is high. From
the point of Byt = 20 MHz LTE channel (see Figure 7b),
the 800 kHz interference bandwidth is quite narrow and al-
most no effect can be seen on LTE inside the building. Out-
side, LTE works correctly with 16QAM. However, when
Brre is equal to 10 MHz (see Figure 7a), then the LTE
channel, affected by the same interference bandwidth
(800 kHz), is occupied by almost twice the interfering
RF power. In this case, the LTE system still works cor-
rectly, but only 16QAM and QPSK (indoor/outdoor)
modulations can be used. Furthermore, mobile TV re-
ception is also more affected by LTE services because
LTE interference power is concentrated into a narrower
channel. In real RANs, where power limits are more
likely set to 1 Hz of occupied bandwidth, the impact on
the reception of mobile TV services would be the same.
The influence of channels overlapping and the effect of
different EIRP unbalances could be investigated from
the remaining charts.

Figure 8 shows six map representations of QoS states
in DVB-T2-Lite and LTE systems from measurements.
In general, in most measuring points, the defined states
of QoS correspond with simulation results. However,
there are some minor differences caused by the accumu-
lation of two types of uncertainties. The first ones are
caused by path loss channel modeling, and these are
even multiplied by the second ones, caused by the pro-
posed linear model. Most probably, the largest influences
are due to inhomogeneity in walls (doors, windows and
various types of material), underestimation of noise level,
and impact of multipath propagation. It is obvious that
the simulation and measurement results in scenario (e)
have the lowest difference. This state is caused by the
highest signal level (in the above mentioned scenario)
which brings reduction of noise background impact and
increase the influence of intersystem jamming simultan-
eously for all transmission paths.

6 Conclusions

The main aim of this paper is to investigate the impact
of coexisting DVB-T2-Lite and LTE systems in a shared
frequency band on their system performances in the
outdoor-to-indoor reception scenario. To be more pre-
cise, a scenario was considered where an indoor LTE
femtocell (HeNB) and outdoor-to-indoor DVB-T2-Lite
services are provided in an 800-MHz frequency band
(see Figures 1 and 2). We have performed separate simula-
tions of both LTE and DVB-T2-Lite RF signal propagation
in MATLAB. Further, we have carried out measurements
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of both wireless systems in order to evaluate the reliability
of the simulation model. Results are shown in Figures 3, 4,
5, 6 and correlate well.

According to the achieved results in our previous
works ([31] and [28]), we have created a linear model to
map outputs of the path loss model to defined QoS
states. This model considers the relation between the
value of RF channels overlapping and the power imbal-
ance of the investigated radio channels. A detailed de-
scription is outlined in Subsection 4.1.

The presented results are expressed in a set of maps
(floor plans of the building) with colored areas which de-
termine availability or non-availability of coexisting ser-
vices and achievable performance. Specific values of
these parameters in the considered scenarios are pre-
sented in Table 3. The effect of coexistence on valid sig-
nal reception is quantified by the change of used
modulation scheme and simultaneous availability of ser-
vices. A detailed description of the color maps is de-
scribed in Section 5. In the proposed linear model for
both systems, we assume good channel conditions (global
parameters): signal-to-noise ratio (SNR) =35 dB for both
systems and also no multipath propagation and no
Doppler frequency have been set. Once again, the pro-
posed linear model was proved by measurements (see
Figures 7 and 8). In several cases, less correspondence
between the simulation and measurement results is
explained.

An analysis of the obtained results from the consid-
ered coexistence scenarios leads to the following general
conclusions:

a) The impact of DVB-T2-Lite system performance on
the LTE system performance and vice versa in their
co-channel coexistence scenario in a shared frequency
band highly depends on the level of their channels
overlapping and on the power imbalance between RF
signals.

b) The outdoor-to-indoor penetration of the T2-Lite
signal is highly critical on indoor-to-indoor reception
of LTE services when the power imbalance between
the RF levels is high. In these cases, the T2-system
acts as a co-channel interferer to indoor LTE femtocell
and vice versa.

c) Digital TV fixed indoor reception is more vulnerable
to interferences than fixed outdoor reception.

The main aim of our future work will be to extend our
proposed linear coexistence model with more global pa-
rameters (different kinds of fading channel models and
Doppler shift [36-39]) for more realistic modeling of
different coexistence scenarios between DVB-T2-Lite
and LTE services and vice versa. Moreover, in our fu-
ture work, we will consider a larger range of system
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parameters (code rate, IFFT length, guard interval,
and higher M-QAM modulations and bandwidth)
[40,41].
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