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Abstract— This work analyses the feasibility of building an in-
door Radio Environment Map (REM) for supporting the de-
ployment of indoor small cells acting as secondary transmitters in 
the TVWS band. For that purpose, it proposes a structure of the 
REM database for computing the maximum allowed transmit 
powers not to interfere with TV receivers. The proposed frame-
work is validated by means of real measurements. Results include 
the analysis of the spatial granularity and time stability of the 
measurements, and the maximum allowed transmit powers con-
sidering both co-channel and adjacent channel transmission, as 
well as the existence of other secondary transmitters. Results 
reveal that in the considered building small cell deployment using 
co-channel transmission is not feasible due to the very low result-
ing allowed transmit powers. However, when adjacent channel 
transmission is considered, the resulting maximum allowed pow-
er levels can be more adequate for successful small cells deploy-
ment. 

Keywords— TVWS, heterogeneous networks, indoor 
measurements 

I. INTRODUCTION 

The exponential growth of the demand for mobile broad-
band services experienced in the last years associated with the 
massive penetration of the new generation of wireless user 
equipment (smartphones, tablets, etc.) in the population is 
expected to be continued in the future with the introduction of 
novel high bandwidth demanding applications such as High 
Definition Video, 3D, virtual reality, etc. For a better provision 
of such high capacity demanding service types the classical 
cellular network concept is being shifted towards the so-called 
Heterogeneous Networks (HetNets) composed of both tradi-
tional large macrocells and small cells of different sizes such 
as picocells, femtocells, etc. Such small cells are expected to 
cover small areas (in the order of 10-100m), including also 
indoor conditions, where it is envisaged that a significant part 
of this data traffic will be generated.  

The massive introduction of small cells in dense urban 
scenarios will involve the use of efficient coordination mecha-
nisms to reduce inter-cell interference. The use of different 
frequencies for the macrocells and for the small cells is also a 
possibility, at the expense of increasing the requirements in 
terms of spectrum demand. In this respect, the shared use of 
licensed frequency bands such as TeleVision White Spaces 
(TVWS) is seen as a relevant solution thanks to the more re-
duced coverage area and power levels of small cells, which 

makes easier the task of finding a sufficiently large TVWS to 
ensure the desired coverage. Different works in the literature 
have recognized recently the potentials of using TVWS in 
small cell scenarios [1]-[4], particularly for expanding LTE 
spectrum. 

In this context, the potential of TVWS for deploying small 
cells in indoor scenarios is seen as particularly relevant be-
cause most of broadband data traffic is generated indoors, and 
also because it is expected that the availability of TVWS spec-
trum can be increased indoors thanks to the building penetra-
tion losses between indoor small cells and TV receiving an-
tennas usually located at the rooftop or at least outside the 
building. In [5], some initial experimental studies based on 
indoor measurements were already carried out, validating a 
previous simulation model and identifying availability of 
TVWS in an indoor scenario. Also, in a prior work of the 
authors [6] the characteristics of the TVWS in indoor envi-
ronments were analysed based on a measurement campaign to 
analyse the feasibility of creating Radio Environment Maps 
(REM) for guiding the operation of the small cells in the 
TVWS band. A REM is a knowledge database, constructed 
from spectrum measurements provided by different devices, 
used to dynamically store information related to the radio 
environment of wireless systems so that optimization in the 
use of spectrum resources can be achieved [7]. According to 
the different features of the obtained measurements in [6], 
such as the stability over time, the impact of the quotidian user 
mobility in the building or the effects of multi-path at different 
distances, it was concluded that the construction of such a 
REM based on measurements was feasible. Based on this prior 
work, this paper makes a step ahead by identifying the main 
parameters of an indoor REM and computing the allowed 
maximum transmit powers for the small cells in accordance 
with the obtained measurements and with the required protec-
tion ratios for different types of DVB-T (Digital Video Broad-
cast-Terrestrial) receivers.   

This paper is organized as follows. Section II elaborates on 
the characteristics of the indoor REM database including the 
methodology to determinate, based on the available measure-
ments, the allowed transmit power levels for secondary trans-
mitters not to interfere the DVB-T receivers. Section III pre-
sents the measurement set-up to obtain the TVWS measure-
ments, and Section IV presents the results on the allowed 
transmit power levels based on these measurements. Conclu-
sions are summarised in Section V. 
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II. INDOOR REM DATABASE INFORMATION 

The REM should include all the relevant information need-
ed to derive the transmit power limitations for any secondary 
transmitter (i.e. small cell) to be deployed in the building 
where the indoor REM applies or to modify the current trans-
mission strategies by the secondary transmitters. Power limita-
tions arise from the fact that the interference generated by the 
secondary transmitter to any DVB-T receivers should be be-
low the acceptable limits not to degrade the TV reception 
capability. 

 Different works [8]-[10] have characterized the require-
ments for successful DVB-T reception. They are usually ex-
pressed in terms of the required Protection Ratio (PR). PR is 
defined as the minimum required ratio between the DVB-T 
signal and the interference at the DVB-T receiver input, i.e., it 
should be fulfilled that Pr/IPR, where Pr is the received 
DVB-T signal and I is the total interference. PR is also some-
times referred to as rejection threshold of Desired to Undesired 
received power (D/U). The PR depends on whether the sec-
ondary transmits in the same channel as the DVB-T service 
and thus generates co-channel interference or whether it 
transmits in any of the adjacent channels. In the latter case, the 
PR should account for the selectivity characteristic of the 
DVB-T receiver and for the ACLR (Adjacent Channel Leak-
age Ratio) of the secondary transmitter that determines how 
much of the transmitted power is actually transmitted in the 
adjacent channel. In the context of this work we assume that 
the secondary transmitter is an LTE base station (small cell) 
and we take as a reference the required PR values that were 
obtained in [10] based on extensive measurements with differ-
ent types of DVB-T receivers and LTE transmitters. 

Under the above considerations, it is assumed that the in-
door REM will contain a 3D characterisation of the radioelec-
trical propagation of the DVB-T signals inside the building as 
well as the required data to compute the maximum transmit 
powers. Specifically, the information to be stored can be clas-
sified as follows: 

 Semi-static information: This corresponds to information 
elements that are not supposed to vary during secondary 
system operation, so that they can be acquired at some 
point of time and be valid for a long period of time as long 
as regulatory conditions do not change (i.e. no new DVB-T 
licenses are assigned) nor new DVB-T transmitters appear. 
In particular, the following elements are considered: 
o Pr(,N): Received power level of the DVB-T signal at 

each position =(x,y,z) inside the building for each TV 
channel N.  

o PR(i): Required protection ratio to ensure DVB-T re-
ception in channel N when the secondary transmitter is 
working at channel N+i. Note that the case i=0 corre-
sponds to the co-channel protection ratio while the case 
i>0 corresponds to the i-th adjacent channel protection 
ratio.  

o Pr,min: Minimum received power level to ensure suc-
cessful DVB-T reception. 

o L(d): Indoor propagation model to characterise the 
losses between any two points of the building as a func-

tion of the distance d and the building characteristics 
(e.g. number of floors, etc.).  

 Dynamic information: This corresponds to information that 
needs to be updated dynamically depending on the opera-
tion of the secondary system. The following information is 
considered: 
o PTmax(,N): Maximum allowed transmit power for a 

secondary transmitter located at position=(x,y,z) and 
operating on TV channel N. This maximum power level 
will depend on the PR requirements of the DVB-T re-
ceivers and on the number and positions of the current-
ly active secondary transmitters inside the building, in 
order to ensure that the aggregated interference that 
they generate is below the acceptable limits established 
by the PR. Correspondingly, this information needs to 
be updated every time that a new small cell is activated 
or deactivated in the considered building.  

The focus of this paper will be mainly placed on the acqui-
sition of the received power levels Pr(,N) by means of meas-
urements made with a certain granularity, as it will be dis-
cussed in Section IV. Concerning PR and Pr,min the values 
from [10] will be retained. As for the indoor propagation, the 
model from [11] is considered with the floor characteristics of 
the building. It is worth mentioning that the indoor propaga-
tion model could also be obtained based on measurements, but 
this is left for future work. 

In order to compute the maximum allowed transmit power 
this paper will focus on the worst case scenario in which the 
positions of the DVB-T receivers are unknown (e.g. in case of 
USB-stick DVB-T receivers connected to laptops that can be 
in any part of the building). However, in indoor scenarios 
other situations could also be considered in which e.g. the 
positions of the at least static DVB-T receivers could be regis-
tered in the database as well, or in which the only DVB-T 
reception point is the antenna at the rooftop. 

A. Maximum allowed transmit power in the absence of other 
secondary transmitters  

Assuming there is no other secondary transmitter in the 
building, the maximum allowed transmit power at point 
=(x,y,z) for a general channel N+i needs to fulfil the follow-
ing condition for any point ’ where a DVB-T receiver could 
be located:  
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where L(,’) denotes the propagation losses between the 
point  where the secondary transmitter is located and the 
point ’ where the potential DVB-T receiver could be located. 
Based on this relationship the following distinction is done: 

1) Co-channel secondary transmission (i=0) 

In this case, it will be assumed that no secondary transmis-
sion is allowed at point  if DVB-T reception is possible at 
this point (i.e. if Pr(,N)Pr,min). Though this condition would 
not be strictly necessary in theory as long as the protection 
ratio PR(0) constraint is ensured when determining PTmax, in 
practice this would lead to very small values of transmit power 
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statistics for these points according to (2) for the two types of 
DVB-T receivers considered (USB stick and IDTV). It is ob-
served that the maximum allowed transmit power takes actual-
ly very small values that would limit the coverage of the sec-
ondary transmitter to very few meters. In this respect it is not 
envisaged that these values could allow for the deployment of 
a small cell to provide satisfactory coverage in different parts 
of the building. 

Table 2. PTmax for co-channel transmission in N=61 

PTmax USB Stick IDTV 
Min -51.95 dBm -50.95 dBm 
Avg -46.59 dBm -45.59 dBm 
Max -39.50 dBm -38.50 dBm 

Concerning the secondary transmission in adjacent chan-
nels, Fig. 4 plots the Cumulative Distribution Function (CDF) 
of the maximum allowed transmit power PTmax according to (3) 
for the different points inside the building. Results are present-
ed for both adjacent channels N+1 and N+2 and for both types 
of DVB-T receivers. As it can be observed, the allowed power 
levels are substantially higher than in the co-channel case, so it 
can be feasible the potential deployment of a small cell acting 
as a secondary transmitter. Specifically, when considering the 
USB-Stick DVB-T receiver, 90% of the points have a maxi-
mum allowed transmit power between 12dBm and 9dBm in 
the first adjacent channel, and between 10dBm and 11dBm 
in the second. Moreover, in half of the points the transmit 
power can be higher than 6 dBm in the first adjacent channel, 
which can be assumed a feasible level for successfully deploy-
ing an indoor small cell. For the IDTV receiver these values 
increase in around 2 dB. 

 
Fig. 4. CDF of the maximum transmit power PTmax for first and second 

adjacent channels 

To gain insight on how the maximum power is distributed 
in different parts of the building, Table 3 presents different 
statistics of PTmax for different floors. Results are presented for 
the 1st adjacent channel and the USB stick receiver. In the 
case of the 1st floor measurements, positions have been further 
split between those lying in the northern and southern frontage 
sides (see Fig. 3) and between eastern and western sides. In 
that respect, the northern and eastern frontages have better 
visibility conditions with respect to the TV transmit tower than 
the western and southern frontages. Therefore, it can be ob-
served in the table that the maximum allowed power levels for 
the points located in the northern and eastern sides are larger 
than in the southern/western sides, because the DVB-T receiv-

er at northern/eastern points has better signal conditions. It can 
also be noticed in the table that the maximum allowed transmit 
power tends to decrease when considering the ground floor 
and the basement. 

Table 3. PTmax statistics for adjacent channel N+1 in the different floors 

 
Average 
(dBm) 

5-th Percentile 
(dBm) 

95-th Percentile 
(dBm) 

Basement -7.47 -13.61 0.15 
Ground floor -3.06 -10.94 5.70 

1st floor (south side) -9.15 -12.68 -4.48 
1st floor (north side) 3.40 -0.21 8.95 
1st floor (east side) -3.20 -11.09 8.84 
1st floor (west side) -5.48 -12.68 3.72 

C. Maximum Transmit Power when there is another 
secondary transmitter 

This subsection analyses the case when there already exists 
a secondary transmitter in the building and the indoor REM 
has to be recomputed in order to determine the new maximum 
allowed power levels in each position according to (5)(6). 
Specifically, the existing secondary transmitter is assumed to 
be in the 1st floor at location labeled B (see Fig. 3). Consider-
ing adjacent channel N+1 and USB stick receiver, the maxi-
mum allowed transmit power at this location in order not to 
interfere with the DVB-T receivers would be 3.2 dBm. Ac-
cordingly, the transmit power of this secondary transmitter 
PTsec has been set to three possible values, namely 3.5 dBm, 
5 dBm, 10 dBm. It is worth mentioning that the study only 
focuses on the interference that the secondary transmitters 
cause to the DVB-T receivers, so the mutual interference be-
tween secondary users is not taken into account. The consider-
ations about this mutual interference are left for future work.  

Under the abovementioned conditions, Fig. 5 plots the 
CDF of the new values for the maximum transmit power PTmax 
in the different positions inside the building for the above set 
of power levels and also for the case when there is no other 
secondary transmitter. It can be observed that PTmax values 
decrease when increasing the power PTsec of the secondary 
transmitter. However, only when PTsec is 3.5 dBm (i.e. very 
close to the maximum allowed power level of 3.2 dBm), 
significant differences are observed in the CDF. Differences 
are particularly noticeable for the largest values of PTmax which 
are between 2 and 3 dB less than when there is no other sec-
ondary transmitter.  

The reason for such small differences is that the already 
existing secondary transmitter only has influence over a rela-
tively small part of the building. To further analyse this fact, 
Table 4 presents the PTmax statistics in different parts of the 
building when the transmit power of the existing secondary 
transmitter is PTsec= 3.5 dBm. By comparing the results in 
Table 4 with those in Table 3 where no other secondary trans-
mitter exists, it can be observed that the influence of the exist-
ing secondary transmitter in the first floor is negligible at the 
points in the ground floor and the basement. In turn, for the 
points in the first floor differences are particularly remarkable 
when considering the points at the northern side (6dB reduc-
tion in the 95-th percentile) and at the eastern side (10dB 
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reduction in the 95-th percentile) that correspond to the area 
closer to the position of the existing secondary transmitter 
(point B in Fig. 3). On the contrary, for the points in the south-
ern and western sides differences are much smaller (in the 
order of 1.3 dB for the 95-th percentile). 

 
Fig. 5. CDF of the maximum transmit power PTmax for first adjacent channels 

when there is another secondary transmitter 

Table 4. PTmax statistics for adjacent channel N+1in the different floors when 
there is another secondary transmitter in the 1st floor with PTsec=-3.5 dBm  

 
Average 
(dBm) 

5-th Percentile 
(dBm) 

95-th Percentile 
(dBm) 

Basement -7.47 -13.61 0.15 
Ground floor -3.06 -10.94 5.70 

1st floor (south side) -11.61 -20.71 -5.81 
1st floor (north side) -1.36 -5.58 2.88 
1st floor (east side) -9.87 -22.62 -1.25 
1st floor (west side) -5.91 -12.81 2.47 

V. CONCLUSIONS 

This work has analysed the feasibility of building an in-
door REM for supporting the deployment of indoor small cells 
operating as secondary transmitters in the TVWS band. In this 
respect, the paper has proposed the structure of the REM data-
base with the most relevant information for computing the 
maximum allowed transmit powers not to interfere with the 
primary DVB-T receivers existing in a building.  

The proposed indoor REM framework has been validated 
making use of real measurements in a University building. 
Results have addressed first the spatial granularity and time 
stability aspects of the measurements stored in the REM. It has 
been obtained that for small size offices a single point of 
measurement was sufficiently representative while a larger 
granularity was required for medium size and large size (labs) 
offices. Standard deviation of the measured signals in different 
days has been in the order of 2 dB, revealing that the time 
stability of the obtained measurements was sufficiently good 
so that they can be stored in an indoor REM.  

Results have also analysed the maximum allowed transmit 
powers for secondary transmitter considering the protection 
ratio characteristics of different types of receivers. It has been 
obtained that the deployment of a small cell acting as a co-
channel secondary transmitter is in practice not possible in the 
considered building, because of the very low maximum al-
lowed transmit powers that would prevent from having satis-
factory small cell coverage. On the contrary, when considering 

adjacent channel transmission and USB-stick DVB-T receiv-
ers, it has been obtained that in half of the points inside the 
building the transmit power can be higher than 6 dBm in the 
first adjacent channel, which can be assumed a feasible level 
for successfully deploying a small cell. The maximum transmit 
powers increase in around 2 dB when considering an IDTV 
receiver. The paper has also analysed the differences in the 
statistical distribution of the maximum allowed transmit power 
in different parts of the building considering also the presence 
of another secondary transmitter. In this respect, it has been 
obtained that the impact of this transmitter is mainly on the 
surroundings of its location, but it has little impact on the 
allowed transmit power for transmitters in e.g. other floors. 

Based on these results, future work includes the analysis of 
the impact towards DVB-T receivers located in other buildings 
close to the considered one, the analysis of other DVB-T 
channels and the optimisation of the maximum allowed trans-
mit power when multiple small cells exist. This includes also 
the study of achievable coverage and capacity for the small 
cell deployments.   
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