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Abstract—Recent evolution in regulation of access to TV
channels allocated in UHF frequencies (DVB-T) makes vacant
channels (TV White Spaces - TVWS) available to wireless data
services. While this opportunity is currently widely studied by
the cognitive radio community for communications, the use of
TVWS for indoor positioning is all but unexplored. Frequencies
below 900 MHz are extremely appealing for positioning due to
a more uniform signal propagation with respect to the ISM
bands and a lower attenuation when passing through obstacles.
This work focuses indeed on indoor positioning in the TVWS.
A TVWS positioning system is proposed and compared against
WiFi-based solutions, in terms of energy efficiency, operating
range, and impact of network topology. Moreover, the formu-
lation of a cognitive paradigm for optimal selection of the
topology of Access Points and of network topology in a TVWS
communication and positioning system is given. The proposed
algorithm takes into account constraints related to positioning
accuracy and communication performance. Results obtained
analytically and by simulation show that favorable propagation
conditions characterizing the TVWS frequencies, in conjunction
with an optimized system organization and topology, lead to
highly accurate positioning and improved energy efficiency over
traditional schemes, thanks to lower transmit power levels. The
proposed solution is therefore also appealing in light of recent
trends towards green wireless communications.

I. INTRODUCTION

Position information, obtained by means of wireless
communication devices, is nowadays commonly adopted in a
wide range of outdoor application scenarios such as logistics,
geographic routing, security, navigation, and deployment
of vehicles and workers. Research efforts are currently
focusing on making position information available with
similar accuracy and reliability in indoor environments.
Considering the increasing number of WiFi access points for
communication purposes, WiFi-based Positioning Systems
(WPSs) have been primarily studied and implemented. One
of the main challenges in the efficient deployment of WPSs
is the impact of limited coverage, due to relatively stringent
transmit power regulatory levels and to high wall and floor
penetration loss suffered by signals in the ISM bands. This
work proposes to overcome the above limitations by moving
the operation frequency of the positioning system from the
the ISM bands to the so-called TV White Spaces (TVWS).

The availability of TVWS arises from the introduction of
digital terrestrial broadcasting (DVB-T and T-DAB systems),
which is underway in many parts of the world at different
stages of completion, and is complementary to the well known

concept of Digital Dividend. Generically, a white space is a
frequency band, licensed for a broadcasting service but not
used on designated geographical area. With the constraint of
guaranteeing no interference to existing or future broadcasting
services, those parts of spectrum could be reallocated, making
them accessible to unlicensed devices. Systems that could
benefit from operating in white spaces definitely include WiFi
that, at TV frequencies, could guarantee a higher efficiency
in broadband access, in particular in densely forested areas
when line of sight is not guaranteed. By using more favorable
spectrum bands than the ISM, the new WiFi will be able to
support QoS, providing intensive multimedia services more
easily than the current WiFi. This suggests the importance of
investigating this opportunity for wireless networking: already
in 2008, Google and Microsoft announced their interest in
using TVWS for an enhanced type of WiFi, called WiFi 2.0,
WiFi on steroids, or White-Fi.

This work investigates the use of such bands for WiFi-
based localization and positioning applications, in order to
determine the advantage in this specific case. In the following
we first describe the considered fingerprinting localization
technique and give a theoretical model for the localization
estimation error in order to determine how effectively the use
of TV bands can improve localization performance. Next,
a comparison based on simulations is carried out between
802.11 (the traditional WiFi) and WiFi operating at TVWS
frequency bands in terms of localization performance. Finally,
the potential role of TVWS in lateration positioning system
is evaluated as well.

The paper is organized as follows: Section II is di-
vided in two subsections. The first subsection introduces
the TVWS idea, providing basic definitions and concepts, a
short overview of ongoing standards, regulations and technical
considerations on the exploitation of these particular spectrum
opportunities; the second subsection briefly recalls potential
approaches and challenges for WiFi-based indoor positioning
systems. Section III introduces the system model and the
framework for the design of a positioning system working
in TVWS: the proposed system is described, and a theoretical
model for the evaluation of positioning error is introduced.
Section IV presents and discusses simulation results: first
a comparison between TVWS and WiFi fingerprinting so-
lutions is presented, assuming random topologies of access
points used for the localization. Next, a lateration solution



is considered, and the analysis focuses on the impact of
spatially constrained topologies, suggesting an algorithm for
the selection of the optimal topology of APs in order to reduce
the localization error. Finally, Section V concludes the paper.

II. RELATED WORK
A. TV White Spaces and Cognitive Radio Networking

As mentioned in Section I, TV White Spaces spectrum
arises following the beginning of UHF band reallocation for
DVB-T services. Three reasons are crucial for the existence
of this spectral opportunity [1]: 1) In the same licensed area
and thanks to improved signal characteristics, DVB-T services
need a reduced amount of guard intervals respect to analog
TV adiacent transmissions; 2) Given different licensed areas,
TV services broadcasting on the same channel need to be
geographically separated; 3) In areas where there is a limited
demand of broadcasting services, some TV channels are not
allocated yet. The TVWS usage by the so-called White Space
Devices (WSDs) requires, first of all, an adequate protection
of licensed systems; for this reason, regulation activities are
presently ongoing in US (by FCC [2]), UK (by Ofcom [3])
and Europe (by CEPT [4]).

In November 2008 the United States FCC issued a
technical report on the unlicensed use of TV white space
spectrum [2]. A number of the requirements to operate in TV
white space are based on Cognitive Radio (CR) technology
including location awareness and spectrum sensing. These
requirements impose technical challenges for the design of
devices operating in TV white space spectrum. According
to [5] the devices operating according to these rules are
referred to as TV band devices (TVBDs) by the FCC. There
are two classes of TV band devices: fixed and portable
(furtherly divided into Mode I and Mode II). Fixed Devices
are permitted to transmit up to 30 dBm (1 watt) with up to
6 dBi antenna gain, while portable devices are permitted to
transmit up to 20 dBm (100 mw) with no antenna gain. Fixed
devices are permitted to use a higher gain antenna as long as
the transmit power is decreased dB for dB for any antenna
gain above 6 dBi. The TV channels include the very high
frequency (VHF) channels 2-13 and the ultra high frequency
(UHF) channels 14-51. However, there are restrictions on
which channels are permissable for use by TVBDs. Television
broadcast signals are protected with a protection contour. The
FCC rules provide distances that a TVBD must be outside
the protected contour for it to transmit. Within the protected
contour there are special rules for operation on a TV channel
adjacent to the TV broadcast channel.

In the United Kingdom, Office of Communications
(Ofcom) is the independent telecommunications regulator and
competition authority for the communication industries. On
the Ist of July 2009, Ofcom published its statement report
on TVWS usage [3]. OFCOM makes no distinction between
devices, they are permitted to transmit from 4 dBm (adjacent
channels) up to 17 dBm (in terms of effective isotropic

radiated power (EIRP) into an 8 MHz bandwidth).

Following a 2007 European Commission (EC) mandate, in
2008 the Electronic Communications Committee (ECC), under
the European Conference of Postal and Telecommunications
Administrations (CEPT), issued a report acknowledging the
need for further studies on 470-862 MHz band white space
use by CR devices before deciding to proceed to a European
recommendation on that matter [4]. According to this report,
white spaces devices (WSD) should not be protected form
interference among them. However, they must not interfere
with licensed primary users, and move to other white spaces
channels whenever necessary. At the 22nd ECC Meeting,
held on March 2009, it was requested to form working
group CEPT SE43 under WG-SE. This group should define
technical and operational requirements for the operation of
cognitive radio systems in the white spaces of the UHF
broadcasting band (470-790 MHz) to ensure the protection
of incumbent radio services/systems and investigate the
consequential amount of spectrum potentially available as
white space. The role of CEPT is crucial because Europe is
fragmented by many country borders belonging to different
regulation agencies, requiring careful harmonization across
borders. One key concern is to evaluate the expected amount
of spectrum available to secondary TVWS devices. Relatively
little is known on the availability of white space in European
countries. It is generally expected that capacity achieved
through the use of white space will be much less in Europe
than in the USA, but a solid quantitative foundation of such
statements is still missing.

Cognitive Radio [6], in particular in the form known
as dynamic spectrum access (DSA), is being intensively
researched as the enabling technology for secondary access
to the TVWS. Its aim is to achieve device-centric interference
control and dynamic re-use of radio spectrum based on the
frequency agility and intelligence offered by this technology,
that allows the system to dynamically and autonomously
adjust its operational parameters and protocols according
to its obtained knowledge on the surrounding environment
in order to achieve predefined objectives and to learn from
the results obtained. In [7] the state-of-the-art in technology,
regulation and standardisation of cognitive radio access to
TVWS is reviewed: both the FCC and Ofcom have considered
three methods for ensuring that cognitive devices do not
cause harmful interference to incumbent:

e Beacons - With the beacon method, unlicensed devices
only transmit if they receive a control signal (beacon)
identifying vacant channels within their service areas. The
signal can be received from a TV station, FM broadcast
station, or TV band fixed unlicensed transmitter. Without
reception of this control signal, no transmissions are
permitted. One issue with the control signal method is
that it requires a beacon infrastructure to be in place,
which needs to be maintained and operated, either by the



incumbent or a third party. Furthermore, beacon signals
can be lost due to mechanisms similar to the hidden node
problem;

o Location Awareness - This location awareness is coupled
with Internet access capability for both fixed TVBDs
and portable devices, and must be accurate to within
50 meters. This Internet access is utilized to obtain
access to a database containing information about li-
censed transmission in the various TV channels. These
licensed transmissions include ATSC (Digital TV) high-
power broadcasts, ATSC and NTSC (Analog TV) low-
power transmitter, and wireless microphones used by the
broadcast industry;

o Spectrum Sensing - The device attempting to access the
spectrum must observe the various TV channels and
determine if these channels are occupied by any licensed
transmission.

B. WiFi-based Indoor Positioning Systems

The term Indoor Positioning denotes the possibility to
identify and recognize a mobile device within an indoor
environment, in order to interact with it providing various
kinds of services [8]. WiFi network infrastructure is an
excellent support for indoor positioning because it is already
strongly widespread, the equipment is cheap and this involves
low time and development costs. Two of the most popular
method for positioning are the so-called Lateration and
Fingerprinting [9]. Lateration method involves two specific
phases:

e Ranging - The purpose of this phase is to estimate the
position of the targeting device to each reference node.
A variety of modalities can be used to perform ranging
such as Received Signal Strength (RSS), Time Of Arrival
(ToA), Angle Of Arrival (AoA), Time Difference Of
Arrival (TDoA) and so on. Given that wireless devices
are carried by many people and objects, and almost all
modern radio chipsets include the hardware necessary to
measure the RSS of transmitted packets (WiFi devices
provide a received signal strength indicator (RSSI) as a
built-in function), RSS is by far the most used approach
for localization. The advantage of using a RSS-based
approach becomes noticeable by comparing it with one
of the other geometric methods, in particular with ToA
approach. WiFi positioning systems based on ToA, in
particular, present several open issues [12], the main one
related to the lack of accurate timestamping for IEEE
802.11 frame transmission and reception. A number of
notable works were been proposed on this topic but a
feasible and enough accurate solution is still missing
[13] [14]. Scalability with the number of devices in the
network is a second potential issues for ToA ranging in
WiFi, due to the random access adopted in IEEE 802.11
MAC: higher delays can be expected at high traffic loads,
resulting in a decrease of positioning accuracy in ToA
based systems relying on Round Trip Time estimation,

especially for high mobile devices [15]. On the other
hand, RSS-based solutions do not need to access the
MAC for the RSS evaluation, and are thus not subject
to the same issue;

e Lateration - Moving from the distance information ob-
tained in the ranging phase, its aim is to estimate the
position of the target. Two well-known methods are
mostly used: Nonlinear Least Squares (NLS) and Linear
Least Squares (LLS).

The fingerprinting method relies on the creation of a
database including the information obtained by using one
of the methods introduced in the Ranging phase of the
Lateration approach for a set of reference nodes. The position
estimate is then obtained by comparing the database entries
with the measurements obtained for the specific user/device,
avoiding the conversion from RSS/ToA to distance required
in the ranging phase. This allows to create and monitor
the database without requiring accurate environmental and
physical channel models, making the system implementation
simpler than in the lateration case. Moreover, in this case,
the use of access points already present in the area, but not
specifically belonging to the positioning system, is allowed
since no specific information about the access points positions
are needed for the database creation.

In light of the above observations on the open issues
of WPSs related to reduced coverage and difficult distance
estimation for ranging, a positioning system based on a RSS-
Fingerprinting approach appears one of the most suitable
method within the WiFi scenario.

III. SYSTEM MODEL

A. Positioning Error evaluation for RSS-based positioning
systems

In this section we develop a model for uncertainty of an
RSS-based localization system inspired by [16] and [17]. We
develop this model in order to find a correspondence between
the localization uncertainty (and so the error) and the limits of
the RSS method, due to the fact that at any given location in
a multi-path environment the received signal strength exhibits
shadowing and so the signal strength fluctuates over time. In
this way we can verify if there are other parameters which
influence the localization error specifically due to signals
behavior. Typically, in RSS approach, a signal strength vector
s(z,y) € S, consisting of the received signal strengths
from n different Access Points is associated with each
location (x,y) € A, where A is the considered area. Using
propagation models a mapping relationship M : A — S is
generated: the location of the target is estimated by obtaining
the signal strength vector at the target device and finding the
closest matching vector from M. Thanks to this mapping
relationship we can map the uncertainty of the signal strength
domain into the positioning plane one. The received signal
strength vector at (x,y) is s = (s1, S2,. .., Sp). The received
signal strength s; from the ith AP is a stochastic variable due



to the effect of multipath propagation, it can be modeled as a
normal distribution around a mean value 5; with a variance
02, so we have: s; = 5; + As;, where As; ~ N(0,07). By
dividing the signal strength into this two components, we can
consider the mapping from location to mean signal strength
M : A — S and evaluate the effect of As on it.

Moreover we make other reasonable hypothesis:

e We assume that the mean signal strength 5;(x,y) at
location (x,y) is a differentiable function over the region
of interest and that the partial derivatives %jj and %‘Z
are constant in the local neighborhood of (z,y). This
means the signal is no subjected to strange propagation
phenomena like distortions;

« The components of s are independent, so the covariance
matrix of As is given by Cas = diag(0?,032,...,02).

o We consider a common exponential path loss model the
propagation loss is thus a monotonic function of the
distance from the transmitter. In this case the mapping
M is a one-to-one (injective) function.

Under these assumptions we can calculate the uncertainty
in signal space and then map it in location. To do this we
define the uncertainty region A, C A for a € [0, 1] (which
can be named as degree of confidence), as follows:

/ o{s|(z, y)}dzdy = o (1)

A, is a set of locations in A such that the probability that
the observed signal strength vector is due to an AP located
into a generic (x,y) € A, is a. pis a pdf with support over

A. Considering 8> = M(z,y) and S, = M(A,) and thanks
to the properties 2 and 3 we can write:

a:/ p{s|s’}dS 2)

Sa

Due to signal variance, the signal strength vector at a given
location (x,y) is distributed, with a certain pdf, in a region
centered around the mean signal strength vector S at that
location. Given @ we can compute the characteristics of the
hypervolume in the n-dimensional signal strength vector space
having probability mass « and center S. From Equation (2) and
hypothesis 2, we can write:
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where, for simplicity of notation, only in this calculation, we
write As = x and H. is the hyperellipsoid defined by the
equation:
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where R, is the radius of a n-dimensional hypersphere
containing the same probability mass. By perfoming the
substitution z; = i— and moving to polar coordinates, one
obtains,
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Remembering the Gamma function I'(x), one can compute
n—1 1
[V =m) 2 (6)
i=2 I'(3)
Regarding M, ,,, with the substitution v = % and few
mathematical steps, one can obtain
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where I'inc(., .) is the incomplete Gamma function. With this
relationship we have characterized the uncertainty in the signal
domain. To translate this uncertainty in the location domain
we consider Ap = (Az Ay)T, the vector of the change
in location in the neighborhood of (x,y) and, similar, As =
(As;Asy ... As,)T is the vector of signal strength variations
around S. The relationship between these two vectors is given
by:

As =TAp )
where T' = {t;;}, that is:
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is the Jacobian of the mapping M. From (9) and thanks to
the hypothesis 1, one can write:

ASZ‘ :tqlel“FtiQAy, Z = 1327"'?77“ (10)

We have found that the uncertainty region for a point (z,y)
in signal strength domain is the hyperellipsoid centered in s
defined by the equation:
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By substituting (10) in (11):
Z ( 1 > 2 y) — Ri- (12)
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Equation (12) can be written as a quadratic of the canonical
form az? + by? + cry +d = 0 in the (x,y)-plane, with, in
this case:

"2 " 12, " Qtitio 9
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In order to know the kind of curve, it is important to study the

discriminant function ¢ — 4ab. Following few mathematical
steps one obtains:
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Excluding the equality, c> — 4ab < 0 indicates that the
quadratic form is an ellipse. Remembering the geometric
properties of the ellipse, we have found that the uncertainty
region in the location plane is an ellipse with semi-axis:
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So the location estimation accuracy ellipse is described by
the equation:
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The measure of the uncertainty needs to be related with
the mean location error. A possible way is to use the Circular
Error Probability (CEP). CEP is defined as the radius of a
circle, centered about the mean, whose boundary is expected
to include 50% of observations, as shown in Figure 1.
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Fig. 1. Circular Error Probability (CEP).

Considering an unbiased estimation the center of this circle
is the real position of the target, so we have that the CEP is
an approximation for the positioning mean error. As shown in
[18] the expression of the CEP is quite complex and depends
on the ratio between the semi-axis of the ellipse 3 = Tmin. ¢
can be shown that a good approximation that is accurate to
within approximately 10% for all values of § is:

CEP =~ 0.754/c1 + co

where ¢ = % and ¢y = % where « depends on the
confidence level o and under the Gaussian hypothesis is kK =
—2In(1 — @). In order to evaluate the CEP we first have to
calculate the coefficients ¢;; and t;2. To do this we consider

a7

a log-distance radio propagation model, so the mean signal
strength § at a location (z,y) at a distance d from a radio
source is given by:

§ =359 — 10vlogd (18)

where Sy is the signal strength (measured in dBm) at the
reference distance of 1 meter and ~ is the path loss exponent.
Assuming the same propagation constant for all the landmarks

we have: §; = 50 — 10ylogd;, ¢ = 1,2...,n, with d; =
V(x —2:)2 + (y — y;)2. From this we get:
05; —10y(z — z;)

ty = 2 , 19
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Several interesting observations can be done about the CEP

and its dependence on location estimation problem parameters.
The confidence level « influences the CEP indirectly through
its effect on the factor R,. For a given value of o, R,
increases with increasing n. However this effect is countered
by the other factors in (15). Let us consider the case where
o = o, % = 1,2,...,n. In this case, by extracting the
common factor o2 in the definitions 13, we can see that
the CEP is proportional to o by using the equation (15). As
expected the error in estimation decreases by decreasing signal
variance.
We investigate the dependence of CEP on the distance be-
tween APs by varying the considered area in which APs are
distributed according to a uniform random distribution. Results
are shown in Figure 2 and we note that for a given value of the
number of landmarks, the value of CEP increases by increasing
the distance between APs. If we consider more APs for a fixed
area the CEP decreases, as we expected.

CEP vs reference APs number for different considered area (different APs mean distance)

—*— areaside =30 m
—&— areaside =50 m
6 —8&— areaside =70 m

1 I I I |
4 6 8 10 12 14

Reference access points number

Fig. 2. CEP vs number of landmarks, varying the areaside.

The most important dependence which arises by analyzing
this model is that on the propagation constant. Equations
indicate that the accuracy increases with increasing -, although
the signal becomes weaker. This is explained by the fact



that as + increases, the signal level is more sensitive to
location changes. That is: a large + is given by a large
propagation constant and this implies rapid change in signal
strength over distance and hence a given variation in signal
strength will correspond to a smaller distance than with a
smaller propagation constant. This could be a problem in
the evaluation of the possible advantages of using TV bands
for positioning because in that case the operating frequencies
(and so ) are smaller than the WiFi ones and so we might
expect a worse performance in term of localizetion error,
despite the better propagation characteristics. Nevertheless,
Figure 3 shows that the perfomance improvement obtained by
increasing the number of APs overcomes the negative impact
of having a smaller ~.

CEP vs Path Loss for different of AP references number

3.5
—e—n=4APs
—&—n=7APs
——n=15APs| |

25 3 35 4 4.5 5
Path Loss

Fig. 3. CEP vs v, variyng n.

B. Positioning in TVWS

The architecture of the hypothesized network is based on
the use of geo-location database. Each access point is assumed
to be connected to one, or multiple, databases which provide
information on the unused TVWS channels that are available at
the location of the access point and information on maximum
transmit power levels that could be used in each channel.
Furthermore, the use of master-slave technology means that
the necessary functionalities for database lookup and channel
selection need to be implemented only in the access points,
so keeping the complexity and cost of end-user devices to a
minimum. Users with a TVWS modem, or dongle, can connect
from outside to home access points via a TVWS channel that
is periodically advertised via beacons by each access point.
In [19] the problem of coverage was addressed: it can be
seen that coverage is very patchy when the system operates
at 5 GHz and some improvement is gained by switching to
2.4 GHz. The most striking result is achieved when home
access points switch operation to TVWS. From a TVWS-end
user point of view this corresponds to an increase in range
of transmission. In this way the device which is trying to
establish its position by WPS can reach a greater number
of access points. As shown in the previous subsection, the
positioning error depends, among various parameters, on the

available number of access points. In particular positioning
error decreases when the number of APs increases [11].

The first step in order to compare TVWS vs WiFi for posi-
tioning is to choose an appropriate radio propagation model.
A good compromise between simplicity and accuracy for an
indoor-outdoor analysis is the widely used log-distance path
loss model, that we already adopted in Section III-A and
characterized by the following equation:

PLyg = —27.55 + 201og fmn, + 10ylogd + &g 21

where fup, is the carrier frequency expressed in MHz;
is the path loss exponent, usually taken between 2 (free space
loss exponent) and 5 (dense urban); A is a random variable
~ N(0,0?) that takes into account fading, cable and body
losses. We consider an extended squared area, of area A, which
represents for example an university campus, a factory and so
on. In this area a certain number of access points (N,,) are
distributed according to a random uniform distribution. For
the WiFi case we consider a classic 802.11/b system with
20 MHz channel bandwidth and data rate 11 Mb/s. For the
TVWS, because of the lack of a standard, we assume to adopt
an 802.11/af system, based on 802.11/n standard. We consider
the worst case: only one available TV channel, so the channel
bandwidth is 8 MHz, considering for example a 16 QAM
modulation scheme and a convolutional code with code rate
of % we obtain approximately 11 Mb/s data rate. We suppose
to use commercial Access Points with a receiver sensitivity
(for fp, = 11 Mb/s) of -82 dBm.

IV. RESULTS AND DISCUSSIONS
A. TVWS vs WiFi: Positioning

Matlab simulations were carried on for perfomance eval-
vation. In [11] it was already reported that for the same
transmitted power, the average number of APs reached by a
TVWS device (both 470 and 790 MHz) is by far much greater
than the WiFi one and that this is reflected in localization
performances where TVWS device strongly outperforms the
WiFi one, obtaining a very small average error value. In the
following we focus on the impact of operating the position-
ing system at TVWS frequencies on energy efficiency. The
simulation parameters are listed in Table I and II.

TABLE I
PROPAGATION MODEL AND NETWORK SETUP PARAMETERS

Parameters Values
o' 3.2 (WiFi) - 3 (TVWS)
o? 6 dB
Nap 15
A (Area) 200 m?

Figure 4 presents the average localization error for TVWS
and WiFi systems as a function of the transmitted power.
Results show that the TVWS system, thanks to the capability
to reach an higher number of APs compared to the WiFi



TABLE 11
SYSTEMS TECHNICAL SETUP

Parameters WiFi TVWS
Radio Frequency 2.4 GHz 700 MHz
EIRP 14.77+-20 dBm || 2+14 dBm
Channel Bandwidth 20 MHz 8 MHz
Receiver Sensitivity -82 dBm -82 dBm

one, guarantees better perfomance at lower transmitted power
levels, and this is a very attractive feature in modern communi-
cation systems, given the recent, increasing attention towards
green communications.

Localization error vs. Transmitted Power for WiFi @2.4 GHz and TVWS @700 MHz
9 T T

¢ —6— TVWS @700 MHz
—8— WiFi @2.4 GHz

Average Error [m]

0 5 10 15 20
Ptx [dBm]

Fig. 4. Average position error and energy savings: TVWS vs WiFi.

B. Analysis on constrained topologies

The results presented in the previous section were obtained
for a fingerprinting-based system operating on a free topology,
that is a topology in which the reference nodes are deployed in
a random way inside the considered area, in order to simulate
real situations like a university, a campus or simply a resi-
dential quarter. In this subsection we consider a different case
where a lateration-based system is deployed with constrained
topologies, which follow fixed spatial structures. Together with
Random topology for comparison, we consider four types of
topology:

e Polygonal: n nodes are distributed on the vertexes of a
polygon inscribed in a circumference of radius which
depends on the number of nodes and the (fixed) distance
(called s) among nodes;

o QAM based (Regular grid): n nodes are distributed on
a QAM constellation which is limited by the entire
considered area. If n is not a power of 2 we consider
the next power of 2 (M) and we take away from the M-
QAM constellation the M-n exceeding nodes;

o Asymmetric cross: n nodes are equally spatial (with
distance s) distributed on an horizontal line and on a
vertical one, similar to the shape of a cross;

o Nested: based on the number of nodes n, this topology
is composed by nested squares, and/or triangles, and/or

a single central point. The distances among nodes are
proportional to the nesting degree.
In Figure 5 an example of these topologies for n = 11 is given.

xim xim

(a) Polygonal. (b) QAM based.

AsymmetricCross Topology wit n - Nested Topology witnn = 11

(c) Asymmetric Cross. (d) Nested.

Fig. 5. Example of topologies with n = 11.

When talking about constrained topology we generally refer
to real situations such as an indoor environment in which we
can organize the nodes with a fixed structure (for example to
allow the localization of products in a supermarket) or a big
factory which has a plan about network deployment. However,
another interesting case can be envisioned, where a constrained
topology is generated by appropriately selecting a subset from
a network of nodes with random topology, in case this is
expected to lead to a possible performance improvement.
Rather than relying on the CEP model for localization error,
introduced in Section III-A and well-fitting a fingerprinting-
based system, in this section we adopt a simpler error estimate
model, suitable for the lateration approach, that defines a
positioning error upper bound, correlated to the smallest
eigenvalue of the reference points coordinates matrix [20].
With the parameters in Table III we obtain the results presented
in Figure 6.

TABLE III
PROPAGATION MODEL AND NETWORK SETUP PARAMETERS

Parameters Values
Nap 3:16
A (Area) 100 m?

S 8§ m

Figure 6 shows that the general trend is the higher the
number of nodes the higher value of the eigenvalue, even if the
trend is irregular for the nested topology and the QAM based
one. We notice that only the QAM topology outperforms the
random one for the most values of the reference nodes number
while the nested and the polygonal have an higher eigenvalue
only for high values of n (n > 14). The asymmetric cross
topology goes always worse. It is important to notice that
the QAM based topology presents a very high value of the
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Fig. 6. Pattern of the smallest eigenvalue of the coordinates matrix for
different topologies.

eigenvalue for n = 4. This depends on the fact that, even if
the number of nodes is low, they have the maximum distance
among them (equal to the areaside = v/A). In this way the
elements of the coordinates matrix are very spread. Regarding
the global upper bound trend, Figure 7 confirms that the QAM
based, the nested and the polygonal topologies outperform the
random one while the asymmetric cross goes worse.

Upper bounds comparison for different topologies
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Fig. 7. Pattern of the positioning error upper bound for different topologies.

Results show that regular topologies, particularly the polyg-
onal one, and, in some cases, the nested and the QAM-based
ones, may lead to better performance compared to the random
topology, even for a lower number of reference nodes. This
justifies the idea of operating a selection procedure in order
to obtain a subset of well-located reference nodes. Even in
this scenario, working at TVWS frequencies can provide an
advantage thanks to the larger coverage that will guarantee a
larger set of nodes from which to perform the subset selection.

V. CONCLUSIONS

In this work the use of TV White Spaces for indoor
positioning was proposed, relying on solutions currently being
developed for communications in TVWS such as cognitive

radio technology, and adopting a fingerprinting approach. A
theoretical model for the positioning error and accuracy was
introduced and analyzed, showing a strong relation with the
number of access points available as reference nodes for the
positioning algorithm. In particular, the greater the number of
access points reached the lower the mean positioning error.
Based on the proposed model, traditional solutions based on
Wi-Fi are compared with a TVWS positioning system. Results
show that a TVWS positioning system can guarantee higher
accuracy than WiFi while operating at lower transmission
power levels thus enabling significant energy savings. The
performance analysis of positioning at TVWS frequencies was
then extended to a lateration-based system where the access
points are deployed according to predetermined topologies,
and results show that positioning performance can be further
improved if the system is capable of selecting, from a random
topology, a subset of reference nodes that form a structure
characterized by simple symmetric shapes like squares, trian-
gles or polygons.
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