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Abstract—Positioning objects such as appliances inside
rooms has become of fundamental importance in the Internet o
Things (IoT) and 06in-home automation, as well as in
augmented reality (AR). A new positioning system based on a
smartphone and radio-frequency identification (RFID) tags
applied to the objects to be localized is presented. The 3D
positioning of the smartphone is obtained through an
ultrasound system while its orientation in space is obtained with
the onboard magnetometers and accelerometers. When a
certain RFID tag is read through the near-field communication
(NFC) interface of the smartphone, from its distance and from
the orientation of the smartphone that reads it, the 3D position
of the tagged object is obtained. The system architecture is
explained and simulation results are presented. Positioning
accuracy of about ten centimeters is achieved

Keywords—Indoor positioning, Ultrasonic positioning, RFID
tag

[INTRODUCTION

Tridimensional positioning with high spatial resolution is
able to open new applications in the fields of IoT and
domotics, as well as logistics and mobile asset management.
[1-8]. Positioning of objects, like home or office assets, is
crucial for spatial-based control of operation. Many attempts
to develop indoor positioning systems with sufficient
resolution and reasonable cost have been reported in the
literature [9], however still open questions are sufficient
accuracy, low cost, miniaturizable, and operation relying on
small batteries. Main technologies used in the proposed
systems include Radio Frequency (RF) signals [10], video
cameras, laser beams [11], infrared sensors [12], magnetic
sensors [13], and ultrasonic waves [14]. Ultrasonic wave-
based systems provide spatial distances and positions with a
high degree of accuracy at a relatively low cost. [15].

Ultrasonic techniques compute positioning from ranging
measurements from a set of reference points. The most used
techniques are time of arrival (TOA) and time difference of
arrival (TDOA). The methods that are based on the TOA
require the exact knowledge of when (time of emission, TOE)
the emitter starts to emit the ultrasonic signal, thus requiring a
tight synchronization between emitter and receiver, usually
obtained using a suitable RF communication channel [16-17].
Unfortunately, a sufficiently tight synchronization cannot be

achieved using a smartphone due to its multiple firmware and
software layers, which are loosely synchronized each other.

When the required tight synchronization between emitter
and receiver is not available, it is possible to obtain a
positioning through pseudo range multilateration by only
measuring TOAs. This technique is based on the differences
in the TOAs of two or more received signals, using one of
them as a reference, thus obtaining TDOAs. Subsequently,
TDOAs are converted in distance differences. The minimur
requirement is of at least three distance differences from four
reference points to obtain the tridimensional MD positioning
as an intersection of three hyperboloids. In [18-19], solutions
based on both TDOA and arrival frequency difference
(FDOA) were presented to include target speed data. The
solution provided in [20] uses smartphones acting as
acoustical receivers for an experimental 2D positioning for
indoor navigation. An iterative least square matrix method
provides TDOA positioning. The accuracy of the sub-
decimeter positioning has been reported as well as an analysis
of the acoustic reception quality relative to the angle of
rotation of the smartphone with the emitters. A simultaneous
2D TDOA positioning of several transmitters and a moving
receiver is presented in [21]. The positioning is obtained by
iteratively solving a non-linear optimization problem of
TDOA using a physical mass-spring representation of the
error function. However, this solution requires a significant
computational cost that translate into in a powerful processor
and a big battery. In [22], three-dimensional positioning is
obtained using five reference points (beacons) and four
TDOAs. This redundancy allows the linearization and thus
algebraic solution. The simulated results were also reported
therein. In [23], is showed a room-level positioning system for
the navigation of robots, with experimental results in the 2D
plane.

Another indoor ultrasonic positioning system uses a form
of TOF positioning without using any sort of reference signals
to indicate the ultrasonic TOE [24]. It uses a combination of
angle of arrival (AOA) and TOF with an intelligent timing
recovery algorithm that can indirectly estimate the proper
timing at runtime. However, this method presents some
critical problems, such as clock drift, the need for three
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microphones, and the fact that the necessary iterative
calculation is not easily obtainable with a low power design.

A system was proposed that, inspired by that described
above [24], overcomes some of its critical elements [25]. The
synchronism is indirectly estimated from the time difference
of arrival (TDOA) of the ultrasonic signals. The system uses
four ultrasonic beacons, while the MD has a single ultrasonic
receiver. All the calculation are performed on each MD and
the calculated position is private (infrastructure is not aware
of the number or identity of the MDs). Simulations and
experimental results have been provided. A moving MD
estimates TO using only TDOA information using a
mathematically closed form derived from the intersection of
hyperboloids, which is however very sensitive to uncertainty.
[26-27]. MD estimates TO without prior information. Because
of the clock drift, the MD does not see a constant TO but a
time ramp with a slope proportional to the drift. An estimate
of true TO is obtained by using a ramp follower that converges
even in the presence of clock drift. In a second phase, it is
possible to get a more accurate estimate of the MD position
through the intersection of spheres with radii obtained through
estimates of converging TO and measured TOAs. All
computations are performed using closed form formulas,
minimizing computational load, complexity, size, and energy
consumption of the MD.
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Fig. 1. System architecture. The Beacon Set Unit emits the ultrasonic chirp
signals through the four beacons Bi, B2, B3, and B4 placed at the corners of a
square; the smartphone, which is running a specific application, receives
through its microphone four ultrasonic signals and calculates its own
position. The position of the tag is found by adding information of space
orientation and range,. The beacons belong to the same circuit and are
intrinsically synchronized with each other.

In this work, as original contribution, a second step is
added. Once the smartphone positioning is obtained, it is
possible to compute the position of the asset to be located. This
is obtained in a two steps process, here only depicted and
beyond the scope of this work. First, a RFID tag is placed on
the asset containing all the required information on the asset
itself, for example spatial occupancy, power supply required,
minimal distance from other particular assets, etc. The
application running on the smartphone, which is in the
neighborhood of the asset, reads through its NFC interface the
asset information. Secondly, the same application associates
the asset to the smartphone position plus a spatial translation.

The translation and its direction is estimated from smartphone
orientation (azimuth and zenith angles from onboard compass
and accelerometers) and range (from RSSI data), i.e. via a
coordinate transformation, taking into account the NFC
antenna directivity.

This system can be used in an indoor environment by a
number of different devices that meet a set standard, similar
to how the GPS system is used. In the long run, devices such
as smartphones, tablets, and laptops could take advantage of a
standard indoor positioning infrastructure to easily obtain
indoor positioning and navigation in places such as shopping
malls, hospitals, and stations.

The document is structured as follows: section 2 explains
how the proposed system works, while section 3 reports the
results of the simulations. Finally, section 4 reports the
conclusions of the paper.

II.SYSTEM ARCHITECTURE AND OPERATION

An innovative system for object positioning in indoor
environment using a to the smartphone with NFC interface or
QR code, is presented.

Positioning is achieved in two steps (see Figure 1): 1) the
smartphone is positioned absolutely within a specific
reference system using an ultrasonic system [25]. At the same
time, the smartphone orientation in the space is computed
using onboard accelerometers and magnetometers, just as it is
usually done by smartphone AR applications; 2) The
smartphone NFC reads the RFID tag [28] placed on the object
to be located, and from the RSSI and known antenna
directivity information it is able to determine approximated
distance and orientation from the smartphone. The final object
positioning is obtained by geometrical composition of the data
computed.

The ultrasonic system consists of four coplanar emitters,
placed at the corners of a square of side a, designed to be
positioned on the ceiling of a room. At first, only a smartphone
is considered, however the following considerations can be
extended to any number of smartphones.

The four beacons emit ultrasonic signals in a predefined
sequence (i.e., 1, 2, 3, 4, TsiLence, 1, 2, 3, 4...) starting from
the time toseacons, and the time interval between emissions is
TrepetiTION (See Fig. 2). Each emission duration is Temission
< TrepeTiTiON. The beacons belong to the same circuit and are
intrinsically synchronized with each other. The sequence of
the four signals is repeated in identical frames emitted at
regular time intervals of duration Trrame (frame repetition
time). The ultrasonic signal is a chirp that allows to take full
advantage of correlation during ranging.

The smartphone records the ultrasonic signal coming
from the Beacon Set for a duration time of TrramE, according
to its internal timing.

Therefore, two distinct periodic processes can be
considered: 1) The ultrasonic emission, at beacon set, frame
repetition which starts at foBeacons; 2) the listening at the
smartphone whose window starts at fosp (Where SP stands for
SmartPhone, see Figure 2). They are repeated with equal
periods but with different starting times. There is, therefore,
a lag or time offset between the two processes
Torrser = toBEACONS - tosp that is unknown.

Typically, one of the synchronization techniques known
in the literature is used to estimate Torrser, for example
Reference Broadcasting [29-31], which however require
additional hardware (wires, RF, etc.) and protocols.



On the contrary, here we used a solution that avoids
synchronization hardware allowing the recovery of Torrskr is
proposed. The smartphone application cross-correlates the
received chirp signal and a copy of the chirp stored in advance
in the smartphone, after proper properly sampling and
conversion from analog to digital. The position of the cross-
correlation maximum indicates the point in time where the
received signal and the stored chirp are best aligned. The lag
T, or inter-signals displacement, corresponding to the cross-
correlation peak is proportional to the TOA referred to the
local clock.

Since the smartphone does not know the time of emission
of each ultrasonic signal, it is not able to estimate the TOF,
but only the TOAs of each signal referred to the local clock,
which are TOA1, TOA2, TOA3, TOA4, respectively. From
these, three TDOA df; (j = 1, 2, 3) are obtained:

dt1=TOA2- TOA1
dt2 = TOAs- TOA: 1
dts = TOA4- TOA:.

Knowing the propagation velocity of the sound wave in
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Fig.2. Time diagram for the Beacon Set and the smartphone running
application (not in scale): the four beacons emit ultrasonic signals in a
predefined sequence (i.e., 1, 2, 3, 4, Tsuwenck, 1, 2, 3, 4...) starting from the
time toseacons, and the time interval between emissions is TREPETITION.

the range differences d; (j = 1, 2, 3) from the time differences
are calculated as:

d1=dti-cair=1D1-h
do=dt2-cair=13- 11 3)
ds = dts-cair=14- 11,

where 1, b,...ls are the distances between the smartphone and
the four beacons. Here, it is assumed that in a room the air
flows and temperature gradient are well-controlled control, as
usual. Small fluctuations slightly affect positioning accuracy.
Otherwise, methods based on direct or indirect measurement
of the speed of sound along the propagation path [32] can be
adopted. When required, in environments with fast
temperature variations, a direct temperature reading can be
carried out by the smartphone onboard temperature sensor.
From (4), by solving the intersection of hyperboloids, the
coordinates (x, y, z) of the smartphone are finally calculated:

dy =1l -1 =\/(X—XRP2)2 +(y_yRP2)2 +(Z—ZRP2)2 -1
dy=1-1, =\/(x_xRP3)2 +()")’RP3)2 +(Z—ZRP3)2 -, 4

dy=1,-1 =\/(x_xRP4)2 +()")’RP4)2 +(Z_ZRP4)2 -1,

where Xrpi = (XRrPi, YRPi, ZRPi) 1S the reference position of the ith
(i=1,2,...4) beacon.

The relative position of the smartphone with respect to the
emitters, the distance between the emitters and the noise level
greatly influence the accuracy of the solution. In particular,
whenever the smartphone is located in points of space
equidistant at least by two emitters, or in their proximity, the
solutions of (4) are affected by errors whose entity can be
significant. Considering the arrangement of the four beacons
at the corners of a square of side a, with coordinates
Xre1 = (0, 0, 0), Xre2 = (a, 0, 0), Xrpe3 = (a, a, 0),
Xres = (0, a, 0), respectively, the (4) can be rewritten as
follows:

d2=\/(x—a)2+(y—a)2+zz—ll %)

dy =X +(y—a)2 +27 -1,

and rearranging the terms and rewriting the first and third
equations, is obtained:

(x—a)2+22 =(dl+ll)2—y2

(6)
(y-b) =(dy+1,)* -x* - 22,

By replacing the (6) in the second of the (5), is obtained:
(d2+11)2=(d]+1])2_y2+(d3+11)2—x2—z2= %)
=(dy+ 1) +(ds+1,)* - 1.

Resolving the (7) for /1, finally is obtained:
2 2 2
- hnd ®

2(dy+d;~dy)

Equation (8) gives an estimate of /1 and from this, through
the (3), of Iz, /3, and 4. From /1, TOF| = [1/cair is obtained, and
from this, knowing TOA1 = TOF: + Torrset, then Torrser is
finally estimated:

Torrser = TOA1 - TOF. 9)

As thoroughly discussed in [25], the accuracy of the
current estimate of Torrser from (9) strongly depends on the
position of the smartphone with respect to the four beacons.
The (8) produces large error in some positions, where the
denominator becomes very small or almost zero. In the space
points set where ¢, +d; —d, =0 there is an unlimited error

and (8) can be considered as "blind". Each Torrser estimated



directly from (8) is therefore affected by a considerable noise
(see Fig. 6).

It is worth noting that Torrser is the same for all the
beacons belonging to the same synchronous circuit, and,
above all, Torrser is the same for any position of the
smartphone.

The obtained noisy value of Torrser can be used to refine
the estimate of the true value of Torrser at each positioning
operation. If TorrseT were really constant, in order to obtain
an accurate estimate of the Torrser, it would be enough to
make an average of the noisy values of the rough Torrser
estimates coming from (8), provided that the noise has zero
mean value. This approach was followed by [24], which used
a moving average.

However, in presence of intrinsic drift between the two
clocks, the above approach is unsuitable. In fact, even if
nominally the clocks of the beacon set and of the smartphone
have the same frequency, in practice the frequencies of the
two clocks differ for some part per million (ppm) and there is
a not negligible clock drift over time. Considering a
commercial quartz clock, a typical value for clock total
uncertainty is 100 ppm, depending on the temperature,
manufacture, and aging of the clock components. Clock drift,
which is one of the components of the total uncertainty of a
clock, produces remarkable effects. If for example the clock
frequency of our beacon set and smartphone systems is 20
MHz, and they differ by 50 ppm, after one second, in the
worst case, the two clocks differ by 1000 clock periods or 100
ps. This difference produces a measurement error of about
3.4 cm assuming a sound speed of 343 m/s. Over the course
of time an error of 3.4 cm is accumulated for every additional
second of the system operation, and therefore after 60 s the
error exceeds 2 m, even starting from the unrealistically
favorable hypothesis of initial synchronization between the
two clocks

Based on the considerations made, it is possible to
estimate Torrser as a ramp over time, then Torrser(k) is
estimated as a function of time, where £ is a time index. In
particular, due to the presence of a high noise level on the
single Torrser estimates from (9), it is appropriate to estimate
the clock drift value through a sort of time filter, for example
a ramp follower [33]. We also hypothesized that the value of
the drift, or the slope of the time ramp, remains reasonably
constant or very slow varying during the time interval of the
operations of the system:

e(k) = y(k)—ref (k)
x(k+1) [ 1 o] x (k) 001

= + e(k)
xy (k+1) 001 1 || x,(k) 5107

y(k+1)=K[ 11 ] eond
2

~

where k is the kth time step of Trrame duration, i.e., the
repetition time of the positioning operation, ref(k) is the noisy
ramp to be followed, i.e., the current value of Torrser(k), y(k)
= T*orrser(k) is the estimate of the true Torrser(k) after the
noise rejection, x1(k) and x2(k) are the internal states of the
ramp follower, and K is a constant parameter tuned by trial
and error procedure. The smaller is K value, the greater the
noise rejection and convergence time of the ramp follower.

The T*orrser(k) estimate allows finding the estimates
[*(k) through the following:

[*1(k) = [TOA1(k) + T*orrser(k)] Cair
[*2(k) = [TOA2(k) + T*orrser(k)] " Cair (11)
[*3(k) = [TOAs(k) + T*orrser(k)] Cair
[*4(k) = [TOA4(k) + T*orrser(k)] Cair.

The T*orrseT(k) sequence thus obtained, although heavily
filtered over time, allows to obtain the
TOF (k)i = TOA(k): + T*orrser(k) sequence and therefore to
use the intersection of spheres:

l]*2 =xz+yz+z2
l;2=(x—a)2+yz+z2 a

l;2=(x—a)2+(y—a)2+z2 2)

l:z =x? +(y—a)2+zz,

which produces much more accurate results than the
intersection of hyperboloids (4), therefore overcoming the
issue of noisy results from (4). Ultimately, this approach
allows trajectories to be tracked with reduced noise even in
the presence of abrupt variations.

Equation (12) allows calculating the estimate of the
position of the smartphone at the kth positioning frame
through the simplified spherical equations intersection
solution [25]. By picking in all combinations three sphere
equations at a time from the available four (12), four sets of
coordinates for the position of the smartphone are obtained.
The results are averaged, making it more robust against small
and unbiased errors on the estimates of the four distances:

] 4
X=—>Xx
421 "
1 4
y=—2 (13)
450
1 4
=— Yo
4h§1 g

Once the smartphone is absolutely 3D-located inside the
indoor space, its orientation is calculated using the onboard
accelerometers and compass, as usually done in AR
applications.

Subsequently, using the integrated NFC interface, the
smartphone is able to find the RFID tag applied on the target
to be localized, which is assumed to be a few centimeters
from the smartphone. The spatial orientation information of
the smartphone allows to better specifying the positioning of
the object, in relation to the RSSI in conjunction with the
known directivity of the onboard NFC reader. At this point it
is possible to store or transmit to an external database, linked
to home automation or IoT management applications, the
pairing between the object identifier and its absolute three-
dimensional position in the reference system given by the
beacon set. A block diagram of the proposed positioning
algorithm, as executed by suitable application running on the
smartphone is shown in Figure 3.

III.ALGORITHM SIMULATION SETUP AND RESULTS



The beacon system is fixed at the center of the ceiling of
a 4x4x3 m® room. The beacons are fixed at the corners of a
square having side @ = 50 cm, so as to constitute an element
that can easily be integrated into a typical room ceiling panel.
The simulation computations start from the knowledge of the
four TOAs, which are detected in the correlation between
received signal and signal stored in memory with uncertainty
ATOA [17][30]. In the following simulations,
Fs=1/Ts=96kS/s and ATOA =+Ts/2 have been set.
Assuming the sound speed 343 m/s, the time interval of Ts
corresponds to a space interval of 3.6 mm. A random value
for the starting Torrser(0) and a Beacon Set-smartphone
relative clock drift of 100 ppm has been assumed. In the
presence of clock drift, we have:

Torrser(k) = Torrser(0) + AcLock &, (15)

where Acrock = 12.5 ps is computed taking into account that
a 200 ppm clock drift applies to an external 32768 Hz crystal,
from which the microprocessor clock is derived, and Trrame
is 0.1 s.
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Fig. 3. Block diagram of the proposed positioning algorithm that operates
in an infinite loop after initializing Torrser(0) = 0 and T*orrser(0) = 0.

In the simulation, the smartphone moves along a preset
3D elliptical trajectory (see Figure 4) and the Trrame is 0.1 s
(i.e., frame rate 10 Hz). The rectangular trajectory is repeated
for a total of 1000 positioning frames to show the convergent
behavior of the TorrseT recovery process. Figure 4 shows the
estimated trajectory compared to the true one, indicated by
the last 500 position estimates, i.c., after the initial algorithm
convergence. The overall 3D positioning error egp at each
point is given by the Euclidean distance between each ground
truth point and the estimated one. Figure 5 reports the erp
behavior along the 1000 positioning frames. Figure 6 shows
the cumulative distribution function (CDF) of the
smartphone positioning over the last 500 positioning

frames and of the last 100 trajectory points after

convergence. The results obtained demonstrate that 3D
positioning with acceptable error (less than 6 cm) can
also be obtained with the limited sampling frequency
(96 kS/s) provided by the typical smartphone hardware,
differently from the relatively high sampling frequency
(200 kS/s ) considered in [25].

Fig. 4. Simulated trajectory of the moving smartphone (line) and estimated
positioning (dots): Last 500 positioning frames. Beacons are indicated by
triangles.
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Fig. 5. Decreasing positioning error ezp over 1000 successive positioning
frames.
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Fig. 6. Cumulative error distributions (percent of readings with error less
than the value of a given abscissa) of the smartphone positioning over the
last 500 positioning frames (dotted line) and of the last 100 trajectory points
(solid line) after convergence transient.

Finally, it is reasonable to assume that the error
introduced by the orientation measures (zenith and azimuth
angles) and range (RSSI), plus the uncertainty due to the
inaccurate information from RSSI and antenna directivity is



in any case of the same order of the distance between
smartphone and tag or even less, that is, a few centimeters.

When the NFC interface is unavailable it is possible to use
QR code instead. The built-in cam scans a QR code tag placed
on the asset to be located, replacing the RFID tag. In this case
the ranging information is obtained from lens focusing data.
That, in conjunction with smartphone orientation, allows a
positioning with similar accuracy.

IV.CONCLUSIONS

In this work, a new system for indoor object positioning
using smartphone, ultrasonic signals, and NFC or QR code is
presented. In a first step, the 3D positioning of the
smartphone is obtained through an ultrasound system while
its orientation in space is obtained with the onboard
magnetometers and accelerometers. In a second step, the
onboard NFC interface reads the RFID tag placed on the
object to be positioned and the RSSI is recorded. The
composition of the positioning information of the
smartphone, the spatial orientation, the NFC reader diagram
and the RSSI obtained, allows to define with a low
approximation the three-dimensional position of the RFID
tag and therefore of the object on which it is positioned. When
the NFC interface is unavailable it is possible to use onboard
cam and a QR code tag instead. The system architecture and
operation were described and simulation results presented.
Overall positioning accuracy of about ten centimeters was
achieved, under reasonable assumptions. Many applications
and services within the domotics and Internet of Things can
benefit of the presented system.
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