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Abstract: Indoor positioning systems have become a feasible solution for the current development
of multiple location-based services and applications. They often consist of deploying a certain set
of beacons in the environment to create a coverage volume, wherein some receivers, such as robots,
drones or smart devices, can move while estimating their own position. Their final accuracy and
performance mainly depend on several factors: the workspace size and its nature, the technologies
involved (Wi-Fi, ultrasound, light, RF), etc. This work evaluates a 3D ultrasonic local positioning
system (3D-ULPS) based on three independent ULPSs installed at specific positions to cover almost
all the workspace and position mobile ultrasonic receivers in the environment. Because the proposal
deals with numerous ultrasonic emitters, it is possible to determine different time differences of
arrival (TDOA) between them and the receiver. In that context, the selection of a suitable fusion
method to merge all this information into a final position estimate is a key aspect of the proposal.
A linear Kalman filter (LKF) and an adaptive Kalman filter (AKF) are proposed in that regard for a
loosely coupled approach, where the positions obtained from each ULPS are merged together. On the
other hand, as a tightly coupled method, an extended Kalman filter (EKF) is also applied to merge the
raw measurements from all the ULPSs into a final position estimate. Simulations and experimental
tests were carried out and validated both approaches, thus providing average errors in the centimetre
range for the EKF version, in contrast to errors up to the meter range from the independent (not
merged) ULPSs.

Keywords: 3D positioning; ultrasonic local positioning systems; loosely coupled fusion; tightly
coupled fusion

1. Introduction

Global positioning systems are nowadays fully integrated into daily life in many fields
of application, mainly based on global navigation satellite systems (GNSSs), due to their
performance in terms of availability, coverage, compact size, and the low cost of receivers.
Nevertheless, GNSSs do not match so well in all the scenarios and applications due to
certain constraints, such as the degradation or lack of satellite signals in closed environ-
ments (e.g., inside buildings). In those specific scenarios, local positioning systems (LPSs),
also known as indoor positioning systems (IPSs), are employed. LPSs present different
advantages and drawbacks, depending on the involved sensory technology as well as
other design considerations [1]. Typical applications of LPSs include resource management,
robot localization, environment monitoring, and people tracking for purposes of special

Appl. Sci. 2021, 11, 6805. https:/ /doi.org/10.3390/app11156805

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-3723-0454
https://orcid.org/0000-0001-5326-0752
https://orcid.org/0000-0001-9308-8133
https://orcid.org/0000-0001-5900-0978
https://doi.org/10.3390/app11156805
https://doi.org/10.3390/app11156805
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11156805
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11156805?type=check_update&version=2

Appl. Sci. 2021, 11, 6805

2 0f 24

supervision, public safety, etc. [2]. Different previous works have already addressed these
tasks in extended indoor environments, such as train/bus stations, airports, hospitals,
universities, or commercial centres.

In this context, ultrasonic positioning systems have been considered as an interesting
technology for indoor applications, mainly due to certain advantages, such as suitable accu-
racy, low power and low cost [3,4]. Thus, some 3D ultrasonic positioning systems have been
developed using diverse configurations, as reviewed in [5,6]. They are based on two main
approaches: emitters are located at fixed positions while receivers are moving in the envi-
ronment, and vice-versa. They are often based on trilateration or multi-lateration [3,7-10],
consisting of the determination of times of arrival (TOA) [5] or time differences of arrival
(TDOA) [3]; however, it is also possible to find other options, such as those based on
angles of arrival (AOA) [9], or hybrid techniques [10]. In certain cases, the availability of
multiple position estimates also involves applying a merging technique to obtain a final
position [6,10,11].

Concerning the first approach, where the emitters are located at known positions and
the receivers are moving in the environment, 3D positioning systems have been devel-
oped with diverse configurations, positioning techniques, and arrays of beacons. Some
configurations consist of beacons fixed at ceiling corners [11], where three autonomous
beacons, synchronized with the receiver, are used for a hybrid method based on AOAs
and TOAs; also, the deployment of four beacons at the ceiling corners was introduced
in [12]. Other configurations placed a set of beacons in the ceiling, as in [7]. It presented a
set of six synchronized beacons in the ceiling, pointing to the centre of the room to measure
TDOAs. Moreover, four beacons were synchronized with a fixed microphone in [5], in
order to estimate the distances between the emitters and the receiver. In addition, a set
of four beacons could be placed in only one plane (or slightly out of the plane to avoid
coplanarity) to point to the desired workspace [3,13]. The main constraint in most coplanar
structures is the measure of the position in the perpendicular axis to this specific plane.
To overcome this constraint, some previous works have deployed beacons in different or
parallel planes [5,10,11].

Concerning the second approach, a 3D positioning system was proposed in [14], based
on five ultrasonic emitters installed on a mobile user, and five ultrasonic receivers fixed
at known locations. This system utilizes a trilateration positioning technique and the
extended phase accordance method as a tracking algorithm to measure the distance to the
mobile target, as well as a time division multiplexing access (TDMA) communication link,
so that a trigger pulse synchronizes the emitters and the receivers. In [15], this proposal was
also developed by setting a receiver with four coplanar beacons located perpendicularly to
the mobile emitters. Furthermore, a 3D positioning system presented in [16] was composed
of a single mobile emitter and a set of six fixed and coplanar receivers at known positions;
it proposed a linear ultrasonic chirp and the phase correlation approach to calculate the
corresponding TOAs, additionally with a spherical trilateration technique to obtain the
estimated positions.

The LOCATE-US positioning system developed by the GEINTRA group from the
University of Alcala presents suitable accuracy in the centimetre range [17,18]. For 3D
positioning systems, a sensor network is utilized, based on several beacon units installed
in particular orientations to cover as much of the environment as possible and achieve
homogeneous ultrasonic coverage, which is a key parameter for stable accuracy. The final
position estimates are obtained by fusing data from the available beacon units at each time
point. That is why several fusion methods have been studied and applied (e.g., maximum
likelihood estimation MLE [19]), with the goal of achieving suitable accuracy over time
in all the covered volume. In general terms, the accuracy of ultrasonic systems in 3D
positioning is in the centimetre and decimetre ranges even for large coverage areas.

When the results obtained from a single unit or arrangement of beacons are poor (bad
results in one particular coordinate or too many outliers), and several units are present in the
environment, a fusion of data coming from the different deployed beacons can be applied.
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Its purpose is to merge complementary information accessible from different sensors to
generate a more accurate result [20,21]. There are fusion techniques for all abstraction
levels of sensor data, which depend on the desired application and resources [22,23].

This work proposes the use of fusion methods to merge position estimates coming
from different beacons existing in the environment. In order to achieve a large coverage
volume with enough accuracy in the three coordinates, several ultrasonic LPSs are de-
ployed on different planes. This fact implies that several TDOA measurements or position
estimates can be obtained for a single receiver’s position, being necessary to merge all of
them in an efficient way to obtain suitable accuracy. In this way, the main contribution
of this work is in applying and evaluating tightly and loosely coupled methods for that
purpose, not only in simulations, but also in experimental tests. A linear Kalman filter
(LKF) and an adaptive Kalman filter (AKF) are considered as loosely coupled methods,
whereas an extended Kalman filter (EKF) is the alternative as a tightly coupled method.

The rest of the manuscript is organized as follows. Section 2 provides an overview of
the proposed 3D ultrasonic positioning system, with a general description of the ultrasonic
emitters and their 3D configuration, the ultrasonic receiver, and the low-level process-
ing of the positioning algorithm. Section 3 presents the proposed fusion methods, thus
including the loosely coupled approach applying the LKF and the AKF, and the tightly
coupled approach using the EKFE. Simulations and experimental results are detailed in
Sections 4 and 5, respectively. Finally, conclusions are presented in Section 6.

2. Global System Overview

The LOCATE-US permits locating and tracking a mobile target with high accuracy
in a reduced region, in the range of centimetres for 2D deployments when the mobile
targets are supposed to navigate on the floor. In this case, to position a mobile target in an
extended area, a larger set of ultrasonic beacon units installed at the ceiling and oriented to
the floor is typically deployed to cover the full region of localization and navigation [24].

For other types of applications that require 3D positioning, this work proposes here-
inafter the use of various ULPS units, which cover the scanned region from diverse points
of view in order to obtain an accurate estimation of the receiver’s position in the common
coverage volume. Three ULPSs are installed in three perpendicular planes, which define
the most common indoor room shapes, pointing to the centre of the volume, whereas
other non-central areas are still scanned by at least one of them. Figure 1 depicts the
general aspect of this beacon distribution in a normal ordinary-size room. The first ULPS is
installed at the ceiling. The other two units are installed on two perpendicular walls [25].

2.1. General Description of LOCATE-US

LOCATE-US ULPS is a compact, light, and portable ultrasonic beacon architecture.
A single ULPS is formed by five emitter beacons (B;, where I = 1,2, ... 5) [26], placed
at the centre and at the four corners to form a square with a side of 1//2 m, as can be
observed in Figure 2. The five beacons have been placed in different planes: B, and By
are in the base plane, B3 and Bs are moved 10 cm apart, and B; is moved 20 cm from the
base plane [17]. When the ULPS is placed on the ceiling at a height H of 3.5 m emitting
top-down, it approximately covers an area of 40 m? and a volume of 53 m3, because the
total aperture angle of each emitter is 120°. To avoid audible artefacts, the ULPS operates
at roughly 41 kHz [26]. Some ULPSs can be easily deployed to cover wide indoor spaces,
where the receiver to be positioned is moving around. Each emitter of the ULPS may
use two protocols, code division multiple access (CDMA) and time division multiple
access (TDMA), to generate the corresponding emissions, encoded with a different code.
These codes present suitable auto-correlation features and low mutual interference with
the others. The emitters for a single ULPS can be controlled to configure the ultrasonic
transmission in terms of modulation schemes, sampling frequency, and code patterns to be
transmitted. Upon reception, a non-limited number of receivers can compute and estimate
their own position by measuring TDOAs from the incoming ultrasonic signals inside the
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coverage volume in an independent and autonomous way. That is why it is not necessary
to synchronize the beacons and the receivers [18,27].

)

Figure 1. General view of the 3D scenario considered with three ULPS units installed on three
perpendicular planes of the environment and a mobile receiver.

Figure 2. General view of LOCATE-US ULPS unit.

It is worth mentioning that, hereinafter, every transducer from the existing ULPSs
transmits its own 1023-bit Kasami code so that it can be identified upon reception by
matched filtering. These codes are BPSK-modulated at a carrier frequency of 41.67 kHz to
adjust the emissions to the available bandwidth.

2.2. General Description of the 3D Ultrasonic Receiver

A 3D ultrasonic receiver assembly has also been designed. It is composed of three
receivers, R4, Rp, and R, placed in the three faces of a tetrahedron. This distribution
has been adapted to capture ultrasonic transmissions coming from as many directions as
possible. All three receivers are wire-synchronized, whereas the general aspect of this 3D
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ultrasonic receiver is shown in Figure 3a. Three buffers (SD memory) have been added to
each receiver to store the acquired signals, where receiver R, is the master and receivers
Rp and R are slaves.

(b)

Figure 3. General aspect of the 3D receiver assembly: (a) the receiver assembly based on three single

receivers; (b) a view of a single receiver.

The ultrasonic receiver is a small and portable device, consisting of: an omnidirec-
tional MEMS PU0414HR5H-SB microphone [28] with suitable response at 41.67 kHz; an
STM32F103 module to filter the received signals with a high-pass filter; and an analog-
digital converter at a sampling rate of 100 kHz. Figure 3b presents a single ultrasonic
receiver [18]. The omnidirectional MEMS microphone at every face of the 3D assembly
receives the ultrasonic signals of similar strength from all the beacons, while minimizing
the near-far effect (thanks to the beacons’ distribution). Moreover, all the ultrasonic links
have a similar channel model and, consequently, all inter-symbol (ISI) or multiple-access
interferences (MAI) are similar. Each receiver is able to capture a buffer with a length of
0.1 s at 100 kHz, so this acquisition window includes at least a complete transmission from
the beacons in the ULPSs [18], where a receiver’s position estimate can be obtained in a PC.
This feature actually constrains the maximum position update rate of the proposed system
to 10 Hz.

2.3. Proposed Positioning Algorithm

After acquiring the ultrasonic signals from the three available receivers, r4[n], rg[n],
and r¢[n], a set of BPSK demodulations and correlations with the corresponding emitted
1024-Kasami sequences is implemented. These correlation functions are analysed in order
to detect the maximum peak values of the received signals and, consequently, determine
the TDOAs between the receiver assembly and the beacons. Afterwards, the TDOAs
allow estimation of the receiver’s position by a Hyperbolic Gauss-Newton trilateration
technique, because all the ULPSs’ emissions are asynchronous. Taking that into account,
as every receiver provides up to five transmissions per ULPS, and the total number of
demodulations to compute is three (one per receiver), forty five correlation functions are
then implemented. Figure 4 depicts this processing for the 3D receiver assembly [25],
whereas Figure 5 shows an example of an incoming acquired signal and the corresponding
fifteen correlation functions (for one of the three receivers) with the five emitters from the
three available ULPSs.
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Figure 5. Example of the incoming acquired r4[n] in a single receiver (a), as well as the correlation functions for the three
available ULPSs (b-d).

The position of each receiver is estimated from these time differences using a Gauss—

Newton (GN) algorithm, which implies:

= Defining an initial position pg for the receiver (it should be chosen according to the
a-priori knowledge of the environment; in our case we consider the centre of the
positioning area). In the following steps of the algorithm, this position will be the
previously obtained py..

=  Minimizing the following function f(x, y, z), in the hyperbolic case Equation (1):

I
f(x,y,z) = argmin Z(Arli — APy;) (1)
i=1

where Ary; = r1 — r; are the measured distance differences and A?y; = 71 — 7; are the
estimated distance differences computed at the last position of the receiver between
the reference beacon B and the others B; (i=2, ..., 5):

A=t —fi = (=) 4 =)+ G—n) = (1) =y + (2 — ) 2)

= Estimating, at each step k, the new position py = px_1 + AX, and repeating the process
until AX (obtained using the GN algorithm [19]) becomes small enough (according to
a pre-defined threshold).

Consequently, for any particular test point P, by applying this algorithm at each
receiver for each one of the three ULPSs, it is possible to obtain up to three different
estimated positions for each receiver R4, Rp and R¢, P4 (x1, y1, z1), Pp (%2, y2, z2), and Pc
(x3, y3, z3). Note that every ULPS has beacons emitting different codes and, consequently,
the receiver is able to discriminate and calculate a position for each ULPS (if a large
enough number of time differences is obtained). So, to improve the accuracy of the final
position estimate, several fusion algorithms may be used [29]. For the positioning case,
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the loosely coupled fusion is applied after estimating the receiver’s position for all the
emitters, therefore merging these intermediate positions to get the final estimated one. On
the other hand, the tightly coupled fusion consists of merging distance differences coming
from ULPSs to update the previous positions [30].

3. Proposed Fusion Methods
3.1. Loosely Coupled Approach

The loosely coupled approach, referred to also as the decentralized one, is supposed
to integrate the estimated positions, obtained from multiple sensors, to determine the final
position. The ultrasonic measurements, coming from the three ULPSs, are used to obtain
individual position estimates using the GN algorithm by applying Equations (1) and (2).
These position estimates are consequently used as input position measurements in the
sensor fusion algorithms (LKF and AKF involved hereinafter), then merged to obtain the
final position estimate output of the integrated system with less noise, as well as more
accuracy, than the individual estimated positions, as shown in Figure 6. Three identical
branches are applied for the three ultrasonic receivers (R4, Rp and R¢). It is worth noting
that the availability of nine position estimates at the input of the fusion module is optimistic,
since some of them are often not available.

Gauss-Newton
ULPS-1 1 1
P1

Correlation

Peak Detection

|
|
Ultrasonic |

Receiver A - |
. | BPSK Correlati Gauss-Newton N Fusion P,
| Demodulation orre dtm,n — ULPS-2 e
r [”] Peak Detection P
4 1 P2 )

Gauss-Newton
— ULPS-3 — I
P3

Correlation
Peak Detection

Figure 6. Block diagram of a loosely coupled fusion of the three positions estimated by the re-
ceiver Ry4.

3.1.1. Linear Kalman Filter Approach

The linear Kalman filter (LKF) is used to merge the estimated positions obtained from
the three ULPSs, after applying the GN algorithm. This filter is based on a loop of two steps:
prediction and updating. The GN algorithm aims to converge into the correct estimated
position after a number of iterations [31]. The state model of the filter is Equation (3):

Xk = A- X1 +wy

Z, = H-Xy + v ®)
X = AXg 4
P, =AP,-AT+Q 4
K = P -HT (H-P, -HT +R) '
X = Xg 1 + Ky (Zg —H- Xy ) (5)

P = (I1- K, -H) P

where K is the Kalman filter gain; Q and R the process noise matrix and the measurement
noise matrix, respectively; A and H are constant transition matrices; and P is a dynamic
matrix. To apply the LKF to fuse the independent estimated positions and obtain the final
position, the process and measurement covariance matrices must be fixed experimentally.
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In our case, the measurement matrix is the covariance of the estimated position related to
the specific ULPS. So, the measurement matrix is particular for each position. The process
noise Q is fixed experimentally as % and computed according to Equation (7), so it is also
particular for each position. For the hyperbolic case, it is assumed that the noise is Gaussian
for distances and, applied to the distance differences, the noise is correlated, and R and Q
are defined as Equations (6) and (7):

2 2 2
Gx'iz 0.52(7},,i 0.5 Gé,i
R=| 05 G)z(’i O‘Y,iz 0.5 262/1 (6)
050y; 0.5 0y 0y
o2,
5 00507, 00502
2 .
Q=| 00502, ¥ 0.05 02, )
2 2 %,
0.05 oy, 0050, o

where i is the index of the corresponding ULPS, and (¢2;, 05 ., 02,) are the variances of
each position for the three axes x, y, and z, respectively.

3.1.2. Adaptive Kalman Filter Approach

The adaptive Kalman filter (AKF) approach is based on the linear Kalman filter with
a dynamic noise matrix Qy to improve the predictions at the instant k [32]. All the initial
values are kept as in the LKF case, except the noise matrix that becomes Qg initially, N is a
positive constant, in this case equal to 10, and AQ is the noise error covariance. The final
Qy is computed using Equation (8).

Qi = |diag(a-Qy_1 + AQy)|

. R 8
AQy = % (Pk — A-Pk71~AT> + 7N171 (wk — wk)(wk — wk)T ®)
where o = %, and wy = a-wy_1 + (%) Wy
"f,i 2 2
10 0.0520%1- 0.05 03
Q=1 00502, ¥ 00502 ©)
, , 7
2 2 Uz,i
0.05 oy; 0.05 Ty o

3.2. Tightly Coupled Data Fusion

A tightly coupled approach is supposed to integrate the multiple-sensor raw data
(i.e., distance differences) for the position estimation. There are two ways to combine
acquired data using specific filters, such as the EKF to deal with the nonlinearities of the
positioning equation system. The first way is fusing data in the prediction step of the filter,
which employs the values given by the sensors essentially as a control input. So, some
sensors are used in the prediction step, whereas the rest of the sensors are used in the update
step to correct the prediction [33]. The second way is known as the measurement fusion
method [34]; it is the simplest form and consists of fusing data through the observation
vector of the filter [35]. The prediction step is then totally based on a mathematical motion
model, whereas the update and correction are performed by employing the observations
of the sensors [36].

In the implementation of the tightly coupled approach used hereinafter, the second
option is involved, due to the direct combination of all the measurements, coming from
the ultrasonic sensors, which are used as the observation vector. Thus, this vector consists
of the distance differences (obtained from TDOAs) between the ultrasonic transmitters
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Ad,‘j = d,‘ — d]'

and the mobile receiver. The most relevant advantage is that it does not lose information
coming from the pre-processing of the ultrasonic measurements.

The initial position to apply the EKF is estimated using the Gauss-Newton algorithm
with the first set of measurements, and for the rest of the steps the positions will be
updated feeding the EKF directly with the raw measurements taken. For a single ULPS,
the number of required distance differences is at least four. The EKF is also based on a
loop of two steps: prediction (13) and updating (14). This algorithm linearizes the state
vector and its covariance matrix, applying several observations [37]. Those observations
are computed from the US measurements and presented as the distance differences at
instant k, (Ad;;x) between the mobile receiver (x, y, z) and the beacons i, (x;, y;, 2;), and
J» (xj, yj, zj). The distance differences Ad;; are computed from the TDOAs according to
Equations (10) and (11):

Adij,k = C-TDOAZ']‘/k (10)

2 2
- \/(x )+ (y—v)+ (z—z)* — \/(x -x) +W-y) +(z— z;)? (11)
where ¢ = 340 m/s is the velocity of sound in air; and TDOA;;x are the corresponding

TDOAs between beacons i and j at instant k.
The state Xy and measurement Zy are given by non-linear functions as in Equation (12):

Xi = f(X—1, ) + wiZy = h(Xy) + vk (12)

where wy, is the process noise related to every beacon’s state vector and vy, is the measure-
ment noise at instant k.

A
The prediction of the state vector Xj. and its covariance P, can be obtained with
Equation (13):

X = f(Xg—1, k) (13)
P =A P AL +Q

where u; includes information about the movement model (random in a sphere around
the previous point position in our case with a radius of 10 cm); Q is the covariance matrix

A
of the process; and Ay is the derivative of f(Xy_1, u;) with respect to the state vector.
N

The updated state vector Xy, its covariance Py, and the Kalman gain K are obtained
with Equation (14).

K = P, -HJ. (Hk~ P -HT + R) -

A A

X, = X, + K- (zk - h()Aq:)) (14)

P.=(1—- K'Hk)'P;

A
where Hy, represents the derivative of h (X1< ), defined in (15), with respect to the state vector
A

Xy , giving the matrix shown in Equation (16); Zy is a vector that contains the observations
(distance differences) computed using Equation (10); and I is the identity matrix.

The observation estimations are computed by using the a priori state vector (5(1: )
and its derivative matrix Hy, according to Equation (15) and Equation (16), respectively.
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d([ 2 o 2 Llxe w2 ze2 ])—d([ 2 9 2 L[ xa v 21 ])
d([ 27 0 2 Ll i woi zi |)—d([ 2 90 2 [ %1 ver zp1 ) (15)
d([ 2 oc 2 Ll xn von zon ])—d([ 2% 9 2 L[ %1 w1 201 )

where d([ £, 7,

Zp }, [Xp; Ybizp,i]) is the Euclidean distance between the a priori

position estimation and the i" beacon of the U-LPS considered, with I = {1, 2,3, ..., N};
and [ Xp1 Yba  Zpa ] are the coordinates of the beacon number 1, used as reference.

[am(X)  om(X) (%)
Fres Er a2
| (X)) (%) am(X)
Hy = %, . 2, (16)
% iy a2

The covariance matrix R related to the Gaussian observation noise is shown in
Equation (17):

o2 0502 0502
R=1 0502 . 0502 (17)
0502 0502 02

where 07, is the standard deviation of the noise in the ultrasonic distance measurements,
the experimental value of which has been established at 20 cm for the worst case.

4. Simulated Results

As was mentioned before, the proposed configuration is composed of three ULPSs
(ULPS-1, ULPS-2, and ULPS-3) placed at the centres of three perpendicular planes, with the
coordinates shown in Table 1. On the other hand, the mobile receiver is placed in a grid of
positions (P1-P7), as plotted in Figure 7, defined to analyse the behaviour of the proposal.
Twenty realizations were carried out per point in the grid, inserting the aforementioned
Gaussian noise in the ultrasonic distance measurement with a null mean and a standard
deviation of 20 cm. Every realization was processed independently, according to the
scheme in Figure 6, to obtain a final position estimate that was considered for statistical
purposes. For this configuration, the positioning algorithm obtained twelve equations,
used by the receiver to estimate its own position asynchronously by hyperbolic trilateration
with a GN minimization algorithm.

Table 1. Coordinates of the central beacon B; for every ULPS in the considered workspace.

ULPS Coordinates for B; (m)
ULPS-1 (0.84, 3.267, 3.351)
ULPS-2 (2.06, —0.458, 1.980)
ULPS-3 (3.92,2.7,2.7)
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Figure 7. Workspace configuration and grid of positions considered to evaluate the positioning
performance. ULPS-1 is plotted in red, ULPS-2 in blue, and ULPS-3 in green.

When these ULPSs are working in an independent way, they provide a high dispersion
in the position estimation, particularly in the perpendicular directions to each ULPS [19].
For comparison’s sake, this situation was further studied as shown in Table 2, where the
mean positioning errors are detailed for the seven considered positions P1-P7 in 90% of
cases at two different heights z; and z,.

Table 2. Positioning errors (m) in 90% of cases for the considered positions P1-P7 at z; = 1.35 m and
zp = 1.93 m, when the ULPSs operate independently.

Positions 1 =2
ULPS-1 ULPS-2 ULPS-3 ULPS-1 ULPS-2 ULPS-3
P1 0.543 1.757 2.084 0.783 1.098 3.57
P2 0.476 0.97 2.57 0.771 0.844 1.192
P3 0.90 1.041 1.95 0.919 1.173 1.128
P4 1.098 1.008 0.215 1.37 1.326 0.682
P5 2.282 2.203 3.096 2.27 2.591 2.249
P6 0.546 1.817 1.109 0.807 1.855 0.68
P7 2.879 2.557 2.457 3.086 2.68 2.484

Taking into account the previous independent results with significant errors and
dispersions in the perpendicular axes to the ULPSs, we propose hereinafter the aforemen-
tioned fusion of information at two different levels: a loosely coupled fusion and a tightly
coupled one.

4.1. Loosely Coupled Fusion

A first alternative consists of applying the LKF to merge the positions estimated from
the three ULPSs for the seven positions (P1-P7). This fusion is depicted in Figure 8 at both
heights zq = 1.35 m and z, = 1.93 m. It is possible to check that the resulting figures are better
after fusion, especially at zp, where the estimated positions present variable accuracies. At
z1, the most accurate estimated positions are P1, P2, P3, P5, and P6 (cyan, black, green, red,
and yellow circles, respectively); also, they present the smallest error ellipsoids for 95% of
the estimated positions. On the other hand, the least accurate estimated positions are P4
(pink circles) and P7 (blue circles), as they present the largest error ellipsoids for 95% of
the estimated positions. Similar conclusions can be derived for z;, with errors even lower.
This effect is related to the distance between those positions and ULPS-2. Table 3 presents
those results by providing the mean error and the standard deviation per axis for the seven
considered points (P1-P7).
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Figure 8. (a—f) Estimated positions after the LKF fusion for the points P1-P7, including the projections of their corresponding
error ellipsoids with a certainty of 95% in the XY and XZ planes, at z; = 1.35 m (left) and z, = 1.93 m (right): successively,
3D representation of clouds of points; Y-X projections; and Z-X projections.

To compare the accuracy provided by the LKF with that from the independent ULPSs
in Table 2, Table 4 provides the errors for 90% of estimated positions. It is worth noting
that the positioning errors are now in the range of centimetres or decimetres. At height
z1, the error for positions P1, P2, P3, P5, and P6 is below 0.34 m, whereas it is below 0.7 m
for P4 and P7. In the case of z,, the errors for all positions P1-P7 are below 0.29 m for 90%
of cases.
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Table 3. Mean positioning errors and standard deviations for points P1-P7 at z; = 1.35 m and zp = 1.93 m after the LKF fusion.

Z1 22
Points Mean Error (m) Std Deviation (m) Mean Error (m) Std Deviation (m)
x Y z x Y z x Y z x Y z
P1 0.120 0.068 0.109 0.122 0.062 0.122 0.090 0.061 0.090 0.082 0.045 0.082
P2 0.107 0.083 0.161 0.300 0.064 0.300 0.089 0.036 0.089 0.298 0.035 0.298
P3 0.041 0.190 0.041 0.041 0.192 0.041 0.042 0.024 0.042 0.036 0.014 0.036
P4 0.404 0.044 0.233 0.258 0.026 0.258 0.204 0.028 0.204 0.186 0.023 0.186
P5 0.030 0.124 0.186 0.021 0.128 0.021 0.017 0.028 0.017 0.012 0.023 0.012
P6 0.103 0.034 0.180 0.080 0.033 0.080 0.052 0.081 0.052 0.036 0.057 0.036
P7 0.232 0.233 0.271 0.263 0.289 0.263 0.114 0.089 0.114 0.105 0.062 0.105

Table 4. Positioning errors (m) for P1-P7 in 90% of the cases after the LKF fusion.

Points z1 2y
P1 0.208 0.134
P2 0.221 0.054
P3 0.245 0.061
P4 0.522 0.292
P5 0.349 0.071
P6 0.322 0.108
P7 0.751 0.168

A second approach considered here is to apply an AKF. Figure 9 presents the fusion
results at z; and z,. Similar conclusions can be derived: as before, the best estimated
positions are P1, P2, P3, P5, and P6 (cyan, black, green, red, and yellow circles, respectively),
and they also present the smallest error ellipsoids for 95% of estimated positions, whereas
the worst ones are P4 (pink circles) and P7 (blue circles). The mean error and the standard
deviation per axis are provided in Table 5, whereas Table 6 describes the positioning error
for 90% of cases. The positioning error of the estimates reached by simulation is again
in the range of centimetres or decimetres. Although results from the LKF are similar to
those from the AKEF, the second approach presents better accuracy due to the update of the
values in the noise matrix of the filter. Globally, the mean error for 90% of the estimated
positions is below 0.27 m at z; and 0.101 m at zp.

Table 5. Mean positioning errors and standard deviations for points P1-P7 at z; = 1.35 m and zp = 1.93 m after an AKF fusion.

21 22
Points Mean Error (m) Std Deviation (m) Mean Error (m) Std Deviation (m)
x Y z x Y z x Y z X Y z
P1 0.121 0.066 0.110 0.088 0.036 0.074 0.116 0.086 0.045 0.139 0.044 0.027
P2 0.082 0.065 0.124 0.243 0.051 0.102 0.071 0.043 0.024 0.119 0.059 0.042
P3 0.031 0.103 0.099 0.029 0.118 0.058 0.036 0.032 0.023 0.223 0.030 0.016
P4 0.270 0.032 0.131 0.295 0.025 0.117 0.173 0.031 0.028 0.039 0.025 0.025
P5 0.031 0.138 0.231 0.023 0.074 0.115 0.017 0.022 0.036 0.187 0.023 0.016
P6 0.149 0.061 0.280 0.141 0.061 0.250 0.028 0.075 0.032 0.012 0.013 0.024
P7 0.178 0.210 0.255 0.221 0.272 0.303 0.153 0.086 0.027 0.120 0.066 0.026
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Table 6. Positioning error (m) for points P1-P7 in 90% of cases after an AKF.

Points z1 Zy
P1 0.205 0.169
P2 0.208 0.073
P3 0.139 0.072
P4 0.306 0.168
P5 0.306 0.054
P6 0.426 0.111
P7 0.622 0.214
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Figure 9. (a—f) Estimated positions after AKF fusion for the points P1-P7, including the projections
of their corresponding error ellipsoids with a certainty of 95% in the XY and XZ planes, at z; =1.35m
(left) and zp = 1.93 m (right): successively, 3D representation of clouds of points; Y-X projections;
and Z-X projections.
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4.2. Tightly Coupled Fusion

In the tightly coupled approach, it is proposed to use an EKF to fuse the raw distance
measurements from the three existing ULPSs, in order to estimate the final receiver’s
position. Note that, in this approach, the fusion method does not deal with the intermediate
positions obtained for each ULPS independently, but merges the distance differences
determined by every ULPS into a single EKF to obtain the final position.

Simulations have been carried out for the seven positions P1-P7 at z; and z,, with
a typical deviation ¢y, = 0.2 m. As before, Figure 10 plots the clouds of positions, which
are more concentrated around the ground-truth points, with lower dispersions. The mean
errors and the standard deviations are listed in Table 7. Finally, the errors for 90% of the
cases for the seven studied points P1-P7 are between 0.107 and 0.3 m at z;, and between
0.105 and 0.2 m at zy, as can be derived from Figure 11.
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Figure 10. (a—f) Clouds of estimated positions with an EKF and three ULPSs for o, = 0.2 m, at
z1 = 1.35 m (left) and z; = 1.93 m (right): successively, 3D representation of clouds of points; Y-X
projections; and Z-X projections.
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Table 7. Mean positioning errors and standard deviations for an EKF (o = 0.2 m).
21 22
Points Mean Error (m) Std Deviation (m) Mean Error (m) Std Deviation (m)
x Y z x Y z x Y z x Y z
P1 0.163 0.098 0.117 0.021 0.020 0.021 0.084 0.079 0.029 0.026 0.053 0.027
P2 0.119 0.034 0.076 0.030 0.021 0.026 0.109 0.066 0.041 0.029 0.045 0.027
P3 0.143 0.112 0.131 0.027 0.046 0.032 0.053 0.097 0.069 0.035 0.033 0.058
P4 0.108 0.052 0.223 0.028 0.013 0.076 0.076 0.179 0.051 0.041 0.030 0.024
P5 0.065 0.037 0.210 0.027 0.018 0.030 0.064 0.095 0.057 0.038 0.049 0.037
P6 0.070 0.029 0.216 0.020 0.024 0.046 0.078 0.091 0.047 0.043 0.044 0.042
P7 0.223 0.069 0.267 0.040 0.040 0.041 0.070 0.155 0.102 0.043 0.041 0.067
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Figure 11. Positioning errors (CDF), for an EKF and three ULPS (¢, = 0.2 m), for the three coordinates,
x, y and z, for the grid of positions (P1-P7), at z; = 1.35 m (left) and z; = 1.93 m (right).

Summing up, the first approach proposed here is based on the fusion of the obtained
positions with the so-called loosely coupled fusion method, where two different algorithms
have been applied: the LKF and AKF. On the other hand, from the point of view of the
tightly coupled fusion, an EKF has been proposed for the raw measurements from the three
ULPSs. Table 8 summarizes the errors for 90% of the estimated positions. It is possible to
observe that the tightly coupled method is more accurate than the loosely coupled ones.

Table 8. Summary of errors for 90% of the estimated positions for the different considered fu-
sion methods.

zZ1 22
Positioning Error (m) - -
Min Max Mean Min Max Mean
| led fusi LKF 0.5 0.78 0.5 0.1 04 0.25
Loosely coupled fusion AKF 0.2 0.82 04 0.1 0.34 02
Tightly coupled fusion EKF 0.107 0.3 0.22 0.105 0.2 0.152

5. Experimental Results

Some experimental results are presented now, according to the previously studied
fusion algorithms. These tests were developed in a hall of the School of Engineering at the
University of Alcala. As shown in Figure 1, it is an extended hall located on the second floor
of the building, with a volume of 7 x 8 x 3.5 m3. Table 1 already showed the coordinates of
the central beacons B; for every ULPS; note that ULPS-2 and ULPS-3 had different heights
and were not placed at the centres of the wall in the hall, due to its complex architecture.

The beacons from the three ULPSs were encoded with fifteen different 1023-bit Kasami
sequences, whereas a multiple ultrasonic receiver prototype was placed at the seven mea-
surement points (P1-P7) with the same heights z; = 1.35 m and z; = 1.93 m, in accordance
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with the previous simulations. Firstly, one hundred measurements were acquired and
stored at each position for the three ULPSs. Those measurements were used to compute
the variances of each position offline, then stored and used later in the online positioning
system, when the variances were needed in the loosely coupled fusion methods. Secondly,
thirty measurements were obtained at each point P1-P7 for the online study. These exper-
imental results are provided next, in the same order as they were analysed in Section 4
for simulations.

Table 9 shows the positioning errors for 90% of the cases, when the three ULPSs
operated independently, with errors varying in the decimetre and meter ranges.

Table 9. Positioning error containing 90% of the estimated positions at z; =1.35 m and z =1.93 m
when the three ULPSs operated independently.

Points 1 =2
ULPS-1 ULPS-2 ULPS-3 ULPS-1 ULPS-2 ULPS-3
P1 0.608 2.061 1.383 0.297 3.318 4.367
P2 0.551 1.165 1.246 0.556 1.012 1.293
P3 0.892 0.872 1.010 0.53 0.762 0.494
P4 2.313 0.998 0.823 1.134 1.057 0.187
P5 0.472 0.788 2.578 0.204 2.072 1.091
P6 1.482 1.165 1.010 1.686 1.65 0.527
P7 2.130 1.863 0.679 2.049 1.19 0.542

With regard to the LKF in the loosely coupled fusion, Figure 12 plots the estimated
positions after fusion, with their different plane projections at both heights. The LKF
merged up to nine position estimates, as there were three ULPSs and three receivers in the
experimental prototype. Additionally, a CDF error is plotted for both cases in Figure 12ej,
where the average error for all the points is 0.72 m at z; and 0.34 m at zp. Table 10 shows
the mean error and standard deviation for P1-P7. The height z, was more accurate for the
three axes.
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Figure 12. Experimental results for the tested points P1-P7 for both heights, z; = 1.35 m on the left
(a—e) and z; = 1.93 m on the right (f—j): successively, 3D representation of clouds of points; Y-X
projections; Z-X projections; Z-Y projections; and experimental CDFs for each point after LKF fusion.

Table 10. Mean errors and standard deviations of estimated positions when applying the LKF at z; = 1.35 m and z, =1.93 m
for the test points (P1-P7).

Z1 22
Positions Mean Error (m) Std Deviation (m) Mean Error (m) Std Deviation (m)
x y z x y z x y z x y z
P1 0.248 0.093 0.658 0.223 0.054 0.298 0.074 0.071 0.110 0.080 0.053 0.089
P2 0.083 0.254 0.705 0.033 0.071 0.188 0.070 0.073 0.079 0.061 0.042 0.055
P3 0.140 0.266 0.685 0.149 0.133 0.083 0.140 0.064 0.071 0.238 0.056 0.056
P4 0.192 0.175 0.608 0.165 0.106 0.244 0.083 0.061 0.119 0.059 0.059 0.115
P5 0.018 0.016 0.418 0.011 0.012 0.185 0.079 0.068 0.176 0.061 0.058 0.118
P6 0.132 0.131 0.640 0.191 0.078 0.115 0.165 0.082 0.074 0.140 0.069 0.050
P7 0.313 0.286 0.714 0.104 0.186 0.113 0.163 0.077 0.058 0.127 0.059 0.041

Concerning the AKF, Figure 13 shows the experimental results for the set of points
(P1-P7) at both heights z; and z, in the same format as before. In this case, the mean CDF
error was 0.346 m at z1, whereas it was 0.162 m at z,. Furthermore, Table 11 shows the
mean error and standard deviation at both heights. The height z; presented a large error in
the z-axis, higher than 0.14 m for all the grid, whereas at z; this error decreased to less than
0.03 m. The positions at z; were always more accurate for the three axes.
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Figure 13. Experimental results for the tested points P1-P7 for both heights, z; = 1.35 m on the left
(a—e) and z; = 1.93 m on the right (f—j): successively, 3D representation of clouds of points; Y-X
projections; Z-X projections; Z-Y projections; and experimental CDFs for each point after AKF fusion.

Table 11. Mean errors and standard deviations of estimated positions when applying the AKF at z; = 1.35 m and zp = 1.93
m for the test points (P1-P7).

21 22
Position Mean Error (m) Std Deviation (m) Mean Error (m) Std Deviation (m)
x y z x y 4 x y z x y z
P1 0.248 0.093 0.240 0.223 0.054 0.202 0.074 0.071 0.028 0.080 0.053 0.021
P2 0.083 0.254 0.177 0.033 0.071 0.170 0.070 0.073 0.033 0.061 0.042 0.021
P3 0.140 0.266 0.139 0.149 0.133 0.083 0.088 0.064 0.024 0.053 0.056 0.016
P4 0.192 0.175 0.206 0.165 0.106 0.138 0.083 0.061 0.023 0.059 0.059 0.019
P5 0.018 0.016 0.198 0.011 0.012 0.100 0.052 0.068 0.024 0.050 0.058 0.023
P6 0.132 0.131 0.126 0.191 0.078 0.076 0.072 0.082 0.025 0.067 0.061 0.018
P7 0.313 0.286 0.174 0.104 0.186 0.103 0.163 0.077 0.028 0.127 0.059 0.016

Finally, some results from the EKF applied as a tightly coupled method are presented
in Figure 14 with variance in the measurements of distances fixed at 0, = 0.2 m. As
was confirmed in simulations previously, the clouds of the seven positions were more
concentrated around the ground-truth points, with low dispersions as well. The mean
errors and standard deviations are listed in Table 12. It is worth mentioning that all the
axis errors decreased for both heights, especially for z,, to less than 0.17 m at z; and less
than 0.13 m at z. The CDF errors for 90% of the cases for the seven studied points were
between 0.18 and 0.45 m at z;, and between 0.06 and 0.3 m at z;, as plotted in Figure 14d,h.
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Figure 14. Experimental results for the tested points P1-P7 for both heights, z; = 1.35 m on the left

(a—e) and zy = 1.93 m on the right (f-h): successively, 3D representation of clouds of points; Y-X
projections; Z-X projections; Z-Y projections; and experimental CDFs for each point after EKF fusion

(0=0.2m).

Table 12. Mean errors and standard deviations for three ULPSs and a single EKF (0, = 0.2 m).

Z1 22
Position Mean Error (m) Std Deviation (m) Mean Error (m) Std Deviation (m)
x y z x y 4 X y z x y z
P1 0.143 0.076 0.060 0.067 0.062 0.038 0.061 0.009 0.037 0.006 0.004 0.006
P2 0.135 0.104 0.176 0.080 0.071 0.151 0.074 0.062 0.027 0.008 0.009 0.007
P3 0.121 0.168 0.111 0.119 0.097 0.079 0.087 0.090 0.147 0.010 0.010 0.008
P4 0.140 0.197 0.157 0.100 0.136 0.112 0.108 0.015 0.153 0.006 0.008 0.010
P5 0.129 0.204 0.155 0.076 0.101 0.103 0.156 0.156 0.095 0.012 0.009 0.007
P6 0.102 0.337 0.135 0.092 0.142 0.117 0.105 0.098 0.105 0.009 0.011 0.012
P7 0.225 0.397 0.097 0.109 0.148 0.066 0.110 0.114 0.110 0.008 0.007 0.010

In summary, the experimental results in Table 13 corroborated the positioning errors
previous simulations listed in Table 8. It is possible to observe that the tightly coupled
method applying an EKF presents more accurate estimated positions, where the mean
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error for the grid of positions is less than 0.3 m at z; and about 0.15 m at z;. In addition,
this method is capable of providing a valid estimate in all the realizations, thus implying
high availability. A key comparison can be made with the results in Table 9, for the
scenario when the ULPS are working independently. It is possible to observe that errors in
Tables 10-12 are considerably reduced by merging the measurements from the three ULPS.
The height z; leads to higher errors, where each point P1-P7 is particularly complicated
for a different independent ULPS, according to their position. On the other hand, the
approaches based on measurement fusion allow these restrictions to be compensated, thus
yielding more than four times smaller errors.

Table 13. Summary of the CDF errors for 90% of the estimated positions and the availability of estimates at z; and z.

Z1 k43
CDF Error (m) : : % of Positions
Min Max Mean Min Max Mean
Looselv coupled LKF 0.48 0.76 0.68 0.16 0.283 0.211 90%
y p AKF 0.221 0.574 0.354 0.116 0.227 0.157 90%
Tightly coupled EKF 0.182 0.46 0.302 0.105 0.301 0.151 100%

With regard to previous works dealing with the design of ultrasonic positioning
systems, a proposal based on a single ULPS was described in [18] for 2D positioning,
with errors below 20 cm in 90% of the cases for a grid of points on the ground with a
size of 4 x 4 m?. After the fusion process proposed here, errors were also below 20 cm
for 90% of the cases involving the EFK approach (tightly coupled), but considering a
3D positioning, which was already a significant improvement. In [27], the ultrasonic
measurements were merged with those coming from inertial measurement units (IMU), as
well as with graphs defined and matched by maps from the navigation environments. In
this case, the ultrasonic system was only used to correct the accumulative errors from the
inertial sensors, applied to the guidance and monitoring of people in indoor environments.
Another 3D positioning system based on ultrasound was presented in [3], where mean
errors below 1 cm were reported. Nevertheless, it is worth noting that that proposal applied
a sequential polling for every beacon, as well as a different ultrasonic signal processing
approach with a higher computational load than the one described here. Finally, in [38],
average errors in 3D ultrasonic positioning around 9.5 cm were reported, which was in the
same range as the ones presented in Tables 7 and 12 for the EKF approach.

6. Conclusions

This work presented a 3D ultrasonic positioning system, as well as developed posi-
tioning and fusion algorithms. This structure is composed of three ULPSs installed in three
perpendicular walls with the aim of covering almost the whole space of a common room
shape. Moreover, a 3D ultrasonic receiver prototype is used to acquire signals coming from
different directions. Then, several fusion algorithms were tested based on two different ap-
proaches: the loosely coupled and tightly coupled one. Taking into account that two heights
were studied for all considered algorithms, the height z, had more accurate positions due
to its specific location with respect to the three ULPSs, especially for ULPS-2 and ULPS-3
(the same height). Additionally, the tightly coupled approach presented lower errors in
general terms at both heights z; and z,. However, the AKF fusion also provided good
accuracy for the loosely coupled approach at z;. Generally, the positioning error was in the
decimetre range for the different studied configurations, which makes the proposal suitable
for numerous indoor positioning applications, such as logistics in warehouses, tourist
guidance in museums and historical buildings, or accurate positioning in independent
living settings for the elderly.

A last aspect to consider is the scalability of the proposal. The aforementioned
LOCATE-US system can be extended to larger environments by suitably distributing
the ULPSs to cover the desired area, or by increasing the number of installed ULPSs.
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Furthermore, the ultrasonic beacons in every ULPS can be separated to better fit the require-
ments of a given environment (note that in this case an infrared link is used to synchronize
simultaneous emissions from all the beacons).
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