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ABSTRACT | Acoustic local positioning systems (ALPSs) are 

an interesting alternative for indoor positioning due to certain 

advantages over other approaches, including their relatively 

high accuracy, low cost, and room-level signal propagation. 

Centimeter-level or fine-grained indoor positioning can be an 

asset for robot navigation, guiding a person to, for instance, 

a particular piece in a museum or to a specific product in a 

shop, targeted advertising, or augmented reality. In airborne 

system applications, acoustic positioning can be based on using 

opportunistic signals or sounds produced by the person or 

object to be located (e.g., noise from appliances or the speech 

from a speaker) or from encoded emission beacons (or anchors) 

specifically designed for this purpose. This work presents a 

review of the different challenges that designers of systems 

based on encoded emission beacons must address in order 

to achieve suitable performance. At low-level processing, the 

waveform design (coding and modulation) and the processing 

of the received signal are key factors to address such drawbacks 

as multipath propagation, multiple-access interference, near-

far effect, or Doppler shifting. With regards to high-level system 

design, the issues to be addressed are related to the distribution 

of beacons, ease of deployment, and calibration and positioning 

algorithms, including the possible fusion of information 

obtained from maps and onboard sensors. Apart from 

theoretical discussions, this work also includes the description 

of an ALPS that was implemented, installed in a large area and 

tested for mobile robot navigation. In addition to practical 

interest for real applications, airborne ALPSs can also be used 

as an excellent platform to test complex algorithms (taking 

advantage of the low sampling frequency required), which 

can be subsequently adapted for other positioning systems, 

such as underwater acoustic systems or ultrawideband radio-

frequency (UWB RF) systems.
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I .  IN TRODUCTION

In recent years, there has been an increasing demand for 
proven technologies that provide services based on the posi-
tion of people, mobile robots (MRs), or other objects across 
large indoor areas in buildings and surrounding outdoor 
spaces. For instance, location-aware applications, pervasive 
computing, and augmented reality require positioning data. 
In contrast to the high degree of implementation in the 
global positioning system (GPS) outdoors, there is no con-
solidated technology operating at the same level indoors.

Positioning technologies are usually classified accord-
ing to the accuracy and the coverage area that can be 
achieved in the applications in which they are used [1]. 
Effective local positioning systems (LPSs) can be divided 
into five main categories: optical-based, mechanical-based, 
magnetic-based, acoustic-based and RF-based systems.  Digital Object Identifier: 10.1109/JPROC.2018.2819938
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As an initial comparison, Fig. 1 shows the coverage range 
and accuracy that can be achieved with each technology.

Optical-based systems include those that use vision or 
infrared sensors. Currently, the use of these systems is boom-
ing in dedicated applications with high accuracy, motivated by 
the enhancement of the sensory performance from cameras 
(including range measurement in 3-D cameras), the increase 
in the transmission data rate, the improvement of the compu-
tational capacity, and the high degree of development from the 
image processing algorithms. In [2], there is a classification of 
these types of systems according to the way in which they obtain 
the reference information used to carry out the positioning.

The most used mechanical-based systems are those based 
on inertial measurement units (IMUs). These units are com-
posed of three-axis acceleration and inclination sensors, 
which enable successive positions to be obtained from the 
variations of velocities and directions. The main problem of 
these relative positioning systems is that the noise is cumula-
tive; thus, they must be normally used in combination with 
other absolute positioning systems [3]. However, as there is 
no need of any special change in the infrastructure, these 
systems can also be used as transition systems between zones 
covered by other positioning technologies.

Magnetic-based systems make use of artificial or natural 
magnetic fields to obtain the position, usually considering 
the absolute magnetic field value or its variations. With artifi-
cial fields, the coverage areas are constrained to the places in 
which permanent or induced magnets are installed, whereas 
in the case of using natural magnetic fields, the coverage area 
is global [4]. Positioning with this technology is always prone 
to disturbances provoked by changes in the environment 
(e.g., furniture and people) that affect the magnetic field.

RF-based systems are currently the most used in posi-
tioning systems because they take advantage of installed 
communications infrastructure. As mentioned in [1], any 
radio signal can be used for indoor positioning at any fre-
quency, signal range, or protocol (e.g., WIFI, BLE, RFID 
UWB, and LTE). Nevertheless, performance levels and 

applicability greatly vary depending on factors such as the 
use of, for example, preexisting reference infrastructure, sig-
nal ranges, and power levels. The main methods used with 
RF can be based on signal strength fingerprinting (several 
meters of accuracy with important precalibration efforts) or 
distance-based factors (where time-of-flight measurements 
face harsh environments for indoor signal propagation).

Finally, acoustic-based systems, which we will address 
hereinafter, use sound or ultrasound to estimate the position 
and, depending on the application, the pose of an object or 
a person (in general, the target). As seen in Fig. 1, this type 
of technology can achieve accuracies of approximately 1 cm 
with coverage distances up to tens of meters. To measure 
distances with acoustic signals, the most used methods are 
time-of-flight (ToF) [5], time-difference-of-flight (TDoF), or 
phase coherence [6].

ToF is an absolute method and measures the time that 
the acoustic signal takes to travel from a transmitter to a 
receiver. Using ToF, the distances can be computed with 
the speed of sound. Conversely, phase coherence meas-
ures the relative difference of phase between two acoustic 
sine waves. One of the measures reaches the receiver from 
a transmitter at an unknown distance, whereas the other 
arrives from a transmitter at a certain reference point. If the 
difference of distances traveled by both signals is less than 
one wavelength, the system can obtain the position of the 
unknown source. Table 1 summarizes the major advantages 
and drawbacks of using acoustic systems [6].

Independent of the range measurement method used, 
an ALPS derives the target position after obtaining several 
distances between the target to be positioned and a set of 
beacons distributed around the environment at known posi-
tions. Two different alternatives can be used: 1) beacons 
working as emitters and a receiver attached to every target 
to be positioned (in this case, there is no limitation on the 
number of receivers, and each one can obtain its position 
independently of the rest, thus maintaining privacy); and 
2) beacons working as receivers and an emitter attached 
to every target to be positioned. In this case, the number 
of emitters is limited by the capacity of the transmission 
channel, and the distances are first obtained by the beacon 
infrastructure, and thus privacy is not guaranteed. In both 
approaches, the channel is shared by different emitter–
receiver links; therefore, a type of medium-access control 
technique must be provided.

Fig. 1. Accuracy and coverage of acoustic systems for other 
technologies. (Adapted from [1] and [7].)

Table 1 Advantages and Drawbacks of Acoustic Positioning Systems
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As an example, in [8], a room-level accuracy ALPS is 
presented that covers ranges of more than 10 m. ALPS con-
sists of a set of transmitters (tags) to be worn by humans 
or attached to objects whose positions are required. In this 
case, a set of receivers is installed on the ceiling or walls of 
each room. The system uses a carrier sense multiple-access 
(CSMA) protocol; thus, each emitter must find a free chan-
nel before attempting to transmit. The low propagation 
speed of ultrasonic signals implies that the system needs a 
long repetition interval per user, and that compromises the 
maximum throughput achieved (less than 0.5 positions per 
second and per room).

Other approaches, adapted from communications and 
radar systems, have also been used in ALPSs and reported in 
the literature. In [9], Segers et al. compare the performance 
of direct sequence spread spectrum (DSSS) and frequency 
hopping spread spectrum (FHSS). These methods are more 
noise resistant compared to non-spread-spectrum tech-
niques (e.g., simple narrowband pulses). DSSS uses a signal 
carrier on which an orthogonal spreading code is modulated 
together with the data, resulting in a signal being spread 
around the carrier. On the other hand, the FHSS method 
uses a carrier that switches between a set of frequencies 
by following a pattern given by an orthogonal code. DSSS 
is likely to be more resistant to white noise, while FHSS is 
more resistant to in-band noise.

Other particular applications of advanced modulators 
have been proposed, including a discrete multitone modula-
tion [29] and a filter bank-based multicarrier modulation [26].

Additionally, waveforms derived from chirps, changing 
the starting frequencies and chirp rates, have also been used 
to provide multiple access to ALPSs [10]. This work reports 
a very low interference, while it is possible to exploit the full 
bandwidth for each waveform.

The system presented in this paper uses direct sequence 
code division multiple access (DS-CDMA) for multiuser 
environments. The encoding of ultrasonic signals can be 
based on different types of binary sequences: Barker, Golay, 

Gold, Kasami,   M -complementary sets of sequences (CSSs) 
or loosely synchronized codes [11]–[13].

In ALPS, when absolute distances between the target 
and the beacons are obtained (for instance, if the system 
measures ToFs), the positioning algorithm used is spherical 
trilateration [14]. It is necessary to provide a type of syn-
chronization between the beacons and the target. Typically, 
this synchronization is easily achieved using an additional 
radio-frequency (RF) link between the tag and the beacons 
because of the difference of propagation speeds of electro-
magnetic and acoustic waves.

Although this synchronization can be avoided using 
TDoF, it requires an additional beacon. In this case, only 
the beacons must remain synchronized, and one of them 
works as the reference beacon. As the system measures dif-
ferences of distances, the positioning algorithm is based on 

hyperbolic multilateration that provides a lower accuracy 
compared to the spherical case [15].

Thus, this paper presents different techniques and algo-
rithms currently used in ALPS that involve all the signal 
and data processing levels. Apart from some theoretical 
discussions (most of them referenced to allow the reader to 
find a more detailed explanation if needed), this work also 
includes the description of an ALPS that was actually imple-
mented, installed in a large area and tested for mobile robot 
navigation. In addition to its practical interest for real appli-
cations, airborne ALPSs use similar procedures to other 
positioning technologies and can be an excellent platform 
to test complex algorithms (taking advantage of the low 
sampling frequency required and the easy deployment). The 
methods tested with ALPSs can be adapted later for other 
positioning systems, such as underwater acoustic systems or 
ultrawideband (UWB) RF systems.

Besides the similarities in some of the techniques used 
for RF-based systems and ALPSs, there are also clear differ-
ences that are highlighted along this paper. In this way, dif-
ferent aspects for comparison are considered, such as wave 
propagation (acoustic waves in air are confined in closed 
spaces); indoor multipath effect (with reverberation and 
specular reflections); Doppler shift (not negligible); or the 
expected types of noise and interferences (flat in-band or 
impulsive); as well as particular implementation issues (fre-
quency of the electronic equipment involved, utilization of 
antennas or transducers, etc.).

The rest of the paper is organized as follows. Section II 
addresses the introduction of ALPSs and is focused on their 
use with smart portable devices. Section III describes low-
level processing techniques applied to acoustic transmitters. 
Section IV is devoted to high-level algorithms involved in 
positioning tasks, calibration, and data fusion. Section V 
explains a practical case of an ALPS implementation. Finally, 
the study’s conclusions are presented in Section VI.

II .  A LPS W ITH SM A RT PORTA BLE 
DE V ICES

Portable devices, such as smartphones or tablets, offer myr-
iad possibilities for the development of location-based ser-
vices (LBSs), which has led to further research efforts on 
positioning and tracking systems. Outdoor LBSs have greatly 
expanded in recent years thanks to the reliable positioning 
provided by global navigation satellite systems (GNSS), 
which achieve accuracies in the range of several meters. 
Unfortunately, these services perform poorly in indoor 
environments, and there is no alternative technology suffi-
ciently mature to solve the indoor fine-grained positioning 
on mobile devices. Conversely, people spend almost 90% of 
their time in indoor environments [16]. Furthermore, most 
people in advanced economies own a smartphone or a tab-
let; Pushter [17] reports that 72% of adults in the United 
States possess these devices, a percentage that increases up 
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to 92% if only people aged 18–29 are considered. Similar 
percentages can be found in several European countries. 
This explains the great efforts and investments that are cur-
rently being made in the development of accurate indoor 
positioning technologies for mobile devices. If compared 
with other options based on custom hardware, such as con-
ventional local positioning systems (LPSs), the use of smart-
phones or other mobile devices enhances LBS possibilities, 
allowing user interaction, augmented reality applications, a 
wide array of multimedia services or social networking that 
can enrich the user experience based on location. Examples 
of applications include building navigation (in, for instance, 
airports, hospitals, factories, and malls), augmented reality 
for cultural tourism, gaming, points of interest, and move-
ment patterns to offer targeted advertising or customized 
services [18].

Existing systems mainly use RF-based methods, or more 
recently, acoustic signals, for indoor mobile device position-
ing [19],  [20]. In general, accuracies obtained with RF-based 
systems are in the range of meters, whereas acoustic sys-
tems reach centimeter or even subcentimeter accuracies 
[21]. Nevertheless, conventional ultrasonic LPSs (ULPSs) 
require special-purpose speakers, microphones, and acquisi-
tion hardware (typically operating at approximately 40 kHz 
for this type of application), which are not compatible with 
current mobile devices.

Recently, there have been proposals that try to merge 
the advantages of ULPSs with the variety of services and 
applications that mobile devices can offer. One of the 
first proposals was the “BeepBeep” system [22] that uses 
audible acoustic signals, without the aid of external infra-
structure apart from the basic hardware included in COTS 
mobile phones. It is basically a software solution for rela-
tive positioning of two mobile devices: each one emits, 
in turn, a simple linear chirp signal (bandlimited to 2–6 
kHz), records its own emission and the one from the other 
device, computes the difference in samples, and exchanges 
the elapsed time with the other device to subtract them 
and obtain the time the sound takes to travel between both 
devices.

Nevertheless, the obtained accuracies significantly 
worsen for distances longer than 5 m in indoor environ-
ments, mainly because of the multipath problem. On the 
other hand, sound signals can be annoying for users, and 
many applications demand absolute positioning instead of 
positioning relative to another mobile device. Another pro-
posal that overcomes some of these drawbacks is the LOK8 
system [18]. It consists of a centralized system in which the 
mobile phone to be located transmits a very short designed 
signal at 21.5 kHz; then, a set of four microphones placed 
at known positions detects the incoming signals from the 
mobile phone and sends the measured times to a personal 
computer (PC) that runs an asynchronous multilateration 
algorithm based on TDoF. This results in a   7 × 7  m room 
showing accuracies reaching 10 cm. However, centralized 

systems present some concerns about how the user location 
information is managed, which becomes more critical when 
the positioning systems are installed in public areas [23]. 
Therefore, the current trend in this type of application is 
the design of privacy-oriented systems, in which the device 
to be located, and not a central unit, controls and computes 
its own position. This is the case for the ALPS system in 
[19], the winner of the 2015 Microsoft Indoor Localization 
Competition—IPSN. It is a privacy-oriented system based 
on the installation of standard speakers in the environment, 
which simultaneously transmit a chirp modulated signal 
with frequency sweeping from 19 to 23 kHz, immediately 
above the human hearing frequency range but still detecta-
ble by commercial mobile devices. To allow multiple-access 
transmissions, authors use pulse compression techniques 
based on Hamming codes, also obtaining tight timing reso-
lution and high robustness to noise. Authors report an accu-
racy below 10 cm in 95% of the cases in a  20 × 20   m indoor 
area (this error increases up to 31 cm in the IPSN scenario). 
The ultrasonic data gathered by the mobile phone are sent 
through a wireless link to a main computer for processing. 
A similar approach, but with all the processing tasks per-
formed in the mobile device, is presented in [24] for an 
aided tour navigation application in a museum. In this work, 
four speakers, controlled by a field-programmable gate array 
(FPGA) central unit board, are placed at known positions 
of the environment. They simultaneously emit four differ-
ent Kasami codes every 50 ms, which have been previously 
binary phase-shift keying (BPSK) modulated at 20 kHz. 
Then, a nonlimited number of mobile devices (iOS devices 
in [24]) capture 75.5 ms of the incoming signals at a 48-kHz 
sampling rate. Tests in a laboratory of  5 . 75 × 5 . 50 × 3  m 
show errors that range from 3 cm in the best cases to 90 cm 
in user positions adversely affected by multipath or near–far 
effects. Likewise, Lopes et al. [20] present a wireless sensor 
network infrastructure of synchronized acoustic beacons. 
The previous systems cope with the maximum sampling rate 
of commercially available smartphones at 44.1 kHz by emit-
ting signals with frequencies just above the audible human 
range (typically from 18 to 22 kHz). Nevertheless, the avail-
able bandwidth to transmit encoded signals is quite narrow, 
which decreases the signal quality, and audible artifacts 
can appear. The limitation caused by working just above 
the human hearing range must be further analyzed in these 
cases to avoid potential annoyance to users. The first study 
with users of different ages was carried out in [7].

The LOCATE-US system, presented in [25], is a low-cost 
ALPS for mobile devices in which the incoming signals are 
not directly captured by the mobile device but rather by an 
attached acquisition module [26],  [27], thus mitigating the 
aforementioned frequency constraints.

Cross correlation between the transmitted and 
received signals is commonly used in LPSs to maximize 
the signal-to-noise ratio (SNR) at the output of the cor-
relator. The development of mobile communications 
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in recent years and the interest of large companies has 
boosted the promotion of new encoding schemes and 
modulations [28],  [29].

The measurement range of a single ALPS is limited. 
Thus, an application in which the user moves freely in a 
large indoor environment will require the use of several 
ALPSs to cover the entire analysis area. The use of com-
plementary metal–oxide–semiconductor (CDMA) tech-
niques allows us to assign a set of codes to every ALPS that 
identifies them, avoiding problems in areas of common 
coverage. To reduce costs, it is possible to use a particular 
deployment of different technologies: the acoustic beacons 
(ALPS) are installed only in critical zones where centim-
eter positioning is required, such as entrances or exits, 
whereas in zones where the positioning does not need to 
be as accurate, the inertial sensors of the mobile phone 
or even RF signals from the environment can be used to 
obtain a coarse-grained positioning. The drift errors from 
the inertial sensors are corrected when the mobile device 
reaches one of the ALPS coverage areas. Several examples 
of applications combining several technologies can be 
observed in [18], [24], and [30].

III .  LOW-LE V EL PROCESSING IN A LPS

For the sake of clarity, the different algorithms and tech-
niques involved in ALPS have been classified into two differ-
ent processing levels. Fig. 2 summarizes this classification. 
This section addresses all the processing techniques used at 
the last stages before the emissions of the beacons and at the 
first stages after the signal reception at the receivers.

A. Narrowband Versus Broadband Systems

The first ALPS proposals, dating from the late 1990s 
and early 2000s, were based on the emission of short 
and constant-frequency ultrasonic pulses whose arrival 
was detected by following a simple amplitude or energy 

thresholding procedure [14], [31], [32]. This approach sig-
nificantly reduced the complexity of both the emitter and 
receiver acoustic modules but at the expense of providing a 
limited ranging precision (some tens of centimeters) with 
high sensitivity to in-band noise. Indoor acoustic noise has 
different sources, both airborne and structure-borne, but 
most of its energy concentrates in the low-frequency sonic 
range (  f <  8 kHz). In the high-frequency sonic and low-fre-
quency ultrasonic bands (15 kHz  < f <  100 kHz) the power 
spectral density estimate for this background noise typi-
cally exhibits a flat pattern with peaks at certain frequen-
cies that characterize a particular environment. These peaks 
are generated by cooling fans, pneumatic tools, fluorescent 
lamp chokes, and damaged plugs, among other phenom-
ena, and they can severely affect the correct performance 
of narrowband ALPS. Fig. 3(a) shows an example of indoor 
acoustic noise acquired for 5 s with a broadband ultrasonic 
microphone [33] in a 30-m2 research laboratory under typi-
cal working conditions. More than 90% of the energy rep-
resented in this figure falls within the low-frequency sonic 
range, and only 8.5% of this energy corresponds to the 
high-frequency sonic and low-frequency ultrasonic bands. 
Furthermore, the amplitude histogram of this high-fre-
quency noise commonly fits a zero-mean Gaussian distribu-
tion as the one shown in Fig. 3(b).

In addition to the in-band noise, special attention has 
to be paid in the design of narrowband ALPS to avoid inter-
ference between different emitters, either by making use of 
time-multiplexing strategies [31] or by developing specific 
algorithms [32].

Fig. 2. Example of ALPS with a classification of the algorithms and 
tasks into low-level and high-level processing.

Fig. 3. Example of indoor acoustic noise acquired for 5 s at a 
sampling frequency of 200 kHz in a 30-m2 research laboratory.  
(a) Power spectral density estimate. (b) Amplitude histogram of the 
high-frequency components ( f >  15 kHz).
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To overcome these limitations, broadband signals exten-
sively used in radar systems were soon incorporated in a new 
generation of ALPSs [11],  [12],  [34]. As is well known from 
signal detection theory, the precision of a one-way range 
measurement in an additive white Gaussian noise (AWGN) 
channel is given by [35]

  δ r ≥   c _________ 
 B rms   ⋅  √ 

____
 SNR  
    (1)

where  c  is the signal propagation speed, SNR is the signal-
to-noise ratio at the output of the receiver, and   B rms    is the 
effective or root-mean-square (rms) bandwidth. Equation 
(1) indicates that to achieve a lower bound for the precision 
in the range measurement, a minimum value is required 
for the bandwidth-SNR product. Fig. 4 shows the relation 
between these two magnitudes for different values of the 
range precision.

From Fig. 4, it can be observed that by assuming a refer-
ence value of 6 dB for the SNR, a theoretical precision of 
1 cm can be achieved with a signal bandwidth of 17 kHz. 
This bandwidth can be increased by shortening the duration 
of a continuous frequency pulse, but then the amplitude 
of the signal should be increased to keep constant the sig-
nal energy  E  appearing in the denominator of (1). There is 
actually a physical limit for this amplitude imposed by both 
real transducers and electronics. An alternative is to modu-
late the original waveform to extend its bandwidth while 
maintaining a constant energy and use a matched filter in 
the receiver to detect this signal. This technique is known 
as pulse compression in radar theory [36] or spread spec-
trum modulation in communications theory [37]. The use 

of a matched filter in the demodulation process also ensures 
the maximization of the output SNR, thus solving the high 
sensitivity of narrowband systems in the presence of in-band 
noise. The third shortcoming of these systems identified 
above, namely, interference between different emissions, 
can be addressed by choosing an appropriate modulation 
of the emissions or by a suitable selection of sequences, as 
detailed below.

B. CDMA-Based Systems

There have been mainly two alternatives to modulate the 
emitted waveform with the aim of increasing its effective 
bandwidth. The first one is based on linear frequency modu-
lation (LFM), where the frequency of a pulsed waveform is 
linearly increased from   f 1    to   f 2    over the duration of the pulse. 
This is, for example, the strategy followed in [34], where an 
ALPS based on four transmitters sequentially emitting 1-ms-
long LFM pulses was proposed. A time-multiplexing strat-
egy was employed in this case to avoid interference between 
different emissions.

The second option to increase the effective bandwidth is 
based on binary phase coding, where a long pulse is divided 
into  N  subpulses whose phase is selected to be either 0 or  π  
radians according to the bits of a certain code. If this code 
is a pseudorandom (PR) sequence, the waveform approxi-
mates a noise-modulated signal with a delta-like autocor-
relation function. Fig. 5(a) shows the power spectral den-
sity of one of these broadband emissions with  N = 255  

Fig. 4. Relation between effective bandwidth and SNR for different 
values of the range measurement precision.

Fig. 5. (a) Power spectral density of a narrowband emission (20 
cycles of a 40-kHz tone) and a broadband emission (a 40-kHz pulse 
BPSK modulated with a 255-b PR sequence). (b) Autocorrelation of 
the broadband emission.
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and a pulse frequency of 40 kHz (  B rms  ≈ 16.2 kHz), together 
with the spectral density of a typical narrowband emis-
sion formed by 20 cycles of a 40-kHz tone (  B rms  ≈ 3.6 kHz). 
Fig. 5(b) shows the delta-like autocorrelation function of the 
broadband emission. The main advantage of this approach is 
that different sequences from the same family can be gen-
erated with nearly null cross-correlation properties, thus 
allowing the simultaneous emission of different emitters 
with very low interference among them. This technique 
for sharing the transmission channel among several users 
by assigning them different modulating PR codes is known 
in communications theory as code division multiple access 
(CDMA). To date, several CDMA-based ALPSs have already 
been designed that propose the use of different sequences, 
such as Gold [12], Kasami [11], LS [13], or CSS [38]. In these 
systems, the receiver’s matched filter can be designed as a 
straightforward digital correlator matched to the modulated 
waveform [12]. To reduce the hardware implementation 
complexity, several works propose the cascade combination 
of two correlators: one matched to the subpulse waveform 
and the other based on an efficient architecture matched 
to the binary code [38],  [39]. These efficient architectures 
reduce the total number of arithmetic elements required to 
perform the correlation of an  N -bit sequence from  O (N )  to  
O ( log 2   N) , thus allowing the actual implementation of a real-
time operating system in a hardware platform.

In most CDMA-based systems, the time delay of the 
received signal is measured when the autocorrelation 
peak exceeds a certain threshold, improving the precision 
of the range measurements between one and two orders 
of magnitude with respect to that of narrowband systems. 
Additionally, robustness to in-band noise is significantly 
improved thanks to the process gain provided by the 
matched filtering detection, which is proportional to the 
length of the emitted codes. Unfortunately, the use of simul-
taneous encoded emissions aggravates the pernicious effect 
of other phenomena that may hinder signal detection. Some 
of these phenomena are described below.

C. Detection Hindering Phenomena

There are three detection hindering phenomena that 
have been studied in the context of broadband ALPS, 
namely, intersymbol and multiple-access interference, mul-
tipath propagation, and Doppler shift. Although it is out of 
the scope of this work to present a comprehensive descrip-
tion of the different solutions proposed in the literature, it 
is worth mentioning the main effect that these phenomena 
may have on the system performance.

The signal received  r(t)  in a broadband ALPS with  N  
emitters can be expressed as 

  r  (t)  =   ∑ 
j=1 

  
N

   A j   ⋅  ( h j   ∗  g j  )  (t −  t j  )  + n(t)   (2)

where   g j   (t )  are the modulated coded signals;   t j    and   A j    are 
the ToFs and amplitudes of the signals to be estimated;  n(t)  

represents the noise; and index  j  runs from 1 to  N . The effect 
of the acoustic channel on the signal is introduced in the 
convolution term   h j   (t) . This represents the channel impulse 
response, a priori unknown. The output of the conventional 
receiver is formed by correlating  r(t)  with all signal codes. 
For the  k th beacon

  R  r g k     (t)  =  A k   ⋅   ( h k   ∗  R  g k   g k    ) (t −  t k  ) 
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  +  ∑ 
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    A j    ⋅  ( h j   ∗  R  g k   g j    ) (t −  t k  ) 

 

 


  

MA  I k  

   + η(t )  (3)

where   R  g k     g j     (t)  is the cross correlation of codes   g k   (t)  and   
g j   (t) . As (3) outlines, there are two effects that deteriorate 
the estimation of the ToFs: intersymbol interference (ISI), 
where the limited bandwidth of the acoustic channel lowers 
the correlation peaks and degrades the signal detection and 
ranging; and multiple-access interference (MAI) among all 
the emitted codes, in which larger amplitude signals impede 
the detection of weaker signals emitted simultaneously. 
Combined, both effects can lead to large deviations of the 
ToF estimates from their true values, notably decreasing the 
percentage of measurements whose error is below the out-
lier threshold (system availability) and increasing the mean 
error of these valid measurements. This effect can be com-
pensated for by using recursive subtractive techniques, such 
as the parallel interference cancellation algorithm developed 
in [40], to increase the system availability from less than 
50% to more than 90% in critical locations. Needless to say, 
this improvement is achieved at the expense of increasing 
the receiver complexity and thus the time required to com-
pute a new position estimate. A minimum update rate of 2 
Hz has been reported by Aguilera et al. [40], which seems 
to be high enough to perform the real-time tracking of mov-
ing persons. MAI might also be avoided by using another 
multiple access technique such as time-division multiple 
access (TDMA), since each emitter has its own slot of time 
to use the channel. The problem with this technique is the 
slow positioning rate achieved, mainly due to the low speed 
of acoustic waves. Nevertheless, an intermediate option 
between TDMA and CDMA (T-CDMA) has been proposed 
in [41]. The idea is to insert a certain delay between emis-
sions to mitigate the superposition of signals while retaining 
CDMA separation (as some superposition of signals in the 
channel persists).

On the other hand, the multipath propagation has also 
been identified as a main cause of degradation in the perfor-
mance of broadband ALPS. The effect of this phenomenon 
is critical near room walls and corners, where the strongly 
reflected signals interfere with line-of-sight (LOS) emissions 
and deteriorate the ideal correlation properties of these 
emissions. As a direct consequence of this deterioration, 
the largest correlation peaks obtained by matched filtering 
at the receiver do not always correspond to the instant of 
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arrival of the LOS emissions. Multipath problems in ALPSs 
are mainly caused by multiple specular reflections that are 
rapidly attenuated in air. This phenomenon gives rise to typ-
ical room impulse responses where a first pattern of early 
reflections is followed by a late-field reverberant tail. Since 
the pattern of early reflections is basically a sparse channel 
whose number of coefficients with nonnegligible magni-
tude is much lower than the total number of coefficients, a 
matching pursuit algorithm can be used as a low complex-
ity approximation to the maximum-likelihood solution to 
estimate the LOS–TOF. Indoor multipath acoustic and RF 
propagation exhibit similar relative delay spread, with typi-
cal rms values of some tens of milliseconds in the acoustic 
case and some tens of nanoseconds for RF signals. In both 
cases, the delay spread corresponds to a wave propagation 
distance of some tens of meters. Nevertheless, similarities 
seem to end there. Experimental work on indoor multipath 
RF propagation [42] has demonstrated that, in this type of 
environment, RF rays generally arrive in clusters whose 
arrival times can be modeled as a Poisson process with some 
fixed rate  Λ . Within each cluster, subsequent rays also arrive 
according to a Poisson process with another fixed rate  λ ≫ Λ . 
The first of these clusters comprises the direct ray, which 
can propagate both through open space and likely some 
other obstacles. Subsequent clusters result from reflections 
in metalized structures and scattering from other elements 
[42],  [43].

Acoustic impedance of air is much lower than the imped-
ance of all building materials and other obstacles that can 
be found in a typical indoor environment. Consequently, 
acoustic waves propagating in air are almost perfectly 
reflected by these materials with zero phase shift [44]. This 
phenomenon gives rise to typical room impulse responses 
where the direct ray, which can only propagate through 
open space (LOS emission), is followed by a first pattern of 
early reflections, and finally by a late-field reverberant tail. 
This response is represented in Fig. 6(a) for a room with 
highly reflective walls. Since the pattern of early reflections 
is basically a sparse channel whose number of coefficients 
with nonnegligible magnitude is much lower than the total 
number of coefficients [see Fig. 6(b)], a matching pursuit 
algorithm can be used as a low complexity approximation 
to the maximum-likelihood solution to estimate the LOS–
TOF. This multipath cancellation technique has proven 
to notably decrease the mean positioning error measured 
under strong multipath conditions in a CDMA-based ALPS 
where a 16-kHz sonic carrier was modulated with 63-b 
Kasami sequences [45], as well as in a T-CDMA-based ALPS 
where a 41.67-kHz ultrasonic carrier was modulated with 
255-b Kasami sequences [42].

Finally, the low speed of sound in air that allows high-
resolution positioning is also the cause of a new difficulty 
in broadband systems. As some authors have pointed 
out [45],  [48], the Doppler shift caused by the user’s 
movement in the acoustic encoded signal could make it 

completely unrecognizable to the receiver. Doppler shift is 
likely the detection hindering phenomenon where larger 
differences can be found between acoustic and RF-based 
local positioning systems. Assuming a static emitter, the 
relative change of frequency caused by a moving receiver 
is given by 

    
Δf

 __ 
 f 0  

   =   
 v r   __ c    (4)

where   v r    is the velocity of the receiver relative to the emit-
ter; and  c  is the signal propagation speed in air (about  3 . 43 ⋅  
10   2   m/s in acoustic systems and  2 . 997 ⋅  10   8   m/s in RF sys-
tems). As can be deduced from (4), a fast moving person  
(  v r   =  2.5 m/s) would cause a  8 . 3 ⋅  10   −7  %  relative change of 
frequency in a RF-based system (20 Hz in a 2.4-GHz WiFi 
carrier), whereas this relative change would be 0.73% in an 
acoustic system (292 Hz in a 40-kHz ultrasonic carrier).

A straightforward solution to this problem would be to 
replace the single correlator at the receiver with a bank of 
them, each one matched to different frequency-shifted ver-
sions of the code to be detected. However, this simple imple-
mentation would require a very high operating frequency at 
the receiver if a fine Doppler resolution  Δ  v r    is required. In 
[49], Álvarez et al. propose, as an alternative solution, the 
use of a multirate filter bank to compensate for the Doppler 
shift caused by the receiver’s movement. This receiver is 
represented in Fig. 7 for a bank of  K = 7  matched filters 
and five different codes, where the interpolation factor  Q  is 
determined by the Doppler resolution as 

  Q =   c ___ Δ  v r  
    (5)

This receiver notably improved the detection rate of 
broadband signals (with a 40-kHz carrier modulated with 
255-Kasami sequences), which were acquired by the receiver 

Fig. 6.  (a) Acoustic impulse response of a room with highly 
reflective walls. (b) Equivalent ten-coefficient sparse channel 
model.
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when moving in a horizontal plane with linear velocities of 
up to 6.82 m/s.

A different approach to compensate for this phenom-
enon consists in using intrinsically Doppler-resilient poly-
phase codes to modulate the emissions of the ALPS. A poly-
phase code with  L  elements can be described as 

   { s i  }  =  { e   j ϕ  i   }  =  {cos  ϕ  i   + j sin  ϕ  i  } ,  i ∈  {1, …, L}   (6)

where   ϕ  i   ≠  {0, π}  ∀ i . In [50], this interesting alternative was 
explored by using a metaheuristic search to find an optimal 
set of phases   ϕ  i    for the encoded emissions of an ALPS. This 
search tried to minimize a fitness function where the sum 
of two terms where considered: a first one assessing the 
autocorrelation and cross-correlation properties of the non-
shifted unmodulated signals; and a second one computing 
the autocorrelation properties of the Doppler shifted modu-
lated emissions. Unfortunately, the experimental results 
of this work were limited by the bandwidth constraints of  
current acoustic transducers.

I V.  HIGH-LE V EL PROCESSING

From a high-level processing point of view, there are sev-
eral issues that should also be considered when design-
ing an ALPS, namely, distribution of beacons, positioning 
algorithms, integration of relative positioning systems, 
calibration algorithms, and the integration of map-match-
ing techniques. This section addresses the key points for  
each one.

A. Distribution of Beacons

The determination of the number of beacons that com-
pose an ALPS and their distribution is one of the first tasks 
to be carried out, since the cost and the accuracy of the sys-
tem depend on this distribution. In addition to the coverage 
area and the cost, one of the most common metrics used 
to select the number and distribution of the beacons is the 

optimization of the propagation of measurement uncertain-
ties to the position estimation error [51]. The influence of 
the beacon geometry on the position computation is known 
as dilution of precision (DOP) [52] or position dilution of 
precision (PDOP) if we consider only variances of coordi-
nates. An estimation of the PDOP can be obtained as 

  PDOP ≈   
 √ 
________

  σ  x  2  +  σ  y  
2  +  σ  z  

2   
  ________  σ  m      (7)

where   σ  x  2  ,   σ  y  
2  , and   σ  z  

2   are the position variances in  X ,  Y ,  
and  Z , respectively, and   σ   m    is the standard deviation in the 
distance measurements. Therefore, a suitable geometry for 
an ALPS structure should provide low PDOP values along 
the coverage area, thus creating a system with lower posi-
tioning uncertainties.

Another important factor in determining the structure 
of an ALPS is the reduced coverage range of the acoustic 
beacons (few meters). At times, the emitters are placed as 
close to each other as possible to cover a common position-
ing space with similar influence of all the beacons (although, 
in this case, the PDOP could not be optimal).

The use of metaheuristic optimization methods, such as 
genetic algorithms (GAs) [53], is one of the most extensive 
procedures for determining the number of beacons and the 
placement strategy based on the PDOP optimization, con-
sidering some restrictions such as the minimum distance 
among them. GAs are proposed in [54]–[56] to solve the 
sensor placement problem, and in the particular case of 
acoustic signals, one of the first studies was reported in [57] 
and, more recently, in [45].

Fig. 7. Block diagram of the Doppler-tolerant receiver proposed  
in [49].

Fig. 8. Study of the optimal placement of five beacons according 
to a multiobjective optimization based on CRLB (five points of the 
different clusters with the same color correspond to a possible 
structure) [59].
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Furthermore, the optimal placement of the beacons 
can be addressed from an analytical point of view. In [58], 
a study is shown that discusses the influence of several 
parameters, including the geometry, on the accuracy of the 
position. Another work of optimal sensor placement [59] 
applies multiobjective optimization based on the Cramer–
Rao low bound (CRLB) to estimate the location of several 
beacons. Fig. 8 shows an example of this study for the case 
of five beacons without geometrical constraints; the best 
distribution of this beacons is a square structure with four 
beacons at the corners and another one placed at the center.

This square structure was used from the beginning in 
our works related to ALPSs [60], since it is compact and 
portable if the distances between beacons are not too large. 
A similar structure has been recently proposed in [61]. In 
these cases, the main advantage is that all the beacons have 
the same orientation and a similar coverage area, and at the 
receiver, the acoustic powers coming from the different bea-
cons are similar.

B. Positioning Algorithms

The main objective of a positioning system is to obtain 
the position of a target inside a coordinate reference. This 
position is commonly estimated by solving a nonlinear sys-
tem of equations derived from the ranging measurements. 
There are different techniques depending on the nature of 
the observations. The most used for acoustic positioning are 
the ToF and the TDoF.

As mentioned in the Introduction, ToF is based on meas-
uring the time between the signal emission of an active bea-
con and the reception in the target (that can be a system 
carrying another receiving beacon or a microphone). This 
method requires synchronization between the emitter and 
the receiver, as this is required to know exactly when the 
emitter starts to emit the signal. After obtaining a set of 
ToFs, they can be converted into distances using the propa-
gation velocity of sound.

TDoF [62] is the ranging technique used when there is 
no synchronization between the emitters and the receiver. 
It is based on the differences of time between the receptions 
of two or more different emissions, using one of them as a 
reference. Then, the time differences are converted into dif-
ferences of distances.

When a minimum set of distances or differences of dis-
tances is available (at least three for 3-D positioning in a 
hemispace), the position can be obtained by solving the cor-
responding system of equations (based on either trilatera-
tion or multilateration, i.e., either spherical or hyperbolic 
positioning, respectively). There are several approaches: the 
minimization of a cost function, directly through geometric 
methods, or Bayesian filtering.

Geometric methods are based on the linearization of the 
equation system in order to find a closed solution [63]–[65]. 
The problem of these methods is that they can be very 

sensitive to noise in some positioning areas. Other geomet-
ric methods address this problem using the Cayley–Menger 
bideterminant described in [66]. An example of this method 
for spherical trilateration is shown in [67] and for the hyper-
bolic multilateration case in [68].

In other approaches, the position is solved by iterating 
until a minimum is found for a cost function related to the 
positioning of a target. One of the most used numeric solv-
ers is Gauss–Newton (GN). Some examples of this strategy 
can be found in [69]  and  [70]. Note that it is crucial to 
provide an adequate initialization for this type of algorithm 
in order to facilitate its convergence toward a suitable solu-
tion. A summary of the mathematical methods for indoor 
positioning is shown in [71], whereas [68] compares the 
GN implementation with a geometric method based on the 
Cayley–Menger bideterminant. The study shows that the 
GN method is more accurate (centimeter resolution) than 
the geometric one but with a higher computational cost. 
Fig. 9 shows a grid of real estimated positions on the floor 
of a room with five beacons placed on the ceiling (the pro-
jections on the floor are also shown in Fig. 7), comparing 
the performance of both methods. At each point, a set of 
50 measurements was performed. As can be observed, the 
Cayley–Menger method presents a performance similar to 
the GN method. It is worth noting that the receiver has been 
positioned on the grid by hand, and both methods obtain the 
same positions.

Section IV-C describes some known Bayesian methods, 
since these techniques are also used to integrate measure-
ments acquired by different sensors.

C. Integration of Relative Positioning

In many cases, ALPSs are used as an absolute position-
ing method for MRs or people; that is, they provide their 
positions in a global map. MRs use their internal odome-
ter to estimate at a high rate their position and orientation 

Fig. 9. Grid of estimated positions using Cayley-Menger and GN 
algorithms [68].



UrenÄa et al . : Acoustic Local Positioning With Encoded Emission Beacons

1052 Proceedings of the IEEE | Vol. 106, No. 6, June 2018

(relative to the initial state) by integrating the number of 
rotations in their axes. A person can also wear an inertial 
measurement unit (IMU) with accelerometers and gyro-
scopes to achieve the same goal, thus obtaining their rela-
tive position and orientation. These relative measurements 
can be very accurate in short integration times, but they also 
involve cumulative errors. The combination of absolute and 
relative positioning systems is a good way to achieve high 
rates of positioning while avoiding cumulative errors. There 
are several techniques for merging both positioning systems 
[72]. For instance, Bayesian methods use statistical distribu-
tions to estimate the MR position from a set of measure-
ments [73], dealing with the uncertainty associated with 
real measurements and with the possibility of adding the a 
priori knowledge of the positioning system (map informa-
tion, physical constraints, etc.).

Common approaches are based on the extended Kalman 
filter (EKF), which is optimal for Gaussian noise, as well as 
several variants: the ensemble Kalman filter (EnKF) uses a 
Monte Carlo method to predict the statistical errors [74], 
and the unscented Kalman filter (UKF) [75] uses an estima-
tor for non-Gaussian errors.

The work in [76] presents the implementation of an 
ALPS that allows a mobile robot to navigate in an exten-
sive area using an H-infinite filter to combine the position 
measurements provided by the odometer and the ALPS. If 
the robot is in an area where the ALPS is not available, the 
H-infinite filter only uses the odometer information, and 
when it reaches an area covered by the ALPS, the absolute 
position improves the MR position and cancels the odom-
eter cumulative noise.

See, for instance, the case in Fig. 10, where an MR with 
an odometer onboard is inside the coverage area of an ALPS.

The position estimation is often represented in the dis-
crete space state as 

   X k   = f  ( X k−1  , Δ  d odo,   Δ θ  odo  )  +  w k    (8)

   Z k   = h ( X k  )  +  v k    (9)

 where   X k    is the state vector at instant  k  (usually the target 
position and its orientation);  f  ( X k−1   , Δ  d odo,   Δ  θ  odo  )   repre-
sents the relationship between the previous and the current 
state (that is,   X k−1    and   X k   ) obtained from the onboard sen-
sors and/or a movement model that give the increments of 
distance and angle ( Δ  d odo   , Δ  θ  odo   );  h ( X k  )   represents the rela-
tionship between the state vector   X k    and the ALPS measure-
ments   Z k   ; and   w k    and   v k    are noise matrices related to the 
process and measurement equations. The estimated state 
vector    X ̂   k    and its covariance matrix    P ̂   k    can be updated using 
a filter that combines all the information, as the diagram 
in Fig. 11 shows. The most referenced methods are the EKF 
[77], the UKF [75], the H-infinity filter (H- ∞ ) [78], and the 
particle filter (PF) [79]. Some examples of these methods in 
ALPSs can be found in [76] and  [80].

As an example of the application of these Bayesian 
techniques to estimate the position of a target while it 
is moving using the ALPS measurements and the infor-
mation of the sensors (increments of distance and angle 
between iterations), Fig. 12 shows a real experiment 
based on [76] inside a building with some ALPSs. An MR 
describes a trajectory through the environment with the 
ALSPs obtaining two estimated trajectories: using only 
the odometer (red line), and the fusion with the ALPSs 
information carried out by an H- ∞  filter (black line); the 
areas in green represent the ALPS positioning in the cov-
erage areas before integration.

D. Calibration Algorithms

Another important aspect for the deployment and use 
of ALPSs is the search for optimal zones to install the bea-
cons. This positioning implies a tradeoff between coverage 
area (taking into account a minimum number of beacons 
at each positioning point); LOSs between emitters and 
receivers; minimization of effects such as interference, 
multipath, and near–far issues; good geometric configura-
tion (to minimize the PDOP); and cost (minimum number 
of beacons). The complexity of this task is solved by using 
meta-heuristic algorithms that provide better results than 
regular lattices [54].

Fig. 10. Diagram of a fusion algorithm when an MR is inside the 
coverage area of an ALPS.

Fig. 11. Diagram of the fusion method for absolute and relative 
positioning.
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After the beacons are installed in the environment, it is 
important to know the precise coordinates for every beacon 
(with respect to the global coordinate origin). These coor-
dinates are obtained from a calibration process that can be 
manual, semiautomatic, or automatic (also self-calibration). 
Handmade calibration processes usually take a long time 
and require several people carrying out measurements. Self-
calibration techniques are very interesting [81] because they 
allow the system to automatically compute the position of 
the beacons.

One method to facilitate the calibration is the use of 
inverse positioning to determine the positions of the bea-
cons. This process is based on capturing several measures at 
known test positions in the environment and then obtaining 
the estimates of the beacon positions by using a positioning 
algorithm in an inverse manner [81]–[83]. The drawback of 
this method is that it is necessary to accurately know the 
coordinates of a high number of measurement test points.

Another approach is the use of iterative methods. The 
work in [84] presents a method in which the positions of 
the beacons are estimated by mixing known and unknown 
test points and applying a Levenberg–Marquardt minimi-
zation algorithm. However, this approach requires a high 
number of iterations in order to achieve an accurate result. 
Other proposals use an MR to estimate the position of the 
beacons while the MR is navigating inside the ALPS cover-
age area, merging the odometry information with the meas-
ured distances [85]. This method was extended to more 
than one ALPS [86], showing in this case that the error in 
the beacon position estimates is accumulatively increased, 
and thus, only a limited number of ULPS can be calibrated 
in the same process.

E. Integration of Map-Matching Techniques

In some occasions, when a target is navigating along 
indoor environments, some position estimates can be out 
of the possible geometric boundaries (i.e., the estimate of 
a target position is behind a wall). Recent solutions in the 
field of RF positioning [87],  [88] have incorporated the 
information from the building map as a constraint. In the 
case of using a PF, a new stage is added where the particles 
that are out of the possible estimates are eliminated. Gualda 
et al.  [89] present a solution based on a constrained EKF 
for acoustic positioning that improve the results of the PF 
approach in terms of computational efficiency.

Another advantage of using mapping constraints is the 
reduction of the number of sensors needed to cover a posi-
tioning area, since the position of the target can be limited 
to a graph (i.e., a line placed in the middle of a corridor). 
The work in [90] studies the positioning based on graph 
information that evaluates the behavior of an ALPS for a dif-
ferent number of beacons.

Additionally, the map information can be used as well 
when calibrating the position of the beacons in an ALPS. For 
instance, in [91], a proposal that estimates the position of 
beacons in a map is presented. In this case, the user inserts 
several distances from the beacons to the surrounding walls 
as well as other easily obtained heuristic information such 
as the approximated region where the beacons are located 
(that can be roughly drawn on a map) and the approximated 
direction of measurement from the beacons to the walls.

V. IMPLEMEN TATION A ND 
A PPLIC ATIONS

From an implementation point of view, previous works have 
already addressed the challenges coming not only from the 
positioning issue but also from the sensory technology used 
in the ToF or TDoF determination, often presenting simi-
lar constraints and issues. In this sense, the authors have 
already been involved in the real-time implementation of 
several LPSs based on different technologies, such as radio 
frequency [92], infrareds [93], ultrasounds [60], IMU-based 
approaches [94], or fusion of GPS/RF/ULPS [95].

The design of any acoustic positioning system involves 
two different modules: the emitters (beacons) and the 
receivers. For the sake of clarity, hereinafter, it is considered 
that the beacons are fixed at certain positions where they can 
transmit the acoustic waves; on the other hand, the receiver 
is mobile and often portable. It is worth noting that this 
approach could be swapped, thus having a mobile and port-
able transmitter, whereas the beacons would acquire those 
emissions. In this case, similar algorithms and methods can 
be applied to estimate the transmitters’ positions, although 
different considerations should be taken into account with 
regard to the real-time implementation of the signal pro-
cessing. Note that the portable device, more constrained 

Fig. 12. Estimated trajectories of an MR comparing the odometer 
(red line) and the fusion with the ALPSs information (green points) 
by an H- ∞  filter (final trajectory in black line); the blue points are 
the projections of the beacons [76].
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than beacons from a computational point of view, should 
run those tasks corresponding to the transmitter.

With regard to RF-based developments, it is important 
to remark that the key difference is on the propagation 
speed for both technologies. Since the ultrasonic one is 
much lower, any aspect involved in the design of the cor-
responding ALPS becomes much more affordable. In this 
way, the influence of any clock imperfection, such as drifts, 
on the final performance can be considered even negligible. 
Note that typical carrier frequencies in the ultrasonic trans-
missions are in the range of tens of kilohertz, whereas com-
mon clock frequencies in the digital processing systems in 
charge of managing the ultrasonic signals are in the range of 
megahertz. Furthermore, this difference in terms of magni-
tude also implies an advantage when, in an extended ALPS 
formed by multiple ultrasonic beacons to cover a larger area, 
it is possible to use an RF or infrared link to synchronize 
all the transmissions without a further consideration about 
possible delays in the synchronization link, since they are 
again negligible.

Another relevant aspect, compared to RF-based sys-
tems, is noise. Ultrasonic systems are often affected by dif-
ferent types of noise, not only white Gaussian one, but also 
impulsive among others. As has been already mentioned, it 
is worth noting that, whereas those types of noise present 
a higher impact on the audible band, the ultrasonic band 
is much less aggressive in most scenarios, except maybe 
from some industrial environments. This is the reason why 
most previous works usually consider only white Gaussian 
noise in common ultrasonic channels. Furthermore, the 
correlation-based processing described here for ultrasonic 
signals is indeed a suitable method to reject noise in gen-
eral terms.

The fact that ALPSs’ last element is actually a certain 
ultrasonic transducer implies a big difference compared to 
RF-based approaches, where antennas are the typical element 
at this level, often providing a further complexity. Concerning 
the ultrasonic transducers, the aperture beam, the sensitivity 
(related to the achieved range), and the available bandwidth 
(with a nearly flat response in the region of interest) are the 
significant features, which will be described next.

A. Design of a Beacon Unit

In this case, a single ALPS is the module formed by the 
acoustic emitters or beacons as well as by all the electronic 
equipment necessary to achieve the desired behavior in 
the corresponding transmission. The design of this module 
implies a set of requirements [96], which can be summa-
rized as follows.

•  The first issue to be considered is the selection of 
the acoustic transducer. Three main aspects should 
be observed at this point. In this regard, the acoustic 
power and the radiation pattern (aperture beam) will 
define the final coverage area achieved by the ALPS. 

Furthermore, the transducer response should also be 
analyzed, particularly whether the ultrasonic trans-
mission involves advanced encoding and/or modula-
tion schemes, since they can require specific band-
widths and linearity properties.

•  A second issue is the method used by the transducer to 
access and share the channel. A simultaneous or a mul-
tiplexed access protocol has different consequences 
on the design decisions, which must be evaluated.

•  As previously mentioned, the bandwidth available in 
the final beacon unit is a key feature, since it may sig-
nificantly determine not only the range of sequences 
and modulations that can be applied but also the 
final performance of the whole system in terms of 
precision, possible simultaneous emissions, or noise 
immunity.

•  A last detail to be considered is the synchronization 
issue. This is closely related to the positioning algo-
rithm later implemented. If a spherical positioning 
algorithm is involved, it is necessary to provide a 
synchronization link between the beacons and the 
receiver to achieve a common time frame. On the 
other hand, hyperbolic algorithms allow this synchro-
nization link to be avoided, although the emitting 
beacons still need to have the same time reference in 
order to properly estimate the TDoFs.

According to the parameters that should be taken into 
consideration in the final design, the electronic system 
managing the beacons can achieve a significant complex-
ity, mainly due to the encoding and modulation schemes 
selected in the implementation. Note that the computa-
tional load may include correlations, modulations, filter-
ing, or fast Fourier transforms (FFTs). Furthermore, the 
sequences involved in the encoding could be either binary, 
multilevel, or even complex, thus increasing the complexity 
in real-time hardware architectures.

In most ALPSs, it is possible to identify four key blocks 
[96]: the acoustic transducers, the amplification stage, the 
analog-to-digital (AD)  converters, and the electronic sys-
tem in charge of managing the transmission carried out 
by the beacons available in the ALPS. With regard to the 
design of this electronic system, it is possible to distinguish 
two major trends: one based on general-purpose processors 
and another based on FPGA devices [97]. The first one pro-
vides a simple and straightforward way to control beacons 
in an ALPS, with short development times. Nevertheless, 
this approach often becomes unsuitable when advanced 
solutions are proposed in the acoustic signal processing. 
As an example, it cannot often afford simultaneous access 
techniques with synchronous and accurately simultaneous 
access to several beacons; also, multicarrier modulations 
cannot be dealt with. Generally, these proposals achieve a 
limit when massive and parallel data processing is neces-
sary. At this point, recent Systems-on-Chip (SoCs), based on 
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FPGAs, allow designers to integrate the processor’s advan-
tages, thanks to the SoC placed in the same die (typically an 
ARM architecture), with the flexibility and parallelism from 
the configurable logic in the FPGA device [98],  [99].

As a case study, this last part is dedicated to the descrip-
tion of the LOCATE-US beacon unit developed by the 
GEINTRA-US/RF group from the University of Alcalá, 
Spain  [100]. In this particular case, the beacon is based on 
an ultrasonic transducer. This unit was designed keeping 
in mind that it could be adapted to any possible approach 
for the signal processing involved in an ALPS. It proposes 
a flexible architecture where a memory bank is connected 
to each ultrasonic transducer. This bank memory can be 
used to store the samples corresponding to any transmis-
sion, no matter the type of encoding or the modulation 
scheme considered. The architecture is based on an FPGA 
device consisting of an ARM processor plus some specific 
advanced peripherals in charge of managing the ultrasonic 
emissions. Fig. 13 shows its block diagram. It is worth not-
ing that the system can be adapted to any type of modula-
tion (e.g., BPSK, FSK, and multicarrier modulations) [26] 

as well as to any type of sequence (e.g., binary, multilevel, 
and complex) [101].

Compared to other processor-based approaches, such as 
those with general purpose processors, digital signal proces-
sors, or even microcontrollers, the main advantage of using a 
FPGA-based architecture is the capability to address several 
ultrasonic transducers in a simultaneous and parallel way. 
In this case, the system must manage at least five digital-to-
analog converters (DACs), connected to the corresponding 
transducers. They are set at a sampling frequency of   f s  = 500 
kHz, which implies that a new sample must be provided to 
every DAC every 2  μ s. This type of parallelism and synchro-
nization level in many channels at the same time is feasible 
and more addressable if the implementation is carried out 
on an FPGA device. Furthermore, this proposal is flexible 
enough to be adapted to any modulation scheme or sequence 
involved by saving the signals to be emitted in the memory 
banks available in the platform. This flexibility is possible 
thanks to the proposed FPGA-based architecture, but it will 
be not so easy in a processor-based solution, where changing 
the modulation scheme would imply modifying the source 
code run by the processor.

At this point, it is important to note that this design is actually 
the first FPGA-based prototype to validate the architecture and 
its functionality. At a later commercialization stage, the architec-
ture can be migrated to an application-specific integrated circuit 
(ASIC)  solution, where further considerations, such as power 
consumption or miniaturization, should be considered.

The system consists of five ultrasonic beacons, placed at 
the ceiling, in a  70 . 7 × 70 . 7  cm square providing a cover-
age area of approximately 30 m      2   for a height  h= 3 m. Fig. 14 
shows two versions of the LOCATE-US beacon unit with 
different geometric configurations. The difference is that in 
the second version, the transducers are not coplanar, so the 
system can also be applied to 3-D positioning.

The transducers are hardware synchronized and emit 
simultaneously or sequentially at a certain millisecond rate 
(depending on the length of the code and the modulation 
scheme). A schematic representation of these types of emis-
sions can be observed in Fig. 15. In one case, the emissions 
of all beacons are simultaneous every 20 ms (the separa-
tion at the receiver is performed by code, CDMA). In the 
other case, there is a different slot of time for each emis-
sion, although some interferences can still be produced 

Fig. 13. Block diagram (up) and general view (down) of the ALPS 
unit designed to control five acoustic beacons, based on a Microzed 
board, for LOCATE-US, developed by the GEINTRA-US/RF group, 
University of AlcalaÂ [100].

Fig. 14. View of the LOCATE-US beacon unit: version for 2-D 
positioning (left); version more suitable for 3-D positioning (right) 
since the transducers are not coplanar.
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due to partial superposition of signals in the channel (the 
separation at the receiver is carried out by time and by code, 
T-CDMA). Both schemes permit an emission encoding with 
a 255-b Kasami sequence, BPSK modulated with a sym-
bol composed of two cycles of a sine carrier at a frequency   
f c  = 41.67 kHz. The sampling frequency is   f s  = 500 kHz, thus 
giving an oversampling of   f s  / f c  =12 .

After each period of emission (20 ms for CDMA and 
100 ms for T-CDMA), a nonlimited number of portable 
receivers (smartphones, tablets, or similar) can compute 
their position autonomously by hyperbolic trilateration. As 
an advantage, this system does not require synchronization 
between the beacons and the receivers. If spherical trilatera-
tion is required or multiple beacon units need to be synchro-
nized to provide greater coverage, an RF module synchro-
nism indicates the instant of transmission to the receivers 
and/or to the rest of slave ALPSs.

The 328ST160 transducers used have enough bandwidth 
for different types of acoustic signal modulations [102]. The 
transducer frequency response is defined by a flat region 
between two resonant frequencies (34 and 47 kHz), so the 
modulation carrier frequency has been approximately cen-
tered between both, thus obtaining a bandwidth of approxi-
mately 12 kHz and a nearly constant phase response. This 

phase linearity is a key aspect, especially when applying a 
BPSK modulation and correlation techniques, and, conse-
quently, ultrasonic transducers should provide this feature 
for the desired bandwidth in these cases.

B. Design of a Receiver

One important aspect to be noted from the very begin-
ning is that the design of a receiver is not directly related 
to the design of the beacons in an ALPS. It is clear that 
some aspects have to be common in both cases, such as fre-
quencies of interest, bandwidths, or sequences employed. 
Nevertheless, after these general issues, the receiver can fol-
low its own development so long as it meets certain compli-
ance requirements.

Fig. 16 depicts a general scheme with the basic blocks 
included in a possible receiver. The ultrasonic transducer 
should be selected by keeping in mind three features: suita-
ble frequency response and compatibility with the beacons; 
enough bandwidth to recover the transmitted signal; and 
enough sensitivity and aperture beam to ensure a certain 
coverage area.

Concerning the preamplification stage, the receiver 
should be designed with the same considerations, trying to 
avoid any saturation or nonlinear effect coming from non-
desired frequency components out of the range of interest, 
thereby occasionally implying filtering.

Finally, after acquiring the preamplified signal, the 
computing platform should be capable of processing the 
ultrasonic transmission, demodulating the signal and then 
correlating it with the emitted sequences to determine the 
ToFs or the TDoFs, whether or not there is a synchroniza-
tion link with the beacons. This is likely the most computa-
tionally expensive point of the design, since the complexity 
of operations can easily increase depending on the selected 
schemes and sequences, whereas some real-time require-
ments can arise according to certain applications. The need 
of having available these ToFs/TDoFs at a certain rate has an 
influence on the type of architecture that can be proposed 
for the implementation of the receiver signal processing. 
Again, most restrictive applications are prone to require 
parallel approaches, such as those based on FPGA devices. 
Nevertheless, if the timing constraints are not as demand-
ing, processor-based solutions can also offer an alternative, 
which is often cheaper and with a shorter development 
time, for the receiver design.

Fig. 15. Two schemes of beacon transmissions. (a) CDMA with 
simultaneous emissions every 20 ms. (b) T-CDMA with a certain 
separation in the emissions (period of 100 ms).

Fig. 16. General scheme in the design of a receiver for an ALPS.
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For the LOCATE-US ALPS in the case study, the receiver 
architecture was based on a low-cost Cortex M3 microcon-
troller STM32F103 (see Fig. 17) [13]. The microcontroller 
includes a microelectromechanical system (MEMS) micro-
phone, a high-bandwidth amplifier and an internally config-
urable high-pass filter (SPU0414HR5H-S). A programmable 
gain amplifier allows for dynamically adjusting the level of 
the received signal at the input of the analog-to-digital con-
verter (ADC).

An important feature in the receiver module is the size 
of the acquisition buffer, which is constrained by the size of 
the internal memory available in the microcontroller. This 
parameter, together with the sampling frequency, influ-
ences the acquisition time necessary to obtain a position. To 
shorten this time, it is possible to reduce the emission time 
for the sequences or the multiplexing time, depending on 
the transmission scheme used (see Fig. 15), as well as the 
sampling frequency by downsampling by a factor  N , even if 
resolution can be degraded in the ToF or TDoF determina-
tion. This affects the positioning error of the receiver, par-
ticularly in the case of hyperbolic multilateration (when syn-
chronism between emitters and receiver is avoided). Note 
that a sampling frequency of 100 kHz, with a downsampling 
factor of 5, provides suitable results, as will be described 
later. The necessary buffer in the CDMA scheme with 255-b 
Kasami sequences (two cycles per symbol) for an emis-
sion period of 20 ms should be at least 2000 samples long 
in order to guarantee at least one sampling period. On the 
other hand, in T-CDMA, this value is multiplied by the num-
ber of transducers if the multiplexing time is equal to the 
emission period in CDMA. The main advantage provided by 
the T-CDMA scheme is that the MAI effect is discarded; fur-
thermore, the algorithm of the DToF determination is less 
complex since the transducer emissions are always sorted 

after performing the correlation of the received signal with 
the corresponding codes or patterns assigned.

Figs. 18 and 19 show the results for the signal received 
from the five beacons (B1–B5) and the correlations obtained 
in the CDMA and T-CDMA schemes, respectively. When 
obtaining these results, the receiver has been placed below 
the central beacon at a distance of 3 m. It is possible to 
observe that the overlapping effect in CDMA, coming from 
the simultaneous emissions of the transducers, can degrade 
the peaks in the correlation functions due to the MAI effect. 
This effect has much less influence in T-CDMA because the 
overlapping of the signals, as they are in different slots of 
time, is less probable with the geometric configuration used. 

Fig. 17. Block diagram (up) and general view (down) of a receiver 
based in Cortex-M3 microcontroller for LOCATE-US, developed by 
the GEINTRAUS/RF group, University of AlcalaÂ [13].

Fig. 18.  CDMA scheme: received signal (top); correlated signal for 
each beacon (B1-B5) (middle); and detail of the correlated signals 
(bottom).

Fig. 19. T-CDMA scheme: received signal (top) and correlated signal 
for each beacon (B1-B5) (bottom).
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Note that some overlapping at the receiver is still accept-
able, as CDMA is also used.

C. Experimental Results

With regard to the experimental results, the LOCATE-US 
ALPS has allowed a complete set of tests to be obtained in 
order to verify the different mentioned approaches, not 
only in low-level but also in high-level processing. As an 
example, for the configuration presented in Fig. 20 (with a 
single ALPS installed in the ceiling), a microphone has been 
placed at a grid of points on the floor. The emitted signals 
(following the T-CDMA scheme) have been encoded with 
a 255-b Kasami sequence and BPSK modulated with two 
periods of a sine carrier at 41.67 kHz, which has been sam-
pled at 500 kHz in the receiver. Afterwards, the position is 
estimated with a Gauss–Newton hyperbolic multilateration 
algorithm.

Fig. 21 shows the cloud of points obtained after 100 tri-
als at each point. Note that the errors depend on the posi-
tion of the microphone due to the different PDOP and to 
the different propagation paths followed by the acoustic 
waves.

A quantization of the error for these measurements can 
be derived from the cumulative distribution function (CDF)  
representations plotted in Fig. 22. For the most centered 
test points (P6, P7, P10, and P11), the error is always below 
15 cm. Considering all of the points, the error is below 20 
cm for 90% of the cases and never higher than 30 cm. It 

is worth noting that these results have been obtained for 
an ALPS with beacons very close to each other using TDoF 
with a relatively high common coverage area. These results 
have been obtained using the T-CDMA scheme; when 
using only CDMA to increase the measurement rate, one 
of the more adverse effects is that the number of outliers 
increases. As an example, the work in [100] addresses this 
problem by fusing the results of the positioning system with 

Fig. 20. Configuration of a single ALPS (LOCATE-US) installed on the 
ceiling and a grid of points to take measurements on the floor.

Fig. 21. Cloud of points around the ground truth and error ellipses 
for 100 trials at each test point.

Fig. 22. Cumulative distribution functions (CDFs) for the trials 
shown in Fig. 21.



UrenÄa et al . : Acoustic Local Positioning With Encoded Emission Beacons

 Vol. 106, No. 6, June 2018 | Proceedings of the IEEE 1059

an EKF, which uses the CDMA scheme, with the odometer 
of an MR.

Other tests have been performed with similar ULPSs. 
In [103], the influence of the sequence encoding involved 
in the acoustic transmission is analyzed for different types 
of sequences (Kasami and LS codes) and how they can be 
helpful in mitigating some adverse effects such as multipath 
or near–far effects. The low-level processing is further 
studied in [104] and  [105], where the positioning results 
in adverse environmental conditions can be improved by 
implementing a generalized cross correlation together with 
a PATH filter instead of a classical matched filter version. 
This approach results in significantly better performance 
for multipath environments.

However, concerning high-level processing, in [106], 
an experimental scenario is described where multiple 
LOCATE-US ALPSs have been deployed in a large environ-
ment to provide a noncontinuous coverage area. The pro-
posal applies an H-infinite filter to merge information, not 
only from ALPS measurements but also from the odometer 
system onboard the robot. This test shows the feasibility of 
covering extensive areas with multiple ALPSs by choosing 
a suitable beacon distribution and an appropriate merging 
method for the positioning algorithm in high-level process-
ing. Finally, an example of a simultaneous calibration and 
navigation process for a large environment with multiple 
ALPSs can be observed in [107]. Note that the beacon 
positions are not known a priori, and the robot employs 
the first positions in its navigation (where errors from the 
odometer are still reduced) to estimate the beacon posi-
tions. Afterwards, these estimates for the beacons are used 
in a common positioning algorithm to follow the robot 
trajectory

V I.  DISCUSSION A ND CONCLUSION

Today, there is an increasing demand for a proven technol-
ogy with a certain accuracy, to provide services based on 
position of people, mobile robots, or other objects across 
large indoor areas, as well as in GNSS-denied outdoor envi-
ronments. In contrast to the high implementation degree of 
the GNSS systems outdoors, there is no consolidated tech-
nology or LPS operating at the same level of performance 
indoors. Practical systems integrate and merge information 
obtained by using different positioning technologies (opti-
cal, mechanical, magnetic, RF based, or acoustic) and strat-
egies (trilateration, triangulation, fingerprinting, integra-
tion in inertial systems, etc.).

ALPSs are an interesting alternative for indoor position-
ing. Compared to other approaches, they have some advan-
tages, such as a relatively high accuracy, low cost, and room-
level signal propagation.

In the common case of using time (difference) of arrival 
of acoustic (sonic or ultrasonic) signals between emitters 
(usually in the infrastructure) and receivers (normally on 

the node to be positioned), problems faced are well known 
by researchers and designers working with RF-based sys-
tems: multipath propagation, near–far effect, Doppler shift, 
or proper distribution of beacons.

Nevertheless, there are also important differences to 
consider. The main difference is on the wave propagation 
speed for both technologies, which makes acoustic sys-
tems much more affordable and manageable with lower 
frequency processing systems. Another aspect to take into 
account is the wave propagation, since acoustic waves 
in air are confined in closed spaces with specular reflec-
tions on most of the indoor man-made walls and objects. 
For acoustic systems, the typical room impulse response 
includes a LOS path, followed by a first pattern of early 
reflections and, afterwards, by a late-field reverberant 
tail with negligible amplitudes. Doppler shift is likely the 
phenomenon with larger differences between acoustic 
and RF-based local positioning systems, due to the dif-
ferent wave propagation speeds. For an acoustic system, 
a receiver that moves at velocities higher than 2–3m/s 
can experience adverse effects in the received signal 
processing.

The type of noise encountered in the high-frequency 
sonic and low-frequency ultrasonic bands, i.e., between 15 
and 100 kHz, has a power spectral density estimate with a 
flat pattern and peaks at certain frequencies that character-
ize a particular environment (due to cooling fans, pneu-
matic tools, fluorescent lamp chokes, etc.).

Another important issue is related to the type of emit-
ters and receivers used: antennas for RF-based systems and 
transducers (microphones and speakers) for ALPSs. In this 
last case, aperture beam pattern, sound pressure level and 
sensitivity, and available bandwidth are significant features 
to consider.

This research described the different challenges fac-
ing the design of an acoustic local positioning system in 
order to achieve suitable performance. The description of 
this design process has been focused on both low-level and 
high-level signal processing. In the first case, the waveform 
conformation (coding and modulation) and the processing 
of the received signal involve significant issues in order to 
address drawbacks, such as multipath conditions, multiple-
access interference, near–far effects, or Doppler shifting. 
Conversely, high-level processing is often related to the 
distribution of beacons, easy deployment, and calibration 
and positioning algorithms, including the possible fusion of 
information obtained from, for example, maps and onboard 
sensors. In both cases, this work provides a complete review 
of previous works as well as some theoretical discussions 
with regard to the mentioned topics. Furthermore, the 
description of the LOCATE-US ALPS system, developed 
by the GEINTRA-US/RF group (University of Alcalá), has 
been briefly included, together with experimental results 
in extended coverage areas and tests for mobile robot 
navigation.
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