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Abstract

Acoustic ranging based indoor positioning solutions have the advantage of higher ran-
ging accuracy and better compatibility with commercial-off-the-self consumer devices.
However, similar to other time-domain based approaches using Time-of-Arrival (ToA)
and Time-Difference-of-Arrival (TDoA), they suffer from performance degradation in
the presence of multi-path propagation and low received signal-to-noise ratio (SNR)
in indoor environments. In this thesis, we present ARABIS, a robust and low-cost
acoustic indoor positioning system (IPS) for mobile devices using an asynchronous
TDoA-based solution. We develop a low-cost acoustic board custom-designed to sup-
port large operational ranges and extensibility. To mitigate the effects of low SNR
and multi-path propagation, we devise robust algorithms that iteratively remove pos-
sible outliers by taking advantage of redundant TDoA estimates. Experiments have
been carried out in two testbeds of sizes 10.67m x 7.76m and 15m X 15m, one in
an academic building and one in a convention center. The proposed system achieves
average and 95% quantile localization errors of 7.4cm and 16.0cm in the first testbed
with 8 anchor nodes and average and 95% quantile localization errors of 20.4cm and

40.0cm in the second testbed with 4 anchor nodes only.
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ID Identifier
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TDMA Time Division Multiple Access
CDMA Code Division Multiple Access

FEC Forward Error Correction
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NTP Network Time Protocol

WLAN Wireless Local Area Network
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dB decibel
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RTOS Real-Time Operating System
MCU Microcontroller
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Chapter 1

Introduction

Location-based services (LBS) have experienced substantial growth in the last decade
with the proliferation of smart devices. A recent survey by Pew Research Center’s
Internet Project found that 90% of US adult smartphone owners aged eighteen and
older use their phones to get directions or other information based on their current
location [2]. Service providers can benefit from users’ location information in facilita-
ting precision advertising, personalized recommendation, resource tracking, proximity
notification, etc.

To provide LBS, location awareness is an essential step. The Global Positioning
System (GPS) complimented by cellular and WiFi access map based methods can
provide accurate and robust location information in most outdoor environments. In
contrast, despite the fact that people spend the majority of their time indoors, indoor
positioning systems (IPS) only have limited success due to low accuracy. GPS signals
are highly attenuated indoors rendering GPS-based position estimates inaccurate.
The main challenges in IPS arise from the lack of pervasive infrastructural support,

low accuracy, and the desire to keep user devices as simple as possible.
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Various approaches have been considered in IPS solutions. Fingerprinting, an
RSSI-based technique, is widely used because it avoids hardware deployment cost
and effort by relying on existing network infrastructure such as WiFi, Bluetooth Low
Energy (BLE), and Zigbee. This approach can achieve close to 1m accuracy [3]. The
main disadvantage is that the fingerprint changes with the environment and needs an
update to the fingerprint database, which requires labor-intensive site-survey. Pede-
strian Dead Reckoning (PDR), which is infrastructure-free, utilizes IMU sensors on
smartphones or wearable devices and can achieve meter-level localization accuracy as
well [4]. However, regular absolute position fix must be provided in PDR to avoid er-
ror accumulation in the long-term. Time-of-arrival (ToA) or time-difference-of-arrival
(TDoA) estimates from radio-frequency (RF) transmitters (e.g., access points, ultra-
wide band beacon nodes) address the above shortcomings by directly determining the
ranges or pseudo-ranges from anchor nodes to target devices and inferring locations
of the latter [5, [0 [7]. In contrast to RF-based solutions, acoustic indoor localization
has the advantage of less stringent requirements on timing accuracy and the potential
to work with commercial off-the-shelf (COTS) mobile phone devices irrespective of
hardware capabilities, as all mobile phones are equipped with at least one speaker
and one microphone. Moreover, acoustic-based ToA or TDoA systems increase loca-
lization accuracy to decimeter-level [8]. Recently, several acoustic IPS solutions have
been developed for mobile phones, including those operating in audible frequency
ranges [9, [10, [I1], and those in the human inaudible range but within the hearing
range of the majority of smart phone devices [II, 12, [13] 14, [15].

We develop ARABIS [14], [16], a robust and low-cost acoustic IPS for mobile devi-

ces. The system adopts fixed acoustic anchor nodes that transmit acoustic signals in
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the human inaudible range but decodable by smart phone devices. Target mobile de-
vices are acoustically passive. They listen to beacons emitted from anchor nodes and
transmit the timestamps of the decoded acoustic beacons to a location server using
radio waves. The location server communicates with anchor nodes to compute the
locations of the target devices. The localization algorithm is done by an asynchronous
TDoA-based solution that uses asynchronous beacons, where anchors can transmit
in an uncoordinated matter. This design is advantageous in several aspects. First,
it scales well even with a large number of mobile devices despite the limited acoustic
bandwidth available on mobile phones in the inaudible range (e.g., 17kHz — 22kHz)
since both the locations of anchor nodes and the frequencies of beacon transmissions
are fixed. Second, transmissions of acoustic signals consume much more power than
RF wireless communication. Thus, our design can reduce the additional power con-
sumption on battery-powered mobile devices compared to those that require active
acoustic transmissions from user devices [10, 17, 18, 19, 11]. Third, location updates
can be done faster compared to a purely acoustic-based solution due to the higher
data rate over RF wireless communication.

However, a number of challenges exist for acoustic IPS to be feasible for large
scale deployments. First, tight clock synchronization is required among anchor nodes
in a TDoA-based localization system. Second, the speaker transmission power and
directionality, and microphone facing of anchor nodes and target nodes, limit the
applicability of the approach in large and complex indoor environments. Furthermore,
when operating in large indoor areas, the effects of multi-path propagation and low

received signal-to-noise ratio (SNR) are not negligible. Non-Line-of-Sight (NLOS)
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components may lead to larger range estimations, while low SNR results in mis-
detection of transmitted waveforms. Though both are well known problems in time-
domain localization solutions, asynchronous beacons pose additional challenges as the
pair-wise measurements between anchor nodes are also subject to both effects.

The proposed solution approach builds and improves upon many existing works.
Notably, in terms of ranging estimates among anchor nodes, we borrow the ideas
in [10] by taking advantage of the physical separation between the acoustic transmitter
(namely, the speaker) and the acoustic receiver (namely, the microphone) to allow
concurrent transmission and reception of acoustic signals, also known as full-duplex
communication. The sample counting technique in [10] is applied to mitigate the
uncertainty in recorded time in user-space processes on mobile devices. The waveform
design in the proposed solution is inspired by the work [I] and is further improved
based on our own simulation and experimental study.

Our main contributions are three-fold. First, we develope a TDoA estimation
algorithm with asynchronous acoustic beacons. To the best of our knowledge, this
is the first work that eliminates the need for clock synchronization among anchor
nodes in TDoA-based acoustic localization with passive target devices. Second, we
develop an extensible acoustic board featuring on-board power amplifier, microphone
and speaker. The components are chosen to have an operational range of at least
11 meters when two anchors are facing 45 degrees away from each other and at least
50 meters when they face directly to each other. The range can be further extended
by connecting external speakers. Third, to mitigate the effects of low SNR and
multi-path propagation, we devise robust algorithms that iteratively remove possible

outliers by taking advantage of redundant TDoA estimates. Experiments have been
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carried out in two testbeds of sizes 10.67m x 7.76m and 15m X 15m, one in an
academic building on McMaster University campus and one in a convention center
in Pittsburgh where the 2017 Microsoft Indoor Localization Competition was held.
The proposed system achieves average and 95% quantile localization errors of 7.4cm
and 16.0cm in the first testbed with 8 anchor nodes, and average and 95% quantile
localization errors of 20.4cm and 40.0cm in the second testbed with 4 anchor nodes
only.

The rest of this thesis is organized as follows. We first discuss related work in
Chapter [2 The proposed solution approach is presented in Chapter [3] In Chapter
we present the detailed implementation including hardware design, acoustic beacon
design, and beacon scheduling. Simulation, testbed setup, and experimental evalua-

tions are presented in Chapter 5] Finally, we conclude the thesis in Chapter [6]



Chapter 2

Related Work

Indoor localization has received much attention in recent years. Existing approaches
can be roughly broken down into two categories, infrastructure-less and infrastructure-
based. Infrastructure-less approaches leverage existing infrastructure (e.g., WiFi,
cellular) or do not require any infrastructure at all. Infrastructure-based approaches
require new infrastructure supports or augmenting existing infrastructure to realize
indoor positioning. In both categories, various sensing modalities and signal sources
can be utilized. Comprehensive surveys of related work in this field can be found
in [20, 21, 22]. In this chapter, we focus on infrastructure-based indoor localization
using acoustic signals. There are two types of devices in such localization systems:
target nodes and anchor nodes. The former are user devices to be localized, and
the latter transmit (receive) acoustic signals, which are usually called “beacons”, to
(from) target nodes as the signal source of the localization.

The majority of acoustic-based localization systems use ranging techniques inclu-

ding Time-of-Flight (ToF'), Time-of-Arrival (ToA), Time-Difference-of-Arrival (TDoA),
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etc. ToA-based systems [9, 23] measure the time of flight (ToF) of the signal bet-
ween a target node and anchor nodes. In order to get the time of flight, stringent
time synchronization among anchor nodes and target nodes is needed. Also, the start
time of both the beacon transmission and reception in the medium is required. With
one additional anchor node, target devices in TDoA-based systems [I], 13, 24] can
be located without having to synchronize with anchor nodes or having knowledge
of the transmission schedule of anchor nodes. This is easier to deploy than ToA-
based systems. However, synchronization among the anchor nodes is still needed.
In asynchronous TDoA systems [L1], [14], [16], or synchronization-free TDoA systems,
no synchronization is required even between anchor nodes. In general, this is achie-
ved by exchanging the beacon timestamps information between anchor nodes and
infering the relative transmission time offset. As part of our contribution, ARABIS
falls into this category. To summarize, the main difference between ToA, TDoA, and
asynchronous TDoA systems lies in whether synchronization is required between the
target and the anchor nodes. In the following, we discuss some recent related works
of acoustic localization systems.

BeepBeep [10] measures the pair-wise differential time of arrival (DToA) to achieve
high-accuracy ranging between two mobile devices without infrastructure support and
device synchronization. Three techniques including two-way sensing, self-recording,
and sample counting, are proposed to achieve the goal. In Beepbeep, two devices take
turns transmitting linear-chirp modulated signals and record signals both from itself
and from the other device. With the pulse compression property of chirp signals,
devices are able to detect the signal arrival time with tight timing resolution. Next,

each device will count the number of sound samples between their beacons, and divide



M.A.Sc. Thesis - Yu-Ting Wang McMaster - Electrical Engineering

it by the sampling rate to get the elapsed time between the two ToA events. After
exchanging the elapsed time information with each other, the differential of these two
elapsed times represents the sum of the time of flight of the two beacons and hence the
two-way distance between the two devices. It achieves about lecm and 2cm average
ranging accuracy with less than 2cm standard deviation for typical indoor and noisy
outdoor environments, respectively. Although BeepBeep is not a localization system,
those three techniques are widely used in other acoustic localization systems.

Whistle [I1] proposes a synchronization-free TDoA for localization. It does not
require periodic beacon messages from anchor nodes. However, target devices must
actively transmit acoustic source signals. The first anchor node which receives a source
signal has to transmit a successive signal and all the other anchor nodes record both
the source signal and the successive signal. Thus, acoustic transmissions of both
anchor nodes and target devices are required. Their 95% quantile localization error
in a 9m X 9m space is 43.2cm.

Lazik et al. [I] propose a TDoA-based acoustic localization system. All anchor
nodes are connected together to a multi-channel amplifier like a public announcement
infrastructure. It adopts inaudible frequency range and fading between chirp symbols
so humans cannot perceive any beacon transmission. Target nodes only passively
receive beacons from anchor nodes. To decode concurrent transmitted beacons, Code
Division Multiple Access (CDMA) with Forward Error Correction (FEC) is used for
media access control (MAC). They are able to localize 95% of the test points to
16.4cm accuracy in a small 5bm X 5m room.

Lazik et al. [I3] uses IEEE 802.15.4 radios to distribute clock synchronization

from a subset of infrastructure anchor nodes connected to a GPS source. Since
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anchor nodes are fed by GPS signals, mobile devices as target nodes can synchronize
their continuously free-running audio sampling subsystem with global time. Once
synchronized, the system can use TDMA to multiplex the beacon transmission and
perform localization using ToA directly instead of TDoA. The latter reduces the
number of anchors needed for covering an indoor space and improves localization
performance in the face of obstructions. They also design an omni-directional horn
to improve the signal quality. In a 4.5m x 5.5m area with line-of-sight (LOS) signals,
the 95% quantile localization error achieved is 10.9cm.

In ALPS [24], anchor nodes are still time synchronized using IEEE 802.15.4 radios
with reference to a master anchor node. However, BLE is used to replace GPS in [13].
Anchor nodes continuously broadcast BLE advertisement packets with the shortest
advertisement interval (20ms). Each advertisement packet contains a counter value
Trx indicating the time offset from the broadcast of the BLE advertisement packet to
the beginning of the TDMA cycle. After receiving an acoustic beacon, a target node
can be synchronized to the TDMA cycle by timestamping the BLE advertisement
reception as Tgx and subtracting the received counter value 7rx from 7zx. To start
using the localization system, ALPS requires users to hold their phones close to one
of the beacons at zero-distance for 10 seconds to synchronize with anchor nodes. As
a result, ToA localization can be used and the number of anchors required reduce.
If target nodes are only synchronized to the TDMA schedule, TDoA localization can
still be used. After the previous target nodes synchronization, user-assisted mapping
is provided in the system to automatically determine the anchor positions, which are
necessary in the localization process. BLE and acoustic propagation characteristics

are also collected in the initialization process and will be used later in localization to
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classify LOS and NLOS signals. Finally, ALPS use IMU and EKF for tracking moving
target devices. Evaluation shows that ALPS can estimate 3D anchor position with a
Euclidean distance error of 16.1cm, and can generate maps with room measurements
with a 2D Euclidean distance error of 19.8cm. Experiments in six different environ-
ments show that the system can identify NLOS signals with over 80% accuracy and
track a user’s location to within less than 100cm.

In terms of operating acoustic frequency, we can divide related work into three
categories. The first category operates in audible frequency ranges using generic de-
vices equipped with a speaker and a microphone. For example, BeepBeep [10] and
Whistle [I1] choose the frequency between 2-6kHz, where the frequency response is
the best on mobile phone speakers and microphones as their primary usage is for
voice communication and music playing. The authors of [9] also choose audible
sound for similar reasons. The second category employs custom-built ultrasonic de-
vices [17, I8, 19, 25, 26]. Such dedicated systems can achieve high location accuracy
but require end-users to be equipped with specialized hardware. With the popularity
of smartphones over the past decade, the third category takes advantage of different
hearing ranges between a typical human being and high-end smartphone micropho-
nes, and utilizes the frequency range above 16kHz or higher to modulate acoustic
signals [12, 23, [T} 13| 24, 14} [15] [16]. This can mitigate unwelcome acoustic pollution
in the first category of approaches and eliminate the need for special end-user devi-
ces in the second category of approaches. Our proposed solution falls in the third
category with the additional goal of removing the need for time synchronization.

Depending on whether target devices need to actively transmit acoustic signals for

localization, we can further categorize infrastructure-based solutions into two classes:

10
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active and passive systems. Active transmission of acoustic signals [17), 18] [19, O, [11]
from target devices poses difficulties of media access control as the number of users
increases in the system. In contrast, in passive systems [25, 26] 23] [ 13| 24], target
devices only need to receive and decode acoustic signals from infrastructure nodes
resulting in better scalability, less energy consumption on user devices, and better
privacy preservation. Our proposed solution employs the passive approach and thus
has similar benefits.

In summary, we list the comparison of selected related works in Table 2.1]

Table 2.1: Comparison of selected related works.

’ Related Work \ Approach \ Synchronization \ User Devices \ Frequency ‘

Lopes et al. [9] ToA Yes Active 4.01kHz
Whistle [11] TDoA No Active 2-6kHz
Lazik et al. [I] TDoA Yes Passive 19-23kHz
Guoguo [23] ToA Yes Passive 17-20kHz
Lazik et al. [I3] | TDoA/ToA | Yes Passive 18-24kHz
ALPS [24] TDoA/ToA | Yes Passive 20-21.5kHz
ARABIS [14, [16] | TDoA No Passive 17.5-21.5kHz

11



Chapter 3

Solution Approach

3.1 System Architecture

There are three types of devices in the system (see Figure , namely, a location
server, anchor nodes, and target mobile devices. On the infrastructure side, multiple
acoustic anchors are deployed at fixed locations in an indoor space, each equipped
with a microphone and a speaker. The microphone and the speaker on an anchor
are spatially separated at a known distance. Locations of all anchors are known.
Periodically, the anchors transmit acoustic beacons subject to random backoffs to
minimize the chance of collision. Each beacon message includes the identifier (id) of
the transmitting anchor node and a sequence number (seqno) by designs described in
Section [4.2 An anchor node decodes the acoustic beacons it receives including ones
from itself. For each successful decoded beacon message, a local timestamp (ts) is
recorded at the time the preamble portion of the message is detected.

Target mobile devices passively listen to acoustic beacons and record the ids and

seqnos from the decoded beacon messages and the timestamps of the preambles. Both

12
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Location
e Server

- acoustic signal ——— RF wireless signal

Figure 3.1: System architecture.

anchor nodes and mobile devices can communicate with the location server wirelessly
(e.g., via WiFi, bluetooth or Zigbee). Upon receiving sufficient (id, ts, seqno) tuples
from both sets of devices, the location server will compute the locations of the anchor
nodes and the mobile devices using the algorithms detailed in Section Without
a location server, the location computation can be moved to one of the anchor nodes
or each target node. However, extra processing delay may occur and existing tasks
may be slowed down. Besides, as will become clear in Section [3.3], part of the location
computation is the same for all target nodes. Therefore, centralized computing with

a location server is preferred if user location privacy is not concerned.

3.2 TDoA Estimation from Asynchronous Beacons

If beacons are transmitted at exactly the same time, TDoA can be directly measured
at a target device as the time elapsed between the reception of consecutive beacons.

Alternatively, if all anchor nodes have synchronized clocks [9, [1, 12, [13], [15], one can

13
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anchor node A anchor node B
target device C

Figure 3.2: Determination of TDoA from a pair of anchor nodes transmitting asyn-
chronously

14
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easily determine the differences in beacon transmission times from their local clocks.
In ARABIS, however, we rely entirely on asynchronous beacons. The key idea is to
utilize the full-duplex acoustic communication capability of anchor nodes, where a
node can receive and decode its own transmitted acoustic signal.

TDoA estimation from asynchronous beacons is best understood through an ex-

ample as illustrated in Figure [3.2] where there are two anchor nodes A and B and a
target device C. At time ¢ node A transmits a beacon, which is received at time
"0 U, and tg, at nodes A, B, and C, respectively. All timestamps are based on
local clocks. At time t3 , anchor B transmits a beacon message, which is received at
time %, tp,, and i, at nodes A, B, and C, respectively. Note that ¢ and tp are
not known due to uncertain delays in the acoustic interfaces.

To compute TDoA, we need to know the interval ¢, between the transmissions of
the two beacons in a common reference time. Denote by d44 and dgp, respectively, the
distances from A’s speaker to its microphone, and from B’s speaker to its microphone.
Similarly, we denote ds g and dpa, respectively, as the distance from A’s speaker to
B’s microphone and the distance from B’s speaker to A’s microphone. Let ¢ be the

speed of sound in the medium. We can see that at node A,

to = (th, — =) =14,
= (th, — ) — (6, — %2) (3:1)
= (th, —th,) + % — %

15
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and, similarly at node B,

tO = SBl_(TBO_déB)
= (tp, — 28) — (1, — “42) (3:2)
= (tp, —th,) — 422+ 92,

Taking the average of ¢, in (3.1)) and (3.2)), we have

Lt _tTB(’)‘g”* —th) | <dAA—dBB>2+C<dAB—dBA>, (3.3)

which can be further simplified as follows under the assumptions that d4g = dg4 and

daa = dpg,
(tp, —t,) + (th, —th,)

t, & 3.4
5 (3.4)

A couple of comments are in order. First, it is reasonable to assume da4 = dpp
as long as the anchor nodes are of the same model. On the other hand, the equality
dap = dpa does not always hold. However, it is feasible to show that |dap — dpa| <
daa + dpp. Second, the right hand of only requires local information that can
be directly measured at the respective anchor nodes.

Once the transmission time offset ¢, is determined, the TDoA of the beacons from

A and B on node C can be easily computed as

71190/1‘,4031 = trcl - trco - to (35)

We also note that the distance between node A and node B could be approximated

as (3.6) [10]. Such ranging measurement between anchors is used later in Section
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to detect outlier time offset.

(U, — Upy) — (th, — )
2

¢ X +daa +dpp. (3.6)

3.3 Robust TDoA Trilateration

The main challenge in TDoA trilateration is the degradation of timing accuracy due
to low received SNR and/or existence of multiple paths in signal propagation. The
problem is compounded by the fact that the time offset approximation in requires
the estimation of arrival times on the anchor nodes as well. Consider a pair of anchor
nodes A and B and target node C, as evident from Figure [3.2] the pair-wise TDoA
error as the result of beacon 0 from node A and beacon 1 from node B arises from two
sourceﬂ namely, 1) inaccurate timestamps t'g, or t,, and ii) inaccurate timestamps
Co OF to, -

Our proposed robust TDoA trilateration scheme is motivated by two observati-
ons. First, the bi-directional acoustic channels between two anchor nodes tend to be
symmetric. As a result, inaccurate timestamps at the anchors typically imply larger
pair-wise ranging errors between the anchors. Second, under proper deployment, the
majority of anchor nodes that are in the range of a target device should have LOS
paths. Therefore, for both sources of errors, if we can remove outlier TDoA estimates,
trilateration using the remaining TDoA estimates would be more accurate. Next, we

present the detailed procedure for outlier removal.

'We assume the timestamps of the local transmissions ¢’ and t7; are accurate due to high SNR
and strong LOS component
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3.3.1 Detection of Outlier Time Offset

For symmetric acoustic channels, t; and 7, would err on the same side. From (3.6,
we see that if {5 and ¢, change by the same amount, the distance estimate between
A and B would differ by twice the amount divided by the speed of sound in the
medium. Since anchor locations are known, by comparing the ground truth distance
and the estimated distance, we can eliminate time offset estimates from the pairs with
large ranging errors. For subsequent discussion, we only consider anchor pairs with
valid time offset estimates.

For N beacons from different anchor nodes, there are N sets of time offset estimate
pairs. Each set consists of NV — 1 pairs of time offset estimates and takes a unique
anchor node as the reference node. If there are still multiple sets available after
removing all outlier time offsets, we select the best set, which has the smallest average
of pairwise ranging errors.

The pseudocode of detecting outlier time offset is given in Algorithm|[I} In Line[I4]
numAnchorsReq is 3(4) for 2D(3D) localization. Besides, NaN element does not

count in length() in Line [14] and average() in Line [15]

3.3.2 Iterative Outlier TDoA Removal

Under the assumption that the majority of anchors have strong direct LOS paths to
the target device, we aim to eliminate timestamps from “bad” anchor nodes. Such
outlier detection (also anomaly detection) is achieved by identifying observations
which do not conform to an expected pattern or other observations in a dataset. The
procedures are described below.

Now we are in the position of deriving the location of the target device from the
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Algorithm 1 Detection of Outlier Time Offset

Input: timestamps received at anchor nodes

Output: the best set of time offset estimate pairs
1: procedure TIMEOFFSETESTIMATES({{; }) > Vi, j € the same set of anchors
specified
2 avgBErrD < oo
3 r < NaN > best reference anchor ID
4 for all ¢+ € anchorIDs do > as time reference
5: for all 57 € anchorlIDs do
6 D;; + Eq > ranging
7 tbij +— Eq > time offset
8 errD;; « abs(D;; — D;;) > D;; is ground truth
9: if errD;; > rangingErrThr then
10: errD;; <= NaN
11: tAOZj +— NaN
12: end if
13: end for
14: if length({errD;;}) > numAnchorsReq then
15: if average({errD;;} < avgErrD then
16: T 1
17: end if
18: end if
19: end for
20: > return a set of time offset estimate pairs
21: if » # NaN then
22: return {to,;} > {k} < {j} \ {NaN entries}
23: else
24: return ()
25: end if

26: end procedure
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TDoA estimates. Many algorithms exist in the literature for TDoA trilateration [27,
28, 29, B0]. We formulate it as a non-linear least squares (NLLS) problem so that
multiple measurements can be utilized. Let Ay, A, ..., A,, be the set of anchor nodes
whose beacons are received by the target device. Let T'DoA;; be the TDoA estimate
between anchors A; and A;. For ease of presentation, we only consider one beacon
from each anchor node, and all the time offsets are valid. The unknown target location

x can be determined by solving the following non-linear optimization problem:

m
mxin Z {e x TDoA;; — (dist(A;, x) — dist(A;, )}, (3.7)
i,j=1,i#j
where dist(-) is the Euclidean distance. The iterative Gauss-Newton algorithm [31]
can be used to solve this problem.

Let 2 be the estimated location from (3.7)). If x is known, dist(A;, z) — dist(A;, z)
can be computed from the known locations of anchors A;, A; and z. If the measured
TDoA;; differs from this quantity by more than a threshold value, this implies that
at least one of the beacon timestamps is erroneous. Not knowing x, we can use &
as its approximation. Enumerating through all valid pairs, we count the number of
times an anchor node contributes to “erroneous” TDoA estimation and remove the
anchor node with the highest count from the list. This procedure repeats with the
remaining anchors until only 3 (4) anchors remain for 2D (3D) localization or all
TDoA estimates have small errors. Clearly, such a procedure is not guaranteed to
find all outliers. However, our experimental study shows that it can indeed improve
the localization accuracy.

The pseudocode of the iterative outlier TDoA removal is given in Algorithm [2

20
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Permute in Line [7] operates in this way:

TDOAZ'j — TDOATJ' — TDOAM',Vi,j c {]{7} (38)

In Line[1§ d(-) is the Euclidean distance.

21



M.A.Sc. Thesis - Yu-Ting Wang

McMaster - Electrical Engineering

Algorithm 2 Iterative Outlier TDoA Removal

Input: (1) timestamps received at a target node (2) corresponding time offset

estimate pairs from Algorithm [1] Output: a location estimate of the target
1: procedure LOCATIONESTIMATE({tf, }, {to,+}) > C'is target, V i € A, where A

N R NN K NN K = = s e e s e

W W w w
O

w
Ut

36:

)

w

is the set of anchors from which beacons are received at C'
if {to,;,} = 0 then

return NaN

end if

B+ {k}

{TDoA,} + Eq

{T'DoA;;} < Permute({T' DoA,})
{ddoaij} <— {C X TDOAZ]}

1sAll PairsGood < False

repeat

if |B| < numAnchorsReq then
return NaN
end if
T+ Eq
for all i € B do
numBadPair; < 0
for all j € B,j # i do
errddoa;; < ddoa;; — (d(i,z) — d(j,z))
if errddoa;; > ddoaErrThr then
numBadPair; + numBadPair; + 1
end if
end for
end for
numMax < 0 ; idv < NaN
for all i € B do
if numBadPair; > numMax then
numMax <+ numBadPair; ; idx < 1
end if
end for
if idx # NaN then
B+ B\ idx
else
1sAllPairsGood < True
end if

until isAll PairsGood
return

37: end procedure

>re B,Vke B
>Vi,j € B

> return a location estimate
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Chapter 4

Implementation

In this chapter, we first introduce the hardware design of anchor nodes. Next, we
discuss the acoustic beacon design including beacon message format, modulation,

demodulation, etc. Finally, a beacon scheduler for multiple anchor nodes is presented.

4.1 Hardware Design

In ARABIS, target devices can be any smart phone equipped with a microphone
that can receive acoustic beacons in the range of 17.5kHz — 21.5kHz. Anchor nodes
are purposefully designed. To allow fast prototyping, we develop an acoustic board
that can be attached to a Raspberry Pi 3 (RPI3), a single board computer that
supports Linux systems (Figure . The hardware diagram of the acoustic board is
shown in Figure[d.2] It consists of an audio CODEC IC (WMS8731), voltage reference,
MIC amplifier circuit, speaker amplifier circuit, microphone (INMP411) and speaker
(ASE06008MR-LW