creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Master's Thesis
A} el

Asynchronous Distance Measurement for Smartphone-

Based Localization Exploiting Chirp Signals

Hong Jae Leeq & A %4 il 5¢)
Department of Information and Communication Engimee

SRR e R Ay

DGIST
2016



Master's Thesis
A} el

Asynchronous Distance Measurement for Smartphone-

Based Localization Exploiting Chirp Signals

Hong Jae Leeq & A %4 il 5¢)
Department of Information and Communication Engimee

ANENGRILAT



Asynchronous Distance Measurement for Smartphone-

Based Localization Exploiting Chirp Signals

Advisor: Professor Jae Youn Hwang
Advisor: Professor Taejoon Park

Co-Advisor: Professor Min-Soo Kim

by

Hong Jae Lee
Department of Information and Communication Engrimeg

DGIST

A thesis submitted to the faculty of DGIST in palfiulfilment of the requirements
for the degree of Master of Science in the Depantroé Information and Communication
Engineering. The study was conducted in accordastbeCode of Research Ethics

Dec. 28. 2015

Approved by

Professor Jae Youn Hwang (_Signature )
(Advisor)

Professor Taejoon Park ( Signature )
(Advisor)

Professor  Min-Soo Kim ( Signature )

(Co-Advisor)

1 Declaration of Ethical Conduct in Researthas a graduate student of DGIST, hereby dec¢tael have not committed any
acts that may damage the credibility of my researblese include, but are not limited to: falsifioat thesis written by someone
else, distortion of research findings or plagiari$raffirm that my thesis contains honest conclosibased on my own careful
research under the guidance of my thesis advisor.



Asynchronous Distance Measurement for Smartphone-
Based Localization Exploiting Chirp Signals

Hong Jae Lee

Accepted in partial fulfilment of the requiremeriids the degree of Master of

Science.

Dec. 28. 2015

Head of Committee 210

Prof. Jae Youn Hwang
Committee Member 210

Prof. Taejoon Park
Committee Member QX
Prof. Min-Soo Kim




MS/IC 0| & Z|. Hong Jae Lee. Asynchronous Distance Measurement for
Smartphone-Based Localization Exploiting Chirp Signals. Department of
Information and Communication Engineering. 2015. 46p. Advisors Prof. Jae

201422014 | OTMMUNICAUon ENGINEENNG. 251>, 6P AV ‘
Youn Hwang, Advisors Prof. Taejoon Park, Co-Advisor Prof. Min-Soo Kim.

ABSTRACT

In this paper, we present an new asynchronous,raecuand real time distance
measurement method using chirp signals, which pailda of accurately locating and tracking,
thus forming an ad-hoc network among smartphonesnirindoor (e.g., smart meeting room)
environment. Also we propose a distance measuremvbith can overcome limitations of
previous representative distance measurementsasive Signal Strength Indicator (RSSI) and
Time of Arrival (TOA). It operates in spontaneossjartphone-based ad-hoc networks (SAN),
sensory-based context inference, and device-tazdeebntext extraction systems without
requiring well-organized infrastructures. We themplement our proposed method on two
Samsung Galaxy S5, one of Commercial Off-The-SHEIDTS) smartphones. Without
modifying their hardware or OS kernel. Our expernitaé results demonstrate that it takes < 1
second to conduct network-wide distance measuresraand the measurement error is €if)

which is treated as an allowable error, in at 18386 of the experiments.

Keywords: Sensor network, Distance measurement, Localizamartphone, Chirp signal,

Smartphone-based Ad-hoc Networks (SAN)
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l. INTRODUCTION

As the smartphone is being rapidly distributedaihover the world, mobile application
market has been achieving growth every year. Esligcas the smartphone started having
various sensors internally installed and also b&iggipped with data processing capability as
much as the computer, it is a current trend thedidi of utilizing the smartphone application are
being diversified. Hereupon, various research tffarere invested to effectively form an ad-hoc
network of commercial off-the-shelf (COTS) smartpés.

These smartphone-based ad-hoc networks (SAN) [[Laib8 to provide context-driven
services, e.g., smart meeting systems [2], in enuients that are not equipped with pre-
deployed infrastructures. Previous smart meetingtesys used additional devices such as
Polycom CX-5000 [3] and Microsoft RingCam [4] autatically identifying the location of a
human and providing beam forming microphones. Funtiore, they analyze and classify the
meeting agenda conveying meaningful informatiorusers. However, additional devices are
inevitably needed in order to use such systemsgatgth requirements to exactly identify the
location of devices equipped with microphones. ésthe reason for requiring fixed location, it
aims to utilize the most efficient technique narii@de Difference of Arrival (TDOA) [5] when
measuring the location of people in the meetingndy utilizing sound signals.

TDOA finds the origin of sound by analyzing inforiieam as to how human voice arrives to
two different mics in certain time intervals. Pr@ys smart meeting systems operate in the
infrastructure-based environment. Hereupon, ther®iissue performing TDOA technique since
the distance between mics has already been fixesekter, if converting it to a SAN, the
location of smartphones differs depending on theation of users. Considering the fact that

smartphones are standalone systems with high mobe need to satisfy a number of technical
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properties when forming a SAN, which include higldgcurate yet cost-effective distance
measurement between a pair of smartphones withexitdp to modify their hardware or OS
kernel for intensive clock synchronizations.

The BeepBeep [6] is one of the well-known methads@nted in recent years, which meets
the requirements with negligible distance measun¢ragors (<16m). However, there are two
technical problems when we construct a SAN usingpBeep.

The first problem is derived from how the BeepBégplesigned to prevent overlapping
chirp signals when measuring the distance. Assurtliaga SAN consists oN smartphones,
N(N — 1) ‘beep’ sounds must be made one-by-one to completenetwork-wide distance
measurements, consuming a significant amount a.tim

The second problem is related to the multipathcedfeaused by the speaker positions of
smartphones, one at the rear and the other atdhg fvhich negatively affect the accuracy of
BeepBeep. Such erroneous effects increase thendéstaeasurement errors, which in turn leads
to imprecise context extraction due to incorrectl@zation of smartphones in a SAN.

In this work, we present an asynchronous, accugatd, real-time distance measurement
method, which can overcome existing problems. Givaptexplains the most representative
method for distance measurement (e.g., RSSI, anfl).TOhapter 3 explains limitations of
existing distance measurement method based on Ti@Amation of acoustic or radio signals
and existing asynchronous distance measurementotheéfthapter 4 suggests a new distance
measurement method in asynchronous environment dlkiatcame the limitation of the
BeepBeep. Chapter 5 explains system architectwedimg chirp signal design, chirp signal

detection and device orientation for this study earderiments. Chapter 6 explains evaluation of



experiments. Chapter 7 explains the conclusion nradeis study and also follow-up studies to

be conducted in the future.



Il. RELATED WORKS

2.1 RSSI
Received Signal Strength Indicator (RSSI) [7] is thlationship between transmitted power

and received power of wire-less signals and théawdlc® among nodes. This relationship is

shown in (1).
p="p-(3) (1)

P. is the received power of wireless signA). is the transmitted power of wireless signal.is
the distance between the sending nodes and regeioies.n is the transmission factor whose
value depends on the propagation environment.

RSSI-based ranging models in wireless sensor nk$wisr applicable to the following

conditions:

1) The transmission distance is much larger than theenaa size and the carrier
wavelength.

2) There are no obstacles between the transmitterthaméceivers.

These occasions are called ‘Free-space modeltarashibe represented by the following

formulas:

P;G:GrA?

P(d) = (4m)2d2L

(2)
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PL(dB) = 10log 2 = ~10log AZ ] 3)

(4m)2d?

In equation (2),G; and G, are antenna gain, and is system loss factor which has nothing to
do with the transmission. Equation (3) is the digatéenuation formula using a logarithmic

expression.

2.2 TOA
Time of Arrival (TOA) [8] uses the time taken byetlransmitter node’s signal to reach the

receiver node in a SAN. First, Time synchronizationst be achieved between the receiver

nodes. Second, the distance is measured by tloevioth equation:

D

c At (4)

In equation (4),c is the speed of sound ard is the time difference between transmission and
arrival time of signal.

Three or more receiver nodes measure the TOAseofrimsmission from the transmitter
node, each of which make a circle, and the intéisex of circles give the target location. Figure
1 shows an example of TOA measurements. In thedjghe estimated distances between the
receiver nodes and transmitter node are shown b&yctiftles. However, the circles do not
intersect at a distinguishable point. So it is seeey to find a location that best fits the

measurements.

11 -
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Ill. CHALLENGES OF HIGH ACCURACY LOCALIZATION

3.1 Challenges of Time Synchronization

The famous approach to high accuracy localizatdmaised on measuring TOA information
of acoustic or radio signals. However, the TOA-basgproach has time synchronization
problems [9, 10, 11, 12, 13] as shown in Figure 2.

Typically, the TOA-based systems is done with botdes taking a timestamp of their
respective local clock at the moment the signaraasmitted and received. There are several

intrinsic uncertainties in this process that wdhtribute to the TOA measurement errors:

1) The difference of time clockAf): each node in a SAN has the fine difference ofkti
clock owing to clock skew and drifting.

2) Uncertainty of the transmission tim&j}: we cannot record the exactly signal emission
time.

3) Uncertainty of the arrival timeAk): the possible delay of a sound signal arrivahgei

recognized because of real time control, softwateydand system loads.

For these reason, we can see that we assume tnpedtam the sound sampling in the

recording files are actually uncertain. These uadeties easily add up to several milliseconds

and translate to several meter of distance errenilfOA measurement is done in software.

- 13 -



D
Device A’'s | i
time clock
(a)
Device B’'s
time clock
0000
O CPU = |:> )
- -
0000
Ak
(¢)
Recording
Arrival Recording
time time

Figure 2. Time synchronization problems of TOA-base systems: (a) the difference of time
clock between nodesAi), (b) the transmission time is uncertainty 4j), (c) the arrival time

of signal is uncertainty AK).
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3.2 Challenges of Asynchronous Localization
Asynchronous localization is a well-studied toplel]. Based on the work done by [14],

identifying the locations of distributed asynchraeosmartphones requires two major steps

which include distance measurement and multi-dimosas scaling (MDS) [15]. As shown in

/\/\/\/ microphone i microphone j J\M
G 7CE VIR o VP — O k(1) <

Signal 1 m; r m

Signal 2

Figure 3. Two wavefronts impinge a microphone paifrom directions parallel to the
microphone pair’s axis (marked as dotted line). Thavavefronts are emitted by separate

sources [14].

Figure 3, assume that two microphones and m; form a pair and that a signal 1, 2 reside in
the far field where is pair’'s center point = %(ml + mj). Therefore, the wave front time of

arrival at microphong is computed as:

T= (mi—r,k)+ Ai (5)

where (-,-) is dot product, vectok is propagation direction, and; is the device time-offset.
If device is synchronized precisely, then time-effss 0, but it is very hard to synchronize
smartphones in ad-hoc network with specific clodkse Time Difference of Arrival (TDOA) is

computed as:

- 15 -



Tij =T — Tj = (mi — m],k)+ AU (6)

where A;; is A; — A;. The propagation vectors of the sound wave emiftech the sound

source have a directional property that is defibgds. Combining the Equation (6) and the

concept of sound propagation direction, the TDOFfedefined as:
7;(B) = Bct||m; — my|| + Ay (7)

where ¢ is the speed of sound propagation and two wawvegeairom the endfire direction

(B € {—1,1}). Since both TDOA values represent the physicakland upper limits of the

observation, we use terms;;** £ 7;;(+1) and ri’}”n 2 1;;(—1). Therefore, the

distance between microphorieand j is computed as:

_ ¢ (.max min
dij = ;(Tij — Ty (8)

(8) can be proved by using (7):

(7D = 7y (- 1)

1

= §(||mi = myl| + cdy; = (=[fm; = my| + CAij))

- 16 -



= [lm; = my|| 2 d

As a result, we can measure the distance amongclasyrous smartphones without

worrying about the time-offsed, ;.

Histogram

Thresholding

MIN/MAX

argmax

Figure 4. Block diagram of the proposed self-locatation method [9].

To observe and estimate the maximum and minimum ADB&ween a set of paired devices,

authors of [9] proposed the following 7 steps asashin figure 4.

1) Divide incoming signals into frames.

2) Validate whether a given frame carries significsighal strength using;.

3) Compute TDOA between the sensor pair using GCC-PHA&I (Generalized Cross
Correlation using Phase Transform).

-17 -



4) Filter out noisy TDOA values using,;.

5) Create a histogram of accumulated TDOA values.

However, there are three major problems with théhoteproposed by author of [14]:

1) They require continuous speeches of peoples fotamlization.

2) Participants necessarily have to talk in turn. Tragn't allow peoples to talk

simultaneously.

3) To tolerate distance errors (undecid) are taken after 140 seconds.

- 18 -



IV. ASYNCHRONOUS DISTANCE MEASUREMENT METHOD

Considering the meeting environment and generaltinge@goom size that smart meeting
system we are currently working on is to be uskd,alowable distance error is within df.
This is based on TOA estimation method that theetierror shall be reduced within
approximately 30@ts. However, it is very difficult to achieve synchipation for accurate time
up to micro-second on the smartphone operatinenvtireless network environment and also
tends to cause extra costs [17]. In addition, asfiother distance measurement technique, RSSI,
heavy fluctuation on the changes are seen depewodinige time flow even in the same location
of wireless environment. In addition, methods depel after considering such changes tend to
create error in average unit ef. Therefore, it is difficult to apply them in thedoor meeting
environment.

This study suggests a new asynchronous technigih®wtihaving to synchronize the time
among devices by using the previous distance emudiy BeepBeep System in order to
overcome limitations of TOA measurement method eechof synchronization between smart
phones.

Method suggested in this study measures the disténcugh four steps:

1) First step is to connect server PC and two smanighavith one AP forming one distinct
network group.

2) Second step is that server PC makes an order ofdiag to smartphones. Two
smartphones which receive the making sound or@et stcording chirp signals with
different frequency in the same time frame. Whatriportant in the second stage is a

self-recording of chirp signals as shown in theuFég5(a). In other words, it is not to

-19 -



stop recording when the smartphone produces chgrals but is required to maintain
them all at the same time.

3) Third step is that each of the smartphones serelsettorded file with chirp signals of
one’s own and the ones of others to server PC.

4) The last and fourth stage is to analyze recorded fn the server PC calculating the

distance value between devices from equation (13).

Figure 5 (b) represents the procedures proceediédtia@ second stage on the local time
line of each of device A and B. Chirp A and chirgdpresent chirp signals produced by each of
device A and device Bt,, and tg, represent the time when chirp signals occurreddwce A
and B reach to their microphones,, represents the time when chirp B arrives to dewice
microphone, andtz, represents the time when chirp A arrives to deiice

If d,, isregarded as a distance between speaker ofedeviend microphone of devicg,

the distance of each of them is defined:

dga = c* (tar — tao) )
dap = ¢ (tg2 = tao) (10)
dpa = ¢ (taz = tpo) (11)
dpp = ¢ (tg1 — tpo) (12)

¢ in the equation from (9) to (12) indicates the speksound. The equation of deriving the
average distance value between microphone and esp@hkdevice A and B is obtained as
follows by using equations (9) to (12):

- 20 -



' (dA,B + dB,A)

N =

c
=5 (tgz — tao) + (taz — tgo)
c
=5 (tgz — tpo + tgr — tp1 + taz — tag + tar — tar)
c
=3 ((taz — ta1) — (tgr — tgz) + (tg1 — tgo) + (tar — tao))
c
=5 ((taz — tar) — (tgr — tg2)) + daa + dpp
c
=5 ((taz — tar) — (tg1 — tg2)) + K (13)

K = dys+ dpp tends to have a fixed distance value from eacthefdevices to the
microphone. Therefore, it is feasible to obtain th&tance between two devices if calculating

only ta1,tas, ts1, taa-

-21 -



Microphone , Microphone,

.

Speaker Speaker,

Device A Device B

Figure 5 (a). Example of the second step (transmittg sound in different frequency when

two devices start recording at the same time and cerd it).

Device A \ : / ot

Device B

—t
Figure 5 (b) Example of representing the second gies local time line of each of the

devices.
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V. IMPLEMENTATION DETAIL

We had two smartphones as a basis first and waldlgglly increase the number of them
making it feasible to measure the distance amomnicele participating in the same wireless
devices with each of the transit signals at theesame.

Methods suggested in this study are available teraip only with performance of
application without modifying the specific hardwadesign of the smartphone or OS kernel.
Therefore, the experiment was proceeded two devideSamsung Galaxy S5, one of the

Commercial Off-The-Shelf (COTS) devices.

5.1 Chirp Signal Design
The method suggested in this study produces diffeseunds while two smartphones

record it. Hereupon, sound of one device as welhasone from other device is recorded at the
same time. Since sound of both devise is recortifteasame time, it is needed to distinguish the
sound from each device. Therefore, we have useq slgnal as a transmit sound that frequency
was linearly increased in other frequency zonesm feach of the devices.

It was not to merely use different signals with sistent frequency but to use chirp signals
that were linearly increased since it was inteneidentify more accurate arrival time of sound
from receiving part. We have proceeded matcheeriig [19] on original sound signals and the
recorded ones to determine the arrival time. Figu(a) is the result of filtering signals without
changes in the frequency, and Figure 6(b) is tealtref filtering chirp signals that frequency
was linearly increased [20]. Peak point from theuleafter filtering was the highest value in
correlation with original signals. Therefore, itsvi@asible to determine the distance based on the
area receiving the signal. However, it is diffictdtdistinguish exact peak point in Figure 6 (a)

compared to Figure 6(b). Therefore, this studyusasl chirp signals as a transmit sound.
- 23 -
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Figure 6. Experiment of application of matched filering. (a) is the result of tone signals
with consistent frequency, and (b) is the result ofhirp signal with a linearly increasing

frequencies.

We have produced from 1 kHz to 20 kHz sounds irsttade of amplitude of £1 in the place
a certain distance away in order to designate thigp csignals with the most appropriate
frequency range to two smartphones and recordédigiire 7 represents a graph of result when
receiving the recorded sound. Samsung Galaxy S5usexd for the experiment of recording and
producing chirp signals at the same time. As alreduexperiment, there was no prominent
difference. However, the area between 2kHz and Gkhtr the area between 8kHz and 12kHz

had less difference between the amplitude scaleoagdhal sound. Therefore, these two areas
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Figure 7. Graph of changes in amplitude from changein frequency (1 kHz ~ 20 kHz).

used chirp signals. In addition, it was confirmbdttnoise as small as mouse click sound was
produced when transmitting chirp signals from thegphone’s speakers while proceeding the
experiment [21]. We have added fade-in signals thatsound scale was linearly increased

during 0.01 second on the beginning and the endliradirp signals to relieve noise since there

was a chance of deforming original sound.

As a result, the final configuration of chirp sigmased in our experiment was shown in

Figure 8.

- 25 -



20} 2 P i
15, : &

(@) 10t =

Frequency (kHz)

001 002 003 004 005

Time (sec)

20; 7 7 ! . . i

10_/

001 002 003 004 005

Time (sec)

(b)

Frequency (kHz)

Figure 8. Graph of changes in frequency accordingotthe time frame of chirp signals used
in the experiment. Two of the chirp signals had wan-up zone during 0.01 second. (a) and
(b) had area of frequency to be linearly increaseth the area between 2 kHz and 6 kHz and

between 8 kHz and 12 kHz, respectively.
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5.2 Chirp Signal Detection
Figure 9 is the result of recording chirp signalsduced by two smartphones at the same

time. Since it represent the result of recordirgnals at the same time, it was confirmed that
sound combined with two of the chirp signals wasorded. We have used matched-filter and
confirmed when two of the chirp signals were reedithrough filtering with original signals,

respectively, when two signals were recorded atémee time.

Recorded signal by device A Recorded signal by device B

=}
3
e
w

e ©
o = N

Amplitude
=2
Amplitude
o

S o
w N

0% 5 10 15 5 10 15
Sample No. x10 Sample No. x 10

o
o

Figure 9. Example of graph for simultaneously prodeed chirp signals recorded by each of

A and B.

Figure 10 is a graph representing the result valtees matched-filtering after comparing
the recorded signals with original signals. It vedde to confirm that the area with the highest
correlation value was where the signal was receiMeavever, error was rapidly increased as the
distance between devices became further apartdingoto the result of experiment. This was
because the correlation value of reflected waves twmed out to be highest due to multipath

effect [22] that sound was reflected and deliveiretbor. Therefore, we have found the peak
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point of filtered signals and regarded the firsalp@oint [23] among all the peak points within

1000 samples as of the maximum peak point as #eevainere chirp signal was received.

- Maximum peak point
3 First peak point P P

Correlation

6.855 6.86 6865 687 6875 688 6885 689 86895

4
Sample No. x 10

Figure 10. Finding first peak point from the resultof matched filtering due to multipath

effect.

5.3 Device Orientation
As for the smartphone recently released, more thanmics are distributed on the front and

back sides in order to prevent howling phenomemahta improve the sound quality. Therefore,
there might be a difference depending on typesnoérgphones. However, there usually a
difference of distance from mic for more thanch® on the front and backside. Hereupdf,

value in the equation (13) turns out to be differ@@pending on what types of microphone are

being used.

- 28 -



As for many of the Android smartphones includingnSang Galaxy S5 used in the
experiment, regular speaker is located on the haghown in Figure 11. Therefore, if the smart
phone on the desk was placed with front cover tacowards the user as shown on front
orientation in the Figure 11 in experiment, speakads to be located closer to the desk. This

causes multipath effect and sound distortion ph&mam when speakers produce chirp signals.

Speaker -,

.
.
.

g3

v

0,
DRC
‘e e

.2t Microphone

.
.
PSAER)
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*
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“

Back

Figure 11. Front and back side of Samsung Galaxy Sised in the experiment.

We have directly confirmed how a distance erromfare than tens of meters was incurred even
after finding the first peak point when smartphonssd regular speakers on the front orientation.
However, most of the people tend to place smartphavith front cover facing towards the user
on the desk. Considering such characteristics efsygestriction insisting that accurate result
was to be derived on the experiment only when ptathe smartphone upside down would be of

a huge obstacle on this study aiming to provide roengial applications. Therefore, we have
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solved this issue by producing chirp signals ondbmmunicating speaker instead of backside
speaker on the location of front orientation.

In case of having front orientation shown in Figurke after the system determined the
posture of smartphones being placed by using graeibsor z-axis value, front communicating
speaker was used, but backside speaker was usadarof back orientation in order to produce
chirp signals. If the smartphone was placed witintfrside facing towards users, gravity sensor
value was turned out to be +%18/s? as gravity acceleration [24]. If the smartphone whaced
upside down, gravity sensor was turned out to b&@mJs?. Therefore, it is feasible to select
posture-customized usage of speaker after detargithie posture before producing chirp

signals.
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VI. EVALUATION

6.1 Hardware Configuration
For the evaluation of system applied with the métia@ have suggested, two devices of

Samsung Galaxy S5, one of the COTS (CommercialT&&-Shelf) devices, were used. Both
devices used Android 4.4.2 versions and were eegdipyth blue tooth, Wi-Fi, 2GB RAM, and
2.5 GHz quad-cores CPU [25]. In addition, as fagai®@rs producing chirp signals, the regular
speaker was located on the backside, while commating: speaker was installed on the front
side. As for mic receiving chirp signals, both tmpd bottom areas of the mic were used. As a
result of the experiment, it was confirmed thatearor of distance measurement was turned out

to be less when using the mic located further stagice from speakers. Therefore, when using

w0
wo0€es

Window

406cm

730cm

Figure 12. Meeting room on the experiment.
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the front side communicating speaker, the mic enttbttom was utilized. If using the backside

regular speaker, the mic on the top was utilized.

6.2 Test Case Design
We have proceeded an experiment at the meeting lesitiith of 730cm and width of

530cm as shown in Figure 12. The temperature in the imgebom was maintained between
17 and 20C, and the smartphone was placed on the U-shapédwath length of 40@m and
width of 240cm on the experiment. In addition, all other artéiicnoises were limited except for
chirp signals.

We have classified total three cases dependingh@remo place the smartphone as shown

in Figure 13 for the experiment:

Case 1 (Back-Back):All smartphones are placed upside down makingessréo face the

table.

Case 2 (Back-Front):One smartphone is placed on the table with fradg s&acing upward
while the other facing the table.

Case 3 (Front-Front): All smartphones are placed on top of the tablé Witnt side facing
up.

For each case, smartphones were separatedni,0800cm, 300cm, and 400m apart
from each other, and 30 distance measurementsageoedingly made for each of the cases. In
addition, chirp signal in the size of O decil-Belll scale (dBfs) was used on case 1 and case 3.
On case 2, chirp signal in the size afBfs was used for device using regular speakers, and th

one in the size of -3@Bfs was used for device using backside speaker. Tdsnewhy sound
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in different intensity was used was that soundesElintensity was produced if communicating
speaker played the same sound @fBys. Therefore, it was because chirp signal in small
intensity was drowned out by the large intensityreabcausing the matched-filtering to be poorly

conducted.
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Case 1

Case 2

Case 3

Gravity sensor z-axis: ( +9.8 / +9.8)

Figure 13. Case 1, Case 2, Case 3 devices oriergati
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6.3 Experimental Result

Speed of sound influenced by air temperature wpBeapafter confirming the temperature

[26] in each experiment by using the following e

¢ =3313+0.606T (14)

T indicates Celsius temperature of §C). In addition, we have calculated the absolute
value of difference between distance value esticdhst¢he experiment and real distance value as

a distance error:

Distance Error = |Real Distance — Estimated Distance| (15)

As a result of the experiment, there were casdsatliistance error was turned out to be up to
tens of meter. Therefore, the average value wasfisigntly increased by only one huge error

value if calculating the average distance erroth@a entire experiment. Hereupon, less than
10cm was treated as a basis determined as an allowlaibnce error, the average value and
standard deviation of distance error values satigfghese requirements were calculated. In
addition, accuracy represented in the unit of pgege as to how much value was relevant to the
range of allowable distance error determined irheageriment was calculated as well. Figure

14 indicates a graph of the accuracy, Figure 1icates the average distance error, and Figure

16 indicates the standard deviation of the cage dnd 3.
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Figure 14. Accuracy of case 1, 2, 3.
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Figure 15. Average distance error of case 1, 2, 3.
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Figure 16. Standard deviation graphs of case 1, 3,

6.3.1 Case 1 Result

In case 1,K value as a value of adding the distance of speak@mic of two devices was
25cm. In addition, the experiment was proceeded in tdmaperature of 20C in all the
conditions of changes in distance (changes inmtistéetween devices imnl interval from in
to 4m), and both devices usediBfs chirp signals.

As a result of experiment, at least%7 of accuracy was derived as shown in the Figure 14,
and the average of distance error was &fi7maximum as shown in the Figure 15. And the

standard deviation was 1.26@ maximum as shown in the Figure 16. Figure 17 éskibx plot
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[27] on the results of case 1. Therefore, it wasfiomed that less than &n of distance error

was derived in all the conditions.

6.3.2 Case 2 Result

K value was 26m, and the experiment on the interval ahland 2m was proceeded in
the temperature of 1€. In addition, the experiment on the interval ofn3and 4m was
proceeded in the temperature of °C8 Both devices showed the accuracy of 9646 7and
66.67%, respectively, in the interval of & and 2m if producing OdBfs chirp signal.
However, distance error was turned out to be beydrn, the allowable error range in each of
the 30 trials of experiment in the interval of méhan or equal to 3n. Therefore, each of the
devices using the front speaker and backside spesleel (IBfs and -3QBfs chirp signals
only in case 2. As a result, minimum of 96%7of accuracy was obtained, and the average of
distance error was shown as 8® maximum. The standard deviation was turned oubego
0.71cm maximum. Figure 18 is the box plot graph on th&ulteof case 2. Therefore, it was
confirmed that less thancdm of distance error was obtained in all the casegxfor distance

of more than @m in 4m.

6.3.3 Case 3 Result

K value was fixed at 2¢ém in case 3. All the experiments conducted on thengh in
intervals were proceeded in the temperature 8t.1&s a result of experiment, accuracy of more
than 93% was shown in all the experiments, and the aveudig@ance error was 4d@n

maximum. The standard deviation was turned outetd .Bcm maximum. Figure 19 is the box
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plot graph on the result of case 3. It was confarnteat less than &n of distance error was

obtained in all the conditions except for more tbam of distance error in the.
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Figure 17. Case 1 box plot.
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Figure 18. Case 2 box plot.
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Figure 19. Case 3 box plot.
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VII. CONCLUSION

We proposed an accurate, asynchronous, and rolgtahce measurement method as a
software-only solution. In this work, we used twevites of Samsung Galaxy S5, one of the
COTS devices, and suggested a system which carureedistance between devices only with
installation of application and configuration oftwerk without modifying hardware. In other
words, our proposed method enables the developwiehighly-accurate infrastructure-less
localization system for smartphones. In additibrnyas confirmed that measurement of distance
was available within allowable error range in thviEonment where accurate synchronization
was not performed beyond the weakness of previathaod with much limitation on time error
such as TOA or RSSI method. Hereupon, feasibilithav the smartphone could replace the
previous devices in the field of sensor networkihgween experimented. Furthermore, it was
possible to fulfill requirements of the basis idrastructure-less smart meeting system that we
have been studying on.

Experiment was conducted in the general indoor imgebom representing less thand®
of distance error with more than 8y of accuracy from less thancé distance between
devices in every experiment. This experiment waglgoted in the situation limiting all sources
of the noise as much as possible. However, it asiqed to proceed a follow-up study in the
environment with noise as similar as the one frea meeting. Furthermore, more than three
smartphones are to be used planning to proceedusaexperiments in a similar situation with

meeting in the future work.
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