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Abstract—The paper presents an embedded telemetry system
used in combination of localisation algorithm for a precise
indoor pedestrian localisation. The system is based on the
association of two wireless technologies. ultrasonic and
802.15.4. The novelty is the use of 802.15.4 RF signal to give
the reference starting time of the ultrasonic emission. A ToA
(Time of Arrival) measurement providesthe distance between
two mobiles or a mobile and a fixed beacon with a few
centimeters accuracy. A material prototype implementing
this method was performed and a first evaluation was
conducted.
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localization; 802.15.4; indoor environment.

l. INTRODUCTION

Many localization techniques could be used to track .

people or device in indoor or outdoor environment.
indoor, infrared, ultrasound, narrowband radio, Wibt
UWB location systems are the most common [1-3].

outdoor, we find essentially systems based on GPS.

location. The main problem is that these systemsire
heavy and cost infrastructure with a not easy depémnt.
In this context, this paper, which is part of aeash

project funded by the French National Research Agen

(ANR) aims to define a new indoor localisation systin
continuation of outdoor localisation system suchGaS
[4]. The project is trying to address two spegifioblems:
 Helping people to locate themselves
complex buildings.

e Helping to locate someone moving in a comple:

building.

Applications may be various: security,
locate or to be located in the building with a geaduracy
(centimeters) [5]. We could also consider for mebibbot
applications the improvement to one cm accuracynore
using data harvesting from other sensors. Althotlgh
project is intended to compute the location frorffiedent
sensors and location prediction algorithm, this guas
focused on the distance evaluation to fixed poinssde
buildings.

inside

technica
management, health... The system must enable thdaise|
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person, a second node, which is fixed (called “Beat).
These nodes help the mobile device to locate mlcis

last node (a remote gateway) saves localisation
information of all mobile devices.

In this paper, we first present the basic princpéthe
proposed system, then hardware and software develap
are described. Finally, characterization results tioé
system are presented. A conclusion ends the paper.

The system has two main functionalities. The first is
to estimate the distance between a user, typically
pedestrian in a building, and a fixed referencej #re
second one is to send distance data to a collegiirgt
using radio communications.

For this last function two operating modes are ibdss
The first one is called “autonomous mode”. In this
mode the system collects and stores data in a flash
memory. Data is harvested through the serial link
when desired.

The second mode is “normal mode”. In this mode,
distance data isn't stored in the system but
immediately sent to the collecting point using

radio communications. This mode will be used in

the rest of the paper. Fig. 1 shows the system
architecture in the two modes.

OPERATING PRINCIPLES
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Figure 1. System architecture and two possible modes.

Depending on the mode remote data collection ireslv

Several localisation algorithms are used to comghge S€veral stages:

exact location and to enhance the resolution [6TTe

system presented here is a precise telemetry system

composed of three nodes: a first node, which is@ergy

» Stage 1: the telemeter sends a request radio frame
to the beacon using its 802.15.4 interface [8]. The
frame will be presented in the next section.

efficient mobile device and worn by an instrumented

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

44



SENSORDEVICES 2011 : The Second International Conference on Sensor Device Technologies and Applications

« Stage 2: The beacon receives the request from the (‘remperauresenor | ( atiery montoring
telemeter and replies to the telemeter by sending PN I
simultaneously an RF response and an ultrasonicl e rroaammaien or |

Freescale 13213

pulse.

« Stage 3: When the telemeter receives the respon51
frame from the beacon, the telemeter starts a timer
which is going to measure the flight time of the Do,
ultrasonic pulse (ToA method [9]). When the Amenn }
ultrasonic pulse reaches the telemeter an interrupt [ Il e J [zi.‘?‘;”Eu]
is generated and the distance is computed. In
autonomous mode, data (distance, beacon address)
are stored on the telemeter or are immediately sent
to a collecting PC using a serial RS232 link. It i8. RF and ultrasonic signals
the end of operations in this mode.

For normal mode, data are sent to a muIti—sensgﬁ

platform, which performs data aggregg';ion_ from Dth%ystem combines the use of one RF electromagnetie w
252282 (I)rr'] Otrhdeer tgrsk(?r?pdg;z f;?ee Fs)gfllttlzgligg"(gr:etow. h one ultrasonic pulse. The propagation speedhef
P 9 QA tromagnetic wave being much more important than

protocol (not represented in Fig. 1). onic pulse speed, the flight time of the RF waaa be
e Stage 4: Data are received from the Bluetooﬁbnsidered as instantaneous.

interface of the platform and are processed. Then,

the platform checks all sensor parameters and (‘Telemeter

transmits the status of the person using its WiFi ; o

interface. ol
e Stage 5: Data received by a WiFi access point is | m

sent through the Ethernet network to the data sink. J Seep |

DC/DC Converter 9-3.3V

Figure 2. System block diagram.

The ultrasonic part aims at computing the flighteiof
ultrasonic pulse in the 40kHz frequency rangee T

Radio events.

1. HARDWARE PRESENTATION

The telemeter system is constituted of two parts | /
separated in two specific boards connected througt
dedicated Programmable Input/Output (PIO). Thet firs | Beacen ; 3
board contains the processor and radio modem, \tinde 1 |_| :
second board is dedicated to the ultrasonic pulses hsaﬁ :
emission/reception. = DR U‘|

Ultrasonic wave flight time

A. Processor and radio board ——

The main component of the device is the 13213 from o
Freescale Semiconductors [10]. This component is & ? pet —— —|_
System In Package (SIP) including a processor and i —‘

802.15.4 compliant transceiver. Our design is ieshi \“ 7 o dosens B, Becetin

from 13213-ICB reference design from Freescale, @hd 1 s TRV g
necessary interfaces have been integrated on thel ho

configure and to debug our telemeter. The blockjrdian Figure 3. Ultrasonic part management signals.

of the system is presented in Fig. 2.

The 13213 processor is responsible for both Thus, the RF beacon response to a localisatiorestqu
functionalities: handling the transceiver and comdiag starts a timer of the processor, which timer ispéal
the application. This characteristic limits the kggiion when the ultrasonic pulse generated by the beacde n
code size (60kBytes) but enables to decrease thg dae reaches the telemeter. Fig. 3 shows the tempordené
to Physical layer (decoding demodulation). Indegd@on the operation.
as a frame is received a software interrupt is geed on The ultrasonic pulse generation is managed by two
the processor, which can start a timer on a besgsponse programmable outputs of the beacon processqgsush-
(stage 2). pull mode (Em1 and Em2 signals), while on the telemeter

Moreover, the chip handles the serial RS232 linkye reception of an ultrasonic pulse in the 40ki¢zjiency
which enables the system to send data to the sefisor band generates an interrupt on an input configimetthe
platform (stage 3). input comparenode (Echo signal).

At last, several Input/Output and debug ports (BDM) Two other outputs of the processor are used for
have been placed on the MCU board in order to ctieek managing the ultrasonic board: the “Block” signal,
good communication between the boards. enabling to block the listening while an ultrasopidse is

generated, and the “Sleep” signal enabling to e t
ultrasonic part inow powermode.
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The 15ms guard time is due to the charging of tfidhese two states and the sensing stage constibgte t
ultrasonic board input capacitor. The ultrasonids@si macroscopic reception state (Rxu).
have been limited to 2ms in order not to fill the When the pulse is received or after 60ms the tdieme
environment of parasitic echoes. If the telemeteest’t enters the beacon mode macroscopic state (Bm). This
receive the ultrasonic pulse in less than 60msteleeneter mode is used by the system data sink to increageobe
puts the ultrasonic board in low power mode andsgoe range and the robustness of the architecture.isnntlode
sleep mode until the next localisation request. the telemeter plays the role of a beacon node riother

The localisation request can be either executéglemeter out of the range. It waits a 3s guarce tior
periodically from a timer, or requested from theiadink localisation request from other telemeters (RxH).al

from the multi-sensor platform. request is received the state machine goes toxhestate
where a radio localisation response frame and taasginic
IV. " SOFTWARE PRESENTATION pulse are generated. Then, the telemeter entemsritite

In order to program easily the application Freescamode. If there is no received localisation requtst
offers several software solutions called Code Basestelemeter directly goes to Hibernate state.
basic solution called SMAC, a more complex 802.15.4 A special attention must be given to the Rxb guene
compliant stack and a Zigbee compliant stack [8]. since radio stage activation consumes more energy.

For our system we have chosen the basic SMAﬁ Beacon:The beacon node state machine is a special

(Simple Media Access Controller) for several reasdrhe case of the telemeter state machine since it ih#aEon
most important reason is that this code base ipBIBly n4e macroscopic state. The beacon node is always i
open source and gives access to very low levelifw&s eception mode sensing (Sen) localisation reqéessoon
enabling maximal energy savings. Moreover this doaie 5 the beacon node receives a localisation redRed)

is very small and easy to implement. The sourc@¢sth the beacon node generates a localisation respansara
standard C language and the development environisengitrasonic pulse (Txu) before returning to sensingde
Code Warrior [11]. (Sen).

A. Application software B. Frame format

The application code is integrated in a state nm&chiqy R4gi framesThe radio frame format uses the 802.15.4
running on the Beacon node and the Telemetgtangard header and adds some fields. Frames &vedre
Localisation requests are done periodically usinm®@r 15 gnd 14 bytes long and are composed of threes part

on the telemeter. described in Fig. 5.
1) TelemeterThe state machine is described in Fig. 4. Header
(T 3 4 | 5 S [ B ()
L Frame type Seq # PAN Identifier Dest. Address Source Address J
Data Footer

(o [ e 3
LComm. ‘ Temperature I

Figure 5. Radio frame format.

For energy savings it is important to note thatesal
fields are useless (Frame type, Sequence numbét,IBA
Moreover the address field are oversized (2 Byts)

- could be limited to 1 Byte. However the 802.15.dnie
Figure 4. Telemeter state machine. header enables to use most of network analyser asich
Daintree Network SNA [12] to monitor the radio

In order to save energy the system spends the eiostommunications.

its time in a deep sleep mode call¢itbernate modeln the The frame is composed of three parts:
Hibernate modéoth the transceiver and the processor are « The header field.
powered off. Only a crystal is powered allowing the « Bytes 1 and 2 define the 802.15.4 frame type (Data,

processor to wake up and after to wake up the rstdige. ACK, Beacon...)

The system is wake up fromibernate mode(Hib) « Byte 3 is the sequence number incremented with
every 1 second by the real time interrupt timemanage each emission.
pending commands (ldle). If the telemeter doessteive .  Bytes 4 and 5 define the network identifier and
any command from the multi-sensor platform thenedter allow creating several networks.
returns to hibernation. « Bytes 6 and 7 identify the destination address.

_Every 5 seconds, the telemeter wakes up from  oxpF s used for broadcast (localisation request).

hibernate and broadcasts a localisation reque$t (Tx «  Bytes 8 and 9 identify the source address. The firs

Then it waits first the Radio localisation respofiBe)

. . ) ) one identifies the node type (beacon or telemeter
and in a second step it waits the ultrasonic py(ie). ype ( )

and the second one gives them a number (short
address).
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e Data field: Byte 10 identifies the command type. -
Two commands are implemented: Localisation
Request and Localisation Response. Bytes 11 and
12 enable to send the temperature from the beacone
node to the telemeter in order to take into account
for US wave propagation speed compensation.
This field can be used as parameters for other non
implemented commands.

e The footer field: Bytes 13 and 14 are generated
automatically by the data transmission primitive
implemented in the SMAC code base. The FCS
enables frame error detection.

2) Serial frames:After the telemeter has received the
localisation response from a beacon node, the @m
activates a 60ms watchdog and a timer enablingUtBe
wave flight time computation. When the US wave hesc
the receiver (a MEMS microphone) or when the wabchd
expires, a serial data frame is sent to the maliser
platform. The format of serial frames is given ig.F6.

1 2 3 | s 6 7 8 9
Start Flight time Temperature Battery level RSSI Stop

Figure 6. Serial frame format.

Byte 1 is used as a start frame delimiter in orier
limit erroneous frames.

Bytes 2 and 3 transmit the US wave flight time
calculated with (1)

T, = field x 05us Q)

Bytes 4 and 5 transmit the beacon temperature
information to the multi-sensor platform.

Bytes 6 and 7 transmit the battery level from the
integrated battery monitoring system.

Byte 8 gives the link quality indicator, which will

enable us to compute the Receive Signal Strengibdtor
(RSSI) with (2)

field

RSSk-—=dBm @ g

The first stage is the wake up period. This stage i
fixed by the LED in initialisation and lasts 40ms
while current consumption sensed is 5mA.

The second stage consists of both radio
transmission and ultrasonic part powering. This
stage lasts 20ms and while the mobile device starts
to transmit localisation request the ultrasonict par
is enabled in order to compensate analog
component delay. The current consumption is
about 65mA.

The third stage is the received period. The device
listening and the beacon response consume 35mA.
This stage can be divided in two cases, superposed
in Fig. 7: In the first case the beacon is in range
and the radio data frame is received. After the
reception, the waiting for the ultrasonic (US) wave
starts and the ultrasonic power is sensed by the
analog circuit, the radio and the analog circuit ar
turned off. If no power is received the max power
is reported. In the second case the beacon isnot i
range. The watchdog expires and the device
returns to Hibernate mode.

The last stage is the going to Hibernate mode. This
stage lasts 30ms and is controlled by adjusting the
LED on delay indicating the US received.

q 3 ~ £ A OF,
equest

x Radio Receptios
Case #2

Mcu i | ¥iperal
* Wakening return
3"

o

Clear
Ossars

i :

Figure 7. Telemeter current consumption.

Sasce = fActive Curser
@ iV ez’

Ultrasonic characterization

1) Test environment

Byte 9 is used as a stop frame delimiter in orddintit
erroneous frames.

V. SYSTEM CHARACTERIZATION

The analog part characterization has been reailizad
empty 9m x 7m lab room. Fig. 8 shows the room
configuration and angular tests performed.

The room height is about 3m and the ground andswall
Electrical and radiofrequency characterization hawge mixed reflective surface (concrete, plastackbr..).

been performed. Comparison with a well-known sysigm
also made.

A. Electric consumption

In order to characterize electrically the telemetee
have measured the current going through a seri@ 50
resistor before the 9V to 5V DC/DC converter. F@g.
represents a telemeter cycle, which is done evescbnds.
In the picture, we have simplified the cycle by omMing
the beacon mode state after the macroscopic restite
(Rxu). Four different stages can be identified:

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

Figure 8. Test room configuration.
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2) Distance and polarity impact

This characterization is focused on the distancé ar

polarity impact on measurements. The temperaturgiu
these tests is kept around 22°C (+/- 2°C).

The measures presented in Fig. 9 were realizedlat
meter from the ground and with constant temperature

Due to piezoelectric transducer directivity we drie
several test pointing positions to compute the otivity
effects on measurements.
performed: 30, 60 and 90° from the direct view posi

The maximal range of the system is 9m but it can kt

improved by increasing the US pulse power. Howeteés,
modification increases the measurement variance.

The absolute error in all position stays under &md
the maximal error is observed when the device th&90°
from the beacon position.

8
7
6

5

il

Distance (m)

22 Ave
w2230
22 60°
m22 50"

Average error (cm)

Figure 9. Distance error function of time and position (22°C)

Fig. 10 represents the polarization impact

Four test positions we

.

12 Axe
|12.30°
|12 60°
B12.90°

ror (cm)

oo

1 2 3 4 5 6 7 8

Distance (m)

o

Figure 11.Distance error function of time and position (12°C)

4) Attenuation impact

We covered the mobile device with a piece of cotton
tissue and we have measured the absolute erranatién
of distance and position. The attenuation due ¢otitsue
increases the absolute error and has an importaaat on
the error when the position is at 90° from the clingew.
However, the results are clearly satisfying sinte t
maximal absolute error without any compensation of
temperature or attenuation stays below 35cm and the
relative error stays below 8%.

5) Multi-path impact

Fig. 12 shows the two test scenarios performed to
evaluate multipath effects. The first scenario in
configuration (a) evaluates the case where the pofvhe
echo is superior to the power of the direct patlilevtne

oscenario presented in configuration (b) evaluates t

measurements. For these measures we only madetarquinPact of a reflective object in parallel at theedt path

turn in the board plane to measure the XY diregtiof the
transducer but we haven't noticed any impact orfitght
time measured.

2

20

——V_Axe
—e—V_30°
——V_60°
o H Ave
<-0--H_30°

% - -H_60°

o --H_90°

Flight time (ms)

Distance (m)

Figure 10.Polarity impact on flight time measures.

3) Temperature impact

for different distance (Pdirect > Pecho).

For these scenarios several distances between the
reflective elements and devices have been testeddmne
of them showed an impact on the computed distalmce.
the case (a) the direct path is always reported.

Beacon Tx Beacon Tx

[

\ Direct path with
~misalignment

1

Telemeter Rx

Reflective
object
-—

Y
Echo
,»/
S

S/

=

Telemeter Rx

Direct path

Reflective object

(@) (b)

Figure 12.Test configurations for evaluating multipath effect

6) Obstacles and acoustic environment impact

For these tests we kept the same color convention f We tried to evaluate the impact of different olgect
position. Fig. 11 describes the absolute errouircfion of being in the direct path. Several obstacles masesad
distance for different positions at 12°C (+-2°CheTerror sizes have been tested (cork, wood, carton, perséhe
measured is computed without any temperaturesults have not allowed us to model precisely the
compensation. We notice that we have the same mhravbehaviour in function of the size or the materiat lwe
as for 22°C. The computed propagation speed izdsed noticed that for a constant distance position and
from 344.8m/s to 336.9m/s. The maximal error isaotetd temperature when the obstacles size increaseslighg f

for the 90° position. Although the absolute maxiraedor
is increased to 30cm, the relative error staysvo&i.

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-145-8

time increases. The error is superior but the ivagrror
due obstacles is negligible (<1%).
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The last tests evaluate the

impact of a noigpmplemented and more detailed for example in gnerg

environment on the measurements. In targeted apiplics  efficiency.

(health) the main noise source is voice that's wieyhave
focused our tests on FM radio noise source, whiisen

and pink noise (-3dB/octave). The tests have been This paper proposed an original telemeter system

VI. CONCLUSION

processed in the same lab room with an ambientoaudilowing localisation for pedestrian in indoor emviment.
noise measured of 38dBSPL (Sound Pressure Levied). Trhe system uses the 802.15.4 RF signal to statirtiesof
noise source was placed at 20cm behind the tratesmitin ultrasonic emission. The measure is computed fhe
(worst case) and the noise measures were takeficat 2flight time of the ultrasonic signal between thé&eteeter
perpendicularly to the direct path. The noise sewes a worn by the user and a beacon fixed in the enviemm
speaker whose indicated bandwidth was 50-250006iz. F Characterization of ultrasonic performances showsdg

noise levels have been tested 68, 78, 88 and 1(PHBB

reliability, linearity and multipath immunity. Thisystem
the 3 noise sources. Until 88dBSPL, no change lrave been tested and compared with the MIT Cricket

measured flight time has been noticed. But for BERL system and have demonstrated several advantagesasuc

the device started to indicate incoherent measuntsne

C. System performance comparison

The Cricket system from the MIT laboratory [13]as
compact embedded system for indoor localisationis It
constituted of ultrasonic piezoelectric transdudékHz)
and a 433MHz Radio frequency transceiver. The iigta
computation is based on the round-trip flight timfn
ultrasonic wave is generated by a transducer and, IS
received by the other on the same board. Therditti@nce
is transmitted via the RF transceiver. This systes been
chosen as the reference level for performance atraiu

Another difference between our system and the @tick

Good accuracy (better from 5% to 10% in the
worst case and over 3m).

Good opening angle (90° from the direct path.
Good maximal range (up to 10m).

Energy efficiency: The 802.15.4 low power modes
enable up to two weeks with standard alkaline
batteries (for a measurement every second).

Naw, the system is integrating before deployingréal
building.
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is that we use omnidirectional transducers whetbas P'°9ram

Cricket only has a 40° opening. Even if the cricket
datasheet announced a 40° opening all the positisted (1]
above 30° have been unreliable and the measuremealgts
have been done in the direct path. Moreover theesybas [2]
been designed for short range measurements (dlisiano
robotic application). Due to the round trip of thl&rasonic
wave, the attenuation is important and the maximange
measured is about 7m. Fig. 13 indicates the relagivor
in function of distance for our telemeter localisat
system and the Cricket system.

(3]

(4]

Hey Crickel 5
y . [5]

10 6l

Relative error (%

\ (7]

Telemete worst cas

| Telemeter_best ce

B rTr oo °
4 6 7 8

wé

8
(9]

Distance (m)

Figure 13.Relative error of systems comparison.

The two extreme cases are presented: the besticase
obtained at 22°C in direct path (dashed) and thestvwase
at 12°C plus attenuation without any compensatinfd°
position. The Cricket system stays under 10% adtined
error from 30cm to 3m. In this range, the Crickettem is
more precise than the worst case of our system Vvewe
only the direct path was measurable for the Criskstem.
Obviously, this comparison would need to

(10]
(11]

[12]
(23]

be
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