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Abstract.- This paper presents a prototype developent that uses
wireless communication protocols in order to perfom distance
estimation, objects location and, finally, objectsand persons
tracking. This system is based on Zigbee, a techmgjy that allow
us to have minimum consumption and low cost, thatan track a
mobile indoor within an error round twenty-five centimeters in
90% of the cases using Kalman Filter.

l. Introduction

An indoor tracking system allows you to know thegectory
that follows a Mobile at indoor conditions. Aparbiin adding
functionalities to existing networks or, as thershaf devices
or the presence detection, the objective of andndiacking
system is to try to mitigate the logic limitatiorf GPS
location in interiors.

For that reason, there is a lot of bibliographytba range
estimation and location in this type of surroungingsing
ultrasounds technology we can obtain better redikiés[1],
which achieve precisions of 15 cm. The problem wéhs
systems is that are dedicated surroundings: thedles are
only useful for the position estimation. In the g#et systems,

location, respectively. In VI the Kalman Filter showed. In
VII we describe the implemented system and, finahyVIll
the conclusions are said.

I. Wireless Personal Area Network: Zigbee

The personal area networks (PAN) are networks for
interconnection of devices near a person that halbjt have
smaller reaches of 10 meters. Between the radiwanks of
this type, we have the well-known Bluetooth, witmadium
transmission rate, and UltraWideBand, whose stahdilt is
unfinished, and that it allows high rates of traission. For
our objective, we choose to use the standard IEEE1S.4
[4], that describes layers physical and MAC of disganetwork

of low rate of transmission (LR-WPAN) and therefafelow
cost. Between its basic characteristics:

Maximum rate of data transfer of 250 Kbps.

16 channels in the frequency band of 2,4 GHz.
Access to channel CSMA/CA.

QPSK Modulation, DSSS.

AES Encryption.

nevertheless, one tends to integrate all the pessib Three types of nodes in a network 802.15.4 are

functionalities in a single system.

With this philosophy, systems of range estimation o
location in interiors have been developed on alyeadsting
networks, like Bluetooth in [2] or WLAN with standh
802.11 in [3]. In this type of networks, the acl@dwprecisions
usually are within a meter.

Our election has been to integrate a tracking systa
ZigBee, a commercial specification based on thedstal
IEEE 802.15.4. This standard fulfills our requirertseexactly.
In first place, we can use this network as a hooteraation
system. In that way, it is common to have severes in
same environment.

In addition, its philosophy is based on minimum
consumption and low cost, and the system that wee ha
implemented adds a minimum hardware that doesnootase
in price the final node. So, our system will try teach
precisions similar to which obtains other non-datid
networks, but being added to the advantage of timémuam
cost and low power.

The article is divided as it follows: in section We make a
small summary of the standard 802.15.4. In sectibiwve
explain the hardware that we use to achieve owctige. In
IV and V we show how we estimate the distance, ted

distinguished:

= ZigBee coordinator (ZC) or FFD (Full Function
Device): The most capable device, the coordinator
forms the root of the network tree and might britlge
other networks. There is exactly one ZigBee
coordinator in each network since it is the devic
started the network originally. It is capable airsig
information about the network.

ZigBee Router (ZR): As well as running an
application function a router can act as an
intermediate router, passing data from other device

ZigBee End Device (ZED) or RFD (Reduced
Function Device): Contains just enough functiomalit
to talk to its parent node (either the coordinaioia
router); it cannot relay data from other devicekisT
relationship allows the node to be asleep a sicaniti
amount of the time thereby giving you the much
quoted long battery life.

On standard 802.15.4, a group of 25 well-known camgs,
like Philips and Motorola, created the ZigBee sfieaiion [5]
that contributes the superior levels (network apgliaation)
of the WPAN, with functions like the routing or tlextreme
security to end. Between the solutions availablthexmarket,



our project leaves from contributed by Microchipttwits kit
of evaluation of ZigBee PICDEM Z.

M. Hardware Explanation

In order to implement the decided system, a trackiystem
integrated in a network 802.15.4, the basic comptsnare a
microcontroller, a transceiver and an antenna;dditen to
the devices that we will use to measure the timapialy it to

our algorithm and calculate the position of the b

terminal.

This way, part of the evaluation kit PICDEM Z, that

provides two ZigBee nodes, but we just used onb@them,
the one who works as FFD, because the other oneodidave
the devices to measure the time and we decidediito dur

RFD device, the one who was going to work as mobile

terminal. In addition, we will built the RFD nodesed to
position de mobile terminal. The main differencéwsen the
RFD device and the RFD nodes is that the first loag the
counter system. In Figure 2, the electrical schefeounter
system is shown and in Figure 3, the layout ofwhele RFD
device appears.All the devices have the microctatro
PIC18F4620 and transceiver CC2420 from Texas Imstnis.

The configuration of the transceiver and its harglliare
carried out from the microcontroller. The commutima
microcontroller-transceiver makes use of the comnation
protocol SPI (Serial Communication Interface).dta serial
synchronous communication, in which the microcdigro
acts like master, sending the clock signal andcatiig when
the communication by means of the pin is made E€leip.

In addition to these two lines, other two are ordguired,
for outgoing data and incoming data.
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Fig. 1. Microcontroller-Transceiver Connections.

In each node, the secondary card (daughter cardjenthe
transceiver is, we also have a printed antennairofles
characteristics to the recommended one by Chipodrtfeat is
omnidirectional in the horizontal plane.
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Figure 2: Electrical Design of auxiliary Hardware

Figure 3: Mobile Terminal's Layout

V. Distance Estimation

In our system, the base to calculate firstly lawion and
finally tracking was the measure of the distancevben the
RFD device and the FFD device. From the diversgsigues
used to calculate the distance of a mobile (TOA,AA&nd
RSSI [6]), we decided to use TOA (Time of Arrivaljhis
technique is based on the measurement of the tfnaerival
of a signal transmitted by a mobile terminal tdfetiént base
stations. In order to carry out the calculatiopoasibility is to
measure the time of roundtrip of the signal (RTOuRd Trip



Time). This way, the whole range travelled by tlgnal is
calculated as the product of the time used in iagiat the
base stations and the speed of light.

To calculate the RTT, we had to create a sepa@tdnare
that were able to count the time, and it had tdolecost and
low consume. We decided to use a count with anliati
oscillator just for it, and when we sent the frantbe
microcontroller activate the counter through tR@®Signal of
the transceiver.

Once known the hardware, the basic procedure densis
sending a frame used by the standard and waitingafio
answer. If we know the time that have taken invarg the
answer and the speed to which the signal travets va@
avoided the time of processing of the frame, weaiatain the
distance that separates both nodes:

ct
d=—
5 1)
whered is the distance that separate both noddhe speed
of the light and the time that takes the signal in crossing the
space that separates the nodes in roundtrip (&rrdason it
is divided by 2).

The problem is there is a time that past while ED
device is creating the frame to answer. Let us meséhe
following diagram:

Fixed node
(Coordinator)

Mobile terminal
(RFD)

Frames
MAC

Last byte

Time of

: RTT
processing

\
ACK's receipt

Fig. 2. Round Trip Time.

As we see, the RTT is the time passed from thenséip of
the last byte of the MAC frame, to the reception toé
answer. Modifying the previous equation to adaptoitour
case, theoretically we could obtain the distandevéen two
nodes of the following form:

d= C'( RTT- Lrocesamiem)

= )
2

In order to avoid having another hardware of caanthe
fixed node, due to processing times of non-constames,
we used AUTOACK function available with transceiver
CC2420. When activating it, according to [7], thensceiver
gives back an ACK with the direction of the nodatthas sent
it the original frame, exactly 12 symbols (1 symbo# bits)
after receiving it.

V. Localization
When we were able to measure the distance, we mowed

and we thought about the idea of doing localizatigve
copied the method that GPS use to calculate thiéqosf a
mobile. It is Multilatheration. But in our case, \est used
trilateration (Figure 4) because, as we have safdrb, we
wanted a system that was low cost and we studiatthie
minimum number of nodes that you need to find tbsitpn
of your mobile is three.

()

605 cm

Node 1

* 132cm

Figure 4: Trilateration

The trilateration basis is that if you find the @rgection
point of the circles with radio, the distance betweyour
mobile and the other nodes, you will have the pmsiof the
mobile. Mathematically, you have to solve the secgrade
equation as follows.

2

(X_Xi)z +(y_Yi)2 = (i=123

(X, y) :Mobile Terminal Position
(X, ;) :ith Node Known Position

I, :ith Distance between Node and Mobile Terminal

Computationally, solving this equation’s system \dobe
inefficient, for that we will use the following mematical
procedure, we programmed in C++. We created a llinea
system that we could represent is by matrix way.



Ax=h 3
with,

%% Yo~ % b,
Ao %R %W ;(z(x-xl} be| B @
: : Y= % :

Xn_x.l. yn_YL Q1

However, if the case is that the distances areragtise, the
results are unacceptable. So, we use the Newtoethad to
solve the equation that we had seen before.

The Newton method, also called No-Lineal
Minimum, show in different studies [8] that it ishe
trilateration method more precise. Newton’s methsdan
iterative method, where you start form an initiairm of the
curve that we want to get the zero. That initiahpshould be
reasonably close to zero. Following, we calculdte point
where it cuts the abscises axis with the tangest lising the
function’s derivate. The new point will be, genérab better
approximation to the root of the function. We caply this
proceed as much times as we can. In Figure 5 iwrshbe
Newton’s method in unidimensional case.
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A
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Figure 5. Newton’s Method

n+1 Xn

For the creation of the code for our applicatior, started
from stack of Microchip, modifying and adding thecessary
code; and with precaution of not interfering in the-speed
operation of a network ZigBee, since we lookedd@mystem
non-dedicated exclusively to the location. Basjicalit
consists of a set of archives .c, archives of hbaaahd other
files, in which the inferior levels of the standahe 802.15.4
and basic ones of ZigBee are implemented. From iiaig,

the end user obtains a support to create its ZigBee

applications without having to worry about basiodtions of
ZigBee such as to program the form in that the dioator

Squared

looks for a free channel to form a network, or Hegies of
necessary messages so that a RFD can adheres@antiesone.

For estimation distance’s code, we created ouriaclt,
where firstly we joined the net created by the Ffevice and
after that we sent a MAC frame, created by ourselvath
direction the FFD device. Meanwhile, in the RFD we
activated the count system with the SFD bit frone th
tranceptor and with an extern oscillator we will &ele to
know how many clock’s ticks has ocurred during RIE€T
time, and using the mathematics explained befoveaye able
to know the distance.

Starting location has three ways:
e By pressing the corresponding button on the
Coordinator
e By giving the command via PC
« By request of the User Terminal

Location process in FFD node is going to pass timou
different states, since receives the start ordeil e goes
back the normal state. We have developed a .c qmogr
which follows the next organigram (Figure 6), where can
see that the different states are in capital lettéfryou don’t
receive any answer of at least three nodes, we taabort
the location understanding that there is not enaugdfes to
do multilateration, so then, we send an error nggssa the
RFD device and let the other RFD nodes that prgbhale
received the message to start the location go ta&L{EEP
state. Likewise, if the RFD device do not receive t
directions that we have stored, we understand thas
isolated and we will abort the location. In our gnam, the
maximum number of tries is three, de time out tifmethe
nodes is 3 seconds and for the mobile termingbisetonds.

NORMAL [Sending Location Ending Broadcast message.
Location order received
INITIATE o
LOCATION
Sending Broadcast message
WAITING -
FOR | rimoou » firimmtirss
NODES
I K of each nod L
SENDING SENDING
DIRECTIONS ERROR
Directions s(Lnded to MT
WAITING FOR| .
DISTANCES
Erro sended

Distances received correctly  Distances received wrongly YES

A

# ERR@

SLEEP ORDER

SUCCEED

Figure 6: Location FFD Node Organigram



In the case of the RFD device or mobile termina, will
follow a different organigram (Figure 7). The statare in

capital letters too and are based on [9]. The measu

estimation is the same, but now the number of tnégsons
and the directions from the nodes come from the BEE{ice
or coordinator. We have two limit times in the césat it was
impossible the communication with the coordinatbe first
one when we send the request for initiate locabrnatand the
other to wait the confirmation that the distancesenbeen
received properly. Both are of 4 seconds long,thechumber
of tries is 3.

i

NORMAL

Location button
v

Initiation order from coordinator

GETTING
DIRECTIONS

Sending message to coordinator

NO————»f

WAITING FOR
DIRECTIONS

Maximum number of
tries exceed?

-4—Time Out-

Directions received

MEASURE

Failed fstimatt ESTIMATION

Correct Estimation

SENDING
ERROR

SENDING
DISTANCES
DistanceL sended
WAITING FOR
DISTANCES
ACK

_ocation finished

Error message sent
ACK received

ERROR SUCCEDD

Figure 7: Location RFD Device Organigram

The rest of RFD nodes (Figure 8) share the samesaode.
Its working is the same that a normal RFD node; toutake
sure that the transceiver is connected, during ntteasure
estimation have to stand awake. To go back toditsal state,
it has to wait an indication that the locations fiaished.

NORMAL

Reception order from coordinator

ACTIVE
ESTIMATION

Every 3 seconds

ASKING
FOR
DATES

Figure 8:Location RFD Node Organigram
However, a RFD node just receives information wihies
coordinator requires it; and this just happens wihgoes out
from SLEEP mode. For that, we have programmedta Htat
it is activated each certain time during the |lazagion process,
when this node sound out the coordinator to chetkifat is
done.

Process done

Process activ

VI. Kalman Filter

Before talking about our system, it is necessary to
introduce the bases on the tracking system, whidhaicking
with Kalman Filter. As the system is known to be neally
precise, as it has a resolution of 25 centimetex easily
subject to errors, due to the weakness to multipaththe lack
of correction algorithms, one of the potentially efid
additions to the system is the Kalman Filter [1®]allows
calculating a new trajectory on the base of theiptes known
positions, so that a possibly wrong calculated ldisgment of
the User Terminal can be corrected with this “iigeht”
predictive algorithm.

The Kalman Filter uses a form of feedback contml t
estimate the state of the system. The processghrathich
we obtain thek-th state is divided in two main parts, tlirme
update and themeasurement updat@he time update— or
predictor— is responsible for letting the current state amdr
covariance estimates advance in time, to calctitega priori
estimates for the next time step. Theasurement updateor
corrector — is the feedback, thus introduces a new
measurement into thee priori estimate to obtain an improved
a posterioriestimate.

Each part has its own set of equations.

e Time Update Formulas

©)
(6)

i’\k_ = Ajf\k_l + Buk_l

P; = AP AT + Q

Time Update Measurement Update
(predictor) (corrector)

Figure 9: Simplified Kalman Filter Cycle

Here we can clearly see how the state and covarepgori
estimates are modified on the base ofdlp®steriorivalues of

the previous step, ag, depends fromk,_, and P, from
P_;.

¢ Measurement Update Formulas

Ky =P HT(HP;H” + R)™! @)
%, = X + Ko(Z — HXR) (8)
P = (I — KeH)P¢ 9



The steps of the measurement update are:

* Calculate the Kalman Gaify, by formula (7)

* Measure the process to obtaip, then generate
thea posterioristate estimate as in (8)

* Finally, computeP,, the a posteriori error
covariance estimate via (9).

In each cycle, composed by a time update and 4

measurement update, thepriori estimates are predicted with
the use of the posterioriestimates obtained in the previous
cycle.

What is good about Kalman Filter is that it is ausive
algorithm that works over the current state estimby
applying a modification that depends from all thastp
measurements, while there are other filters thatatp on all
of the data for each estimate [11].

/\Measure‘ment Update

(corrector)

@) Compute Kalman Ga
K = PgHT(HP{HT + R)™*
(2) Update estimate with measuren
Zit

£ = %7 + Ky(Z — HEY)
(8) Update the error covarian

P = (I — K )P

Figure 10: Detailed Kalman Filter Cycle

VILI. Implemented System

When we started with the tracking system, firsth, did a
research about what method would be better to dogosl
[12], we checked if it was better doing tracking thwi
multilatheration or with Kalman Filter. In Figurel, lwe can

not have problems with processor time. We are oaigyto
have problems with the velocity, because we ar&kiwgrin an
indoor situation, and the studies says the comnedocity is
the pedestrian, round 2.2 m/s.

® ' Simulation Zigbee —w|e[=]

Menu Options Device 7

b { L e
#:1.04/4.00 m : 0.00/4.00 m Group: 1/1

Figure 11:Tracking Simulation

Kalman Filter has different problems, the main @éhat it
depends on how fast the mobile is moving, becauseobints
that Kalman calculates are so separated that inntod
iteration’s cycle the error that it induces to tigorithm will
be wrong and the next calculated point will be essl
Another problem, is that you are not able to caltaula local
position, and when you have to give Kalman thd fissition
of the mobile, you are not able to calculate ielitsin our
project, we use trilatheration to calculate thetfgosition and
this will be the first point of Kalman. Finally, veh we solved
all the problems about Kalman, we programmed taeking
code for each node.

The organigram for coordinator or FFD device isvahadn
Figure 12. There, the states that the program iisggare in
capital letters and marked. The main differencehwtte
organigram in localization is that we have to diffece
between start and stop. The coordinator is goingottinue
receiving distances from the Mobile Terminal unkie stop

see the result, the black line is the one done WwitQjgng| enter in action.

multilatheration, the red one is the real trajectamd the green
one is the one done with Kalman Filter. As we cae kere,
the green line follows better the real trajectoty. this

situation, Kalman is using all the nodes that axuad and
Trilateration is just using the three closed nodexd even in
this situation, Kalman has less error.

In order to obtain the same error as trilateratioth the
same velocity (pedestrian velocity 2.2 m/s) we hiavdo the
iteration cycle at least two times. It could berahpem if we
did the Kalman Filtering inside the microprocesdmut it is
not our problem, because we are going to do itRCahat do

That is the moment when the coordinator send thepsl
signal to the other nodes and answer to the compsetEng
that it is ready again to start a new tracking. éhtbe waiting
time, here is practically the same as localizatibie, waiting
time for the nodes is 3 seconds, and for mobileniteal to
receive the distances is 15 seconds each iterafitre
maximum number of tries to initiate tracking is @hd if it
cannot happen, the coordinator sends a signaletedmputer
saying that the tracking is impossible at the mamen
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Figure 12: Coordinator Organigram

In the RFD device (Figure 13) is where there aee rtiost
significant changes respect of localization. Thebpm was
that the RFD device should be calculating reguldtig
distance estimation and sending it to the coordinas fast as
possible. We had to try to eliminate all the tirhattthe RFD
device was idle and check that had not receivestihye signal,
and if it happen, stop calculating and go to sleemle. The
part of distance estimation is the same and thebeurmf tries
is the same 3. Here we have changed the timehbatibbile
Terminal is waiting for the ACK of the Coordinateaying
that has received, it is just 0.5 second, and reaursive, if
you do not receive it in this time, the Mobile Ténal start
again the algorithm, and if it has not receive 6KAGtops the
tracking and send an error message. We have akluoget
that if the Measure Estimation is wrong do not stdpe
tracking, it just starts again, because KalmareFik going to
correct it.

Respect of the RFD node (Figure 14), the behavi®the
same as in the localization case, with the padiiiyl that
when tracking is active they do not go to sleep enbdcause
the RFD device needs to be calculating as fasbtssilgle, and
it will reverberate in a higher energy consume.

¥
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Start Button to initiate tracking

[Start order from
Coordinator

GETTING
DIRECTIONS

Message to Coordinator sended

NO—————

WATING FOR
DIRECTIONS

|
Directi
v
ACTIVE
ESTIMATION

Maximum number of

tries exceed? < Time Out—

Finishing estimation

SENDING
DISTANCES

D\stancej sended
WAITING FOR

ACK NO
DISTANCES

Time
*out |

ACK received

Stop signal received?

Ending Communication vEs

YES:

—
SENDING
ERROR TO

COORDINATOR

Tracking done

Figure 13: MT Organigram

» NORMAL

Receive coordinator order

ESTIMATION
ACTIVE

Every 3 Leconds
ASKING
FOR
DATES

Figure 14: AP Organigram

Tracking Done

Process Active

If you want to start tracking, you have 3 options:
* Pressing start button in Mobile Terminal.
» Pressing start button in Coordinator

» Sending a message by RS232 to the Coordinator from

the PC

To stop tracking is the same, but pressing the Istfon and
sending the stop message from the computer. Ifighee 15,
we can see the whole interaction between the nexigained
in a real case.

The last step of our investigation was creatingesiak as
much smaller as possible. The final device is showimage
16. It is a device made in SMD Technology and ascae
compare in the photographs is really small. The bear to
the SMD device is less than a tobacco box.



@ 2 VIII.  Conclusions

mm R0 o @/ In this study, a tracking system implemented onigB&e
@ % o~ = network has been performed. The results proveapplying
ZZZZz the measure of RTT to this kind of network can ecéi
({ ) Coordinatr Coordinator accurate ranging capabilities: in 90% of the caaesaximum
2272 The coordinator receive the Sending the order to initiate error of +/- 0.25 meter is obtained.
order to start the tracking

the tracking
RFD Node RFD Node
z On the other hand, in this work, we developed aagbype
(E 37 4 using Kalman Filter in order to track the objectreal time.

REb foa Q 5 Node We found that, regarding Kalman Filter: it is albte obtain
1 N ! good results at low speeds (pedestrian velocity), is typical

(D)
i () ‘ E (e in indoor environments.
MT MT

Coordinator Coordinator
P %he nodes confirms that P The coordinator send the ACknO\NI edgments
they are ready to start Mobilte terminal the
ode ode directi f the nod . .
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