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Hardware-assisted Direction Estimation for
Mobile Robot Target Tracking Applications

Geunho Lee
Dept. of Environmental Robotics
University of Miyazaki
1-1 Gakuen Kibanadai-nishi, Miyazaki 889-2192, Japan
Email: geunho@cc.miyazaki-u.ac.jp

Abstract—This paper addresses design and implementation
issues for the directional sensing of electromagnetic waseaiming
to provide an efficient solution to mobile robot target tracking
for various applications. What is the most important aspect
from the practical point of view is how to realize accurate
measurements of the bearing to the transponder(s). For the
purpose, a novel direction-of-arrival (DoA) estimation malel
is proposed using a minimum number of antennas. Another
focus lies in the implementation of an in-house DoA detector
prototype considering the simplicity and generality of hadware
configurations. This paper explains details of a purpose-hit,
cost-efficient solution ranging from the estimation model é@sign
to its hardware implementation suitable for autonomous rolot
navigation. Experimental results show that the proposed mtaod
for DoA estimation and its hardware prototype can be consideed
quite satisfactory in a normal office environment.

I. INTRODUCTION

Kazutaka Tatara and Nak Young Chong
School of Information Science

Japan Advanced Institute of Science and Technology (JAIST)

1-1 Asahidai, Nomi, Ishikawa 923-1292, Japan
Email: {k_tatara, nakyoung@jaist.ac.jp

measurement technologies include received signal strengt
(RSS) [1], [2], direction of arrival (DoA) [3]-[5], time of fival
(ToA) [6], [7], time difference of arrival (TDoA) [8], [9], ad
frequency difference of arrival (FDoA) [10], [11]. Speciity,

the features of the DoA technology can be summarized as
follow: 1) robustness against changes in the output power of
an electromagnetic source, 2) general hardware configarati
without sophisticated devices such as global timer andhawate
angle controlling unit, and 3) computational tractabiltyoid-

ing unnecessary details, and 4) extra information encoded i
electromagnetic waves.

Among technologies required for the aforementioned robot
tasks, we focus on developing a novel directional sensing
technology. Since mobile robots can move in any direction to
carry out the mission, the technology should ensure aceurat
direction-finding capabilities. Furthermore, from thewpmint
of mobility, the two most important considerations may urd#

With recent advances in robotic technologies, diverse mothe simplicity and generality of hardware configurationtarfy
bile robots have been deployed into our homes, public placedn€se lines, this paper addresses how to design and realize a
promising, the fundamental challenge to autonomous navigiccomplish the target-oriented missions.

tion still remains in unstructured and cluttered environtee Our development approach includes the following two
For example, a wide variety of tasks await autonomous mobilggpects. First, robots continue to move toward a target unti
robots, such as searching for survivors in mountainousdist  their task is finished. Therefore, their navigation perfance
clearing snow along streets, and monitoring wild animal® T should be improved in a dynamic unstructured environment
one thing those tasks have in common is regarded as a targefrough an effective, efficient, and accurate directionifigd
oriented mission where robots approach a reference Wh"@ystem. For this, a new phase difference based estimatior
being oriented toward its direction. Moreover, the tasksilo  mggel is proposed, where the incidence angles from an elec-
likely be performed in environments with uncertain geogap  tromagnetic emitter are not always identical with each othe
and poor weather conditions. With these considerations isecondly, when the estimation model is implemented in eithe
mind, we aim to develop a direction-sensing system capdble Qhe hardware or software, it is desirable to reduce addition
communication, enabling the widespread use of transpsndefevices and units as much as possible. It is often the case
for mobile robot target tracking missions. that small and low-cost mobile robots with limited power or
gomputational resources are preferable in many cases. Ulti
made it possible to design and develop a wide variety of@tely, our prototype installed on a robot is characterizgd
electromagnetic signal based measurement systems. Sieh teSIMPplicity and generality, as well as the capability for enmsg
nological achievements allow us to obtain bearing or rang&ccuracy. To this end, a new DoA detection prototype based
information by analyzing signal properties such as stiengt " the proposed estimation model is devised and realized.
frequency, and phase. Practically, the electromagnegicasi

based system enables robots to use their antenna units forll. PHASE DIFFERENCEBASED ESTIMATION MODEL
wireless communication links. This could yield a simple andA Model Definition

compact hardware configuration, without requiring any of ~

various types of position sensors. Compared with camerés an First of all, we introduce definitions and notations fre-
proximity sensors, the electromagnetic signal based seso quently used in this paper. As depicted in Fig. 1, we consider
not require lines of sight in the cluttered environment.itgp that two antennas, denoted B and A,, are mounted on

Advances in wireless communication technologies hav



spot source: § from ps to pa1 and pg, respectively, can be described as
N follows:

dist(pa1, Ps) = |PaiPs| = \/(Xal—xs)2+ (yal—ys)Z )
dist(paz, Ps) = [PazPs| = v/ (Xa2 — Xs)2+ (Yaz — ¥s)?
andde is given by

de = [ParPs — PazPs|- (2)
N\ Now, @1 is obtained by multiplyingde by 3.
Pl P oK o 360
NN h RN X 1o = Tde- 3
o SN, 2 S———
A\ 7 =) - (3) can be rewritten as
472 L A X A
d/2 | d/2 ~90° mobile robot: 7* 90° de = 36072 (4)

Using (2) and (4), the geometric relationship betwegrand

Fig. 1. Definitions and notations for a DoA approximation raelod . . .
9 it ' pproximat @1» can be summarized by the following equation.

o A
top of a mobile robotr. An electromagnetic sourcg emits de = [Pa1Ps — PazPs| = %@2- (5)
electromagnetic radiation at a frequenfcyor wavelength).
Specifically,Sis regarded as a spot source. At a timelectro- From the configuration oA, and Ay, (5) can be used to

magnetic signals (for simplicity, signals, afterwardsjeieed find one candidate location fqus. Due to the unknowrp,,

at A; andA; are defined as(t) andex(t), respectively. Next, there still exist numerous candidates foy. This means that

r has its local coordinatesandy, wherey defines the vertical g varies according to the candidates.

axis ofr’s coordinates as its heading direction. Separately, for ) i

DoA computation, the directions gfand+ X are specified as Next, we explain how (5) can be used to estiméte

0-degree anek 90-degree directions, respectively. The solution trajectories of_ (2) fop§ bring up the image
of curves due to a quadratic equation. Moreoygf,on the

In Fig. 1, the locations of\;, Ay, and S are denoted by curves should satisfy the condition that the distance iffee
Pa1 = (Xa1,Ya1), Pa2 = (Xa2,Ya2), andps = (Xs,Ys), respectively. between|paips| and [pazps| is equal tode. For the sake of
The distance between two arbitrary poirgs and p;j is ex-  simplicity, as depicted in Fig. 1, theaxis is translated along
pressed aslist(pi, pj). Specifically, dist(pa1, pa2) is defined the y-axis so that it (the*-axis in the figure) passes through
as d where y bisectsd. Moreover, we consider electrical py and pg. By doing this, (5) can be simplified to
traveling distances of signal propagationgg and py from
ps. The difference between the traveling distances caused by \/ (Xa1 — Xs)2 + Y2 — \/ (Xaz — Xs)2 + Y2 = de, (6)
d is formally named the electrical distance, denoteddgy

wherey,; andyg turn out to be zero. Sincg bisectsd, |Xa1|
L and |xg2| are equidistant from*0(the origin of thex*- andy-
B. Estimation Model axes). Substituting-xa1 for X2 in (6), and then rearranging and
When Sis assumed to be a flat surface source, the angl&uaring both sides of the equation, we obtain the following
of incidence at whichei(t) and ey(t) arrive atA; and A, ~ €quation.
are equiangular. Then, the arrival angle can be easily 2 122 122 1202 12
obtained through trigonometry such as the law of cosines, (1 = K — K% = K0 = 1), )
since the phase differengg; is directly related to the angle of wherek indicates®. After dividing both sides by?(x2, —k?),
incidence. However, it would be difficult to find plane waves (7) is rewritten as
in real propagation environments, particularly when tigmals 5
are relatively long in wavelength and low in frequency. Xs Y

k2 2 _ |2

If a spot source is assumed, the incident angles are not O .k ) ]
always identical to each other. Considering various applic Intuitively, we know that (8) is the representation of a hy-
tions of mobile robots, it is desirable to improve the ac-perbola whose two focal points am = (Xa1,0) and pa =
curacy of 6 estimation. Ultimately, we aim at developing (—Xa1,0). Generally, a hyperbola is defined as the locus of all
a computationally-efficient model based on the spot sourceloints such that the difference between the distances to two
enabling mobile robots to obtaifl as accurately as possible. focal points from a givems is equal to 2 |. Furthermore, the
Moreover, it is considered preferable not to measure thélistance from O to either vertex is equivalent tin Defining

—1 (8)

angles with additional hardware option and/or data, kegepinanother variablem = xgl_kZ, (8) in the simple form is
the hardware architecture simple. written:
2
The idea behind the method & estimation is to use %_ﬁ =1, (9)
de as another representation of the phase differepee as k2 e

will hereinafter be explained. The electrical travelingtdnces ~ where the asymptotes of (9) are obtaingg= +xs.



Using the geometric analogy between the hyperbola and
(8) with pa1 and ps2 as the two focal pointsg and % are
substituted for|x%;| and k, respectively. Sinced is defined
starting fromy in Fig. 1, 8 is given:

de

d
0| =tan ! —2—— =tan ! ——, (10)
(9)2 - (%)2 d?—dz
2 2 Jower phase J:)hﬂse {limiting
whered > de. Formally, (10) is defined as the DoA estimation ivider shifter etector amplifier)
model. For convenience, the slopeis substituted: : ‘
d
n=+——0 (11)

_ _ ~“detection unit
Finally, the asymptotes with respecttoandy are represented: =

(a) hardware configuration

1
Ys = iﬁxs' (12) ' channel-1 channel-2  NF
el—|  amplfier | | | amplfier Je=
C. Discussions | ! - R ! | amplification
. .. ler \iter it
Here we further discuss the characteristics of the proposed == 1’ ___________ R i o
; ; : ( 1
modgl. First, although the asymptotes in (12) are straigbsl| | [ powerdwider | | [ powerdiider | |
passing through 0 n depends onde. In other words, the i e B ey |
asymptotes vary according t, which means thaé can be : ’_l—‘phase shifter | el | detection
estimated efficiently and accurately basedmn i c € it
Secondly, in comparison withpp (= %)de in (3), : [ limiting amplifier ] | [ limiting amplifier | i
the phase difference in most existing works is defined as ' phase detector | | [ phase detector | |
%’d cosa, wherea is the same incident angle. Considering (== T B bt T '
mobile robot applications, the error betwe@rand a can di- ! : 2
rectly affect the performance and efficiency. More intanggy, | microcontroller — 0
in (10), 8 becomes 0 ad. approaches zero, indicating that (b) schematic signal flow

is located in the O-degree direction, namely tfe heading  Fig 2 poa detection prototype and schematic signal flow
direction. The 0-degree direction will help a mobile robot
maintain its relative direction as a virtual signpost.
Meanwhile, the prototype is required to provide sufficient
Rccuracy for@ measurements based on the proposed estima-

with A; and A,. The alternative is to enlarge the number tion model, since mobile robots can move in any direction.

of antennas. But. the more of antennas there are. the mOIq%oeciﬁcally, to enhance direction finding accuracy, sdvera
complicated the organization and integration of mobileotgb Nardware units :are newly desr:gned.that"contrkcl)l input signal

might be. Instead of adding additional antenna elements, §C€ived at each antenna. The units allow the prototype to
simple hardware unit is devised to obtain an accufted utilize the signals effectively regardless of whether thbat

detailed description will follow in Section III. moves instantaneously.

Thirdly, (10) can not determine whethér is positive or
negative due to the limited number of antenna array elemen

When we choose a waveband suited for the potential ap-
[Il. I MPLEMENTATION OF DOA DETECTIONPROTOTYPE  plications, there are several criteria that should be cizme,

This section explains how to realize a DoA detectionSUCh as waveband density, data management, and reliability

prototype based on the proposed estimation model. Morgovep@S€d on the criteria, the 3W54z frequency band is tactically
this prototype is integrated into our commercially avaitab d€términed in our prototype design. One notable advantage
mobile robot platform to examine whether it is suitable forls that it allows the robot to find directions and/or distamce

mobile robot target tracking. while comr_nunicating at the maximum JKIb)ps_NexF, the _
frequency is less congested than the unlimited industrial,

scientific and medical radio bands, resulting in less radio
interference. Moreover, longer wavelengths yield long&ge,

The design and implementation of our DoA detection pro-and are better able to carry data through obstacles such a
totype aims to explore the possibility of widespread wiifian ~ walls and furniture. Practically, Asada and Okamoto regubrt
of the mobile robot applications mentioned in Section I. Toa radio beacon buried under snow at a depth ainé@ould
this end, our design considers “simplicity” the most impott  be radiolocated by using triangulation [12].
features, requiring neither sophisticated equipmentsifgmal
detection (e.g., global timer, directional antenna andator)
nor high-performance computation devices. Ultimatelye th
simple prototype can be easily integrated into a wide range Fig. 2-(a) illustrates the hardware configuration of the
of mobile robot platforms. DoA detection prototype. The prototype largely consists of

A. Design Considerations for DoA Detection Prototype

B. Prototype Architecture and Component Development



the amplification and the detection units. The amplification
unit amplifies and filters received signals. On the other hand
the detection unit plays a role in extracting both the magfst
and the sign ob from the signals. For all components, a(b0
standard has been designed as the characteristic impedfnce
most commonly available radio frequency (RF) components.
Specifically, according to the provisions of Radio Act indap
the frequency outputs are set within 300/m at a distance

of 3m.

To begin, the amplification unit including two dipole anten-
nas withA /4 in length is composed of four Mini-Circuits ZRL-
400 amplifiers and two EPCOS SAW filters. Due to extremely
low-power inputs, the amplifiers are configured as two stages

Moveover,d is set asA /2.

Next, fche detection unit is Iargelly.classified _int_o thr_ee Z.{ AoA detector |
boards. First, the role of the power divider board is isolati
between output channels while maintaining the impedance- o &o, ‘(”””]Ogd“m)
matched conditiqn on input and output ph_annels. To mir)imize | microcontroller |
the loss of RF signals, a type of the Wilkinson power divider —
[13] is designed and fabricated as transmission lines origati % ‘ (digital data)
circuit boards (PCI_S). By using the power div!der, RF !antts a | main controller |
A; andA; are split into two pairs of outputs with the minimum ]
loss. Secondly, the phase shifter board is used to change control /
the transmission phase angle of signals. Using the differen commands Q
lengths of each transmission line on PCBs, the phase shifter k
is realized, allowing the generation of the 90-degree phase
difference between output signals. Thirdly, after the atgp (b) overall control architecture

of the phase shifter are synthesized, the phase detectod boarig. 3. DoA detection prototype mounted on a mobile robot
produces voltage outputs as the sign and the magnitude of
Practically, to gain a high-speed phase detection, the mixe
based phase detector is fabricated by integrating an Anal

%Gpecifically, the mai ller forward | d
Devices ADS302 Chlp and passive parts. peC| 1cally, the main controller forwards control comman

to the robot according t6.

As depicted in Fig. 2-(b), individual paths feq and e,
are called GANNEL-1 and GHANNEL-2, respectively. In the The outstanding features of the DoA detection prototype
amplification unit,e; ande, are amplified and filtered. Next, are described as follows. Eliminating the use of a sampling
by the power dividerg; (andey) are split intoe;; ande;,  frequency and iterative routines, the prototype allowsrtimt
(andey; andeyy). Then,ey; andej, are mutually exchanged to detectd in real time without high-performance computation
into CHANNEL-1 and GHANNEL-2. After passing through the devices. The use of dipole antennas does not require both &
phase shifterg;;’'s transmission phase angle is delayed by 90specific device (e.g., directional antennas and their iootat
degrees. In the limiting amplifiee;; andey; (612 andeyy) are  devices) and a sophisticated skill such antenna matching. |
synthesized in BANNEL-1 (CHANNEL-2) while controlling  addition to these features, the prototype provides us grific
their magnitudes. By the phase detectoHABNEL-1 finally ~ accuracy for real environment applications. The resuitste
outputs either a plus or minus sign with respec§t@®n the  performance will follow in Section IV.
other hand, the output of KANNEL-2 produces the absolute
angle with respect tg.

Fig. 3-(a) shows our robot system integrated with the DoA

detection prototype. The overall system largely consitth® IV.  EVALUATION RESULTS
following three parts: a commercial MobileRobots Pioneer 3
DX mobile robot including its main controller, the detectio When our detection prototype is used as the direction sens-

prototype, and the microcontroller. A built-in Faraday eag ing system for mobile robot navigation, it would be esséntia
houses the prototype on top of the robot that is used fothat the estimate accuracy & be maintained as high as
the cradle of the main controller and the microcontroller. Apossible. Thus, our evaluation criterion and performandex
laptop PC running Microsoft's Windows 7 is used as the mainvere designed to examine the extent to which the prototype
controller, and is placed on the housing. In Fig. 3-(b), thecan minimize the difference between the directionSénd
voltage outputs, representin@| and either+ or —, are fed to 0. In detail, the first experiments present measurementteesul
the Atmel ATmegal28 microcontroller, and converted to it0-b to examine whether the prototype works according to desired
digital values, leading to a signed val@eThe main controller criteria. Secondly, mobile robot experiments were conelditd

is linked to the microcontroller and to the robot through RS-verify the performance and the feasibility of the DoA deitt
232C. Inputs to the main controller include digitalizedlata.  prototype.



70 ](deg) I measurability ofd. Within the M range, the mean values 6f
60 il [ correspond to the assigned directionsSfOn the contrary,
ig: ;1 ! the U range was substantially different from the assigned
201 ; F directions. Moreover, th range is further divided intdA,
20 ] . I and M, subranges depending on the reliability ®f The M,
E 0] |z t i subrange goes from 0 to 45 degrees, where individual stdndar
0= deviations are less than 2.5 degrees. In Mg subrange,
104 1 the standard deviations increase as the acute angles tiyadua
oy M M increase from the 0-degree direction. Fr@rocated at the
40 M } - distance of in, the means (and the standard deviation) for the
50 ] | o 0-degree, 30-degree, and 60-degree directions are 1.9%)(0.
o 31.00 (2.12), and 58.8 degrees (3.78), respectively. Atjho
0 5 1015 20 25 30 35 40 45 30 55 60 65 70 75 80 85 90 the accuracy in théM, subrange was debasefl, could be
directions of one electromagnetic emitter determined approximately. Based on the statistical aisalys
(a) of 8 measurements, thel range can be also regarded as a
90 - (deg) A (e 1B e A . permissible range.

Secondly, Fig. 4-(b) plots th@ measurement according
to assigned distances t6 while moving at the interval of
15 degrees. Thé, B, andC lines indicate the mean values
measured at OrB, 1m, and 3n, respectively. The results dis-
played that the DoA detection prototype was able to measure
6 from -60 degrees to 60 degrees within the legal provisions
of Radio Act. Similar to the results in Fig. 4-(a), we confilne
that the range from about -60 degrees to 60 degrees can b
thought of as the permissible range, denotedvbyThe range

AoA

0.5m

N . 3 from -45 degrees to 45 degrees is formally definedvas
90 75 60 45 30 15 0 15 30 45 60 75 %0 Specifically, the relationship betweéhand theS direction is
directions of one electromagnetic emitter linear withinM;. This property helps the robot localize a target
(b) while moving toward an assigned direction.

Fig. 4. Statistical analysis of 100 measurement® ¢f{a) according to the . . . . . I
interval of 5 degrees while an electromagnetic emitter &ated I away, Thirdly, to investigate the navigation feasibility of au-
(b) according to the distance to one electromagnetic emvittéle it moves at ~ tonomous mobile robot integrated with our DoA detection
intervals of 15 degrees prototype, path tracking experiments were evaluated. Fhe J

P RFID tag was installed on top of a leader robot (denoted by

] ] . ) . ‘L-Robot’). When L-Robot moves clockwise along an assigned
A. Mobile Robot EXpe”mentS EC]UIpped with DoA Detecuorbath (See F|g 5_(a)), a follower robot (denoted by ‘F-R@bot
Prototype equipped with the prototype monitors the direction of L-

This part presents the results of experiments to evaluatBoPOt and computes relative angle differences with respect

the features and performances of the DoA detection progotypl® the F-Robot's coordinates. Based on the computation, F-
Robot tries to follow L-Robot while maintaining its 0-degre

and then to investigate its utilization possibility towamgbile e . ) : . h h
robot target tracking. The detailed experimental conditio diréction described in Section II. Fig. 5-(b) shows snapsho
for experiments performed under the conditions. In Fig. 5-

are summarized as follows. AS, an Agilent Technologies . . . ,
E4430B RF signal generator was used according to the leg&f): tr|1e rked (Ij_aslhed line &), the b'“ﬁ dotted line B)ﬁ a?]d
provisions of Radio Act in Japan. Specifically, to realize athe black solid line ') represent the assigned path, the L-

moving S, an in-house built J-P RFID tag with the RF carrier ROPOUS trajectories, and the F-Robot's trajectoriespees
frequency 31§1Hz [15] was mounted on top of the mobile Vely. From the trajectories, F-Robot could successfuriack
robot. The robot moves under the maximum linear velocity of="ROPOt by simultaneously measuring the directions usime t

0.5m/s throughout all experiments. The maximum magnitudePOA detection prototype. Specifically, F-Robot could reali
of the angular velocity is 0.788d/s. Two standard Linx accurate rotations at individual corners. From these t®suk

Technologies\ /4 dipole antennas with a gain of 2dBi were confirmed that F-Robot could generate the 0-degree directio
installed at the front of the robot (see Fig. 3-(a)). Finatiyr navigation motions based on the output of the prototype unde

experiments were executed in a large hall. our laboratory conditions.

Fig. 4 shows the results of our statistical analysis, where Consequently, the prototype based on the proposed esti
100 measurements &f were made. The mean values and themation model and its mobile robot integration could provide
standard deviations were represented as the black reetangla good combination measurement capability from the system
and the error bars of the range of 5% to 95% confidencéntegration point of view. In general, the phase difference
intervals, respectively. First, Fig. 4-(a) plots measwat technique works quite well for high SNR but might fail
results according to the interval of 5 degrees wiSles kept  for strong co-channel interference and/or multiple pa@st
at Im away from 0. From the results, the test range from O future work is devoted to exploring new technological solus
to 90 degrees can be classified into two ranges based on tii@r coping with these limitations.
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Fig. 5. Path tracking experiments for the mobile robot epeip with the
DoA detection prototype

V. CONCLUSION

model was proposed in order to provide mobile robots with the
sufficient direction finding capability. Based on the proguobs
model, we developed a DoA detection prototype yielding the
direction to a fixed or moving electromagnetic source. The
hardware prototype was integrated into a commercial mo-
bile robot platform to demonstrate automatic target tnagki
Extensive real robot experiments were performed to show
the validity of the proposed estimation model. The proposed
system can ensure simple configuration, high reliabilityd a
easy integratability into commercial mobile robots. Fipahe
DoA detection prototype can facilitate a wide variety of @b
robot missions in a cost-effective way.
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of electromagnetic signals and its hardware implementiatio
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cally, the hardware-assisted phase difference basedagitim
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