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Direction Sensing RFID Reader for
Mobile Robot Navigation

Myungsik Kim, Associate Member, IEEE, and Nak Young Chong, Member, IEEE

Abstract—A self-contained direction sensing radio frequency
identification (RFID) reader is developed employing a dual-di-
rectional antenna for automated target acquisition and docking
of a mobile robot in indoor environments. The dual-directional
antenna estimates the direction of arrival (DOA) of signals from
a transponder by using the ratio of the received signal strengths
between two adjacent antennas. This enables the robot to con-
tinuously monitor the changes in transponder directions and
ensures reliable docking guidance to the target transponder. One
of the technical challenges associated with this RFID direction
finding is to sustain the accuracy of the estimated DOA that varies
according to environmental conditions. It is often the case that
the robot loses its way to the target in a cluttered environment.
To cope with this problem, the direction correction algorithm is
proposed to triangulate the location of the transponder with the
most recent three DOA estimates. Theoretical simulation results
verify the reliability of the proposed algorithm that quantifies the
potential error in the DOA estimation. Using the algorithm, we
validate mobile robot docking to an RFID transponder in an office
environment occupied by obstacles.

Index Terms—Direction finding, dual-directional antenna, mo-
bile robot navigation, radio frequency identification (RFID).

I. INTRODUCTION

OBOTS are confronted with many difficulties when they
R are deployed into a real environment. Among the difficul-
ties encountered in an indoor environment are how to accurately
and efficiently identify and approach a specific object. Over the
last few decades, a considerable number of studies have been
performed on both identification and localization of objects [1].
One of the effective approaches is template-based visual recog-
nition [2], [3], but this requires optical line-of-sight and is often
significantly affected by the environmental conditions such as
changes in illumination. Recent advances in sensor and net-
working technologies have provided new approaches aimed at
structuring an easy-to-understand environment with networked
embedded devices such as wireless sensors and radio frequency
identification (RFID) transponders [4]-[6]. Such an environ-
ment helps the robot more easily retrieve complex information

Manuscript received February 01, 2007; revised July 20, 2007 and March 11,
2008. First published December 12, 2008; current version published December
30, 2008. This paper was recommended for publication by Associate Editor
S. Sarma and Editor N. Viswanadham upon evaluation of the reviewers’ com-
ments. This research was conducted as a program for the “Fostering Talent in
Emergent Research Fields” in Special Coordination Funds for Promoting Sci-
ence and Technology in part by the Japan Ministry of Education, Culture, Sports,
Science and Technology and in part by Korea MIC and IITA through IT leading
R&D Support Program (2005-S-092-03, USN-Based Ubiquitous Robotic Space
Technology Development).

The authors are with the School of Information Science, Japan Advanced
Institute of Science and Technology, Ishikawa 923-1292, Japan (e-mail:
reoreo93 @gmail.com; nakyoung @jaist.ac.jp).

Digital Object Identifier 10.1109/TASE.2008.2006858

about the object, but does not usually support localization unless
a GPS receiver is included in the system. The problem of loca-
tion estimation thus remains a significant technical challenge in
this approach.

Location estimating techniques can be classified as
range-based and bearing-based. Range-based approaches
trilaterate the transponder position using the estimated dis-
tance at reference points. Distances can be estimated from
either received signal strength (RSS) measurements [7]-[9]
or time-based methods using time-of-flight (TOF) [10] or
time difference-of-arrival (TDOA) measurements [11], [12].
RSS-based schemes are easily implementable, but the accuracy
is highly dependent on the environment and the distance. In
contrast, it is possible to get fairly high accuracy using TDOA
between RF and ultrasonic signals, but the ultrasonic signals
are subject to multipath effects and the optical line of sight. To
be more specific, a major difficulty with range-based schemes
for mobile robot applications lies in the uncertainty of the
robot’s orientation. The robot needs to keep track of its heading
to a target. On the other hand, bearing-based schemes use the
direction-of-arrival (DOA) of a target. They have received more
attention recently with arrays of multiple ultrasonic sensors
[13], [14] and are considered to be better suited for mobile
robot applications.

Therefore, our effort in this work is devoted to the develop-
ment of a bearing-based ad hoc target acquisition and docking
system using RFID technology for mobile robot applications.
Our work is motivated by the fact that the directionality of the
antenna can be incorporated into active RFID readers that typ-
ically use omnidirectional antennas. With such directional an-
tennas installed, the robot becomes capable of easily identi-
fying, locating, and tracking a target transponder. For this pur-
pose, the direction sensing RFID reader equipped with the dual-
directional antenna has been developed and demonstrated by the
authors [15], [16]. Specifically, the DOA was achieved from the
ratio of the RSS measurement between two adjacent antennas.
This method was shown to be reliable and accurate for DOA es-
timation in an empty space. However, RF signals are easily dis-
torted by the environmental effect that will significantly increase
the error in the DOA estimation. This has been a major technical
challenge for the engineers. In order to solve this problem, an
effective direction correction algorithm is proposed using the
geometric relations between the estimated directions with re-
spect to the robot positions. The robot calculates the potential
error included in the DOA estimation and adapts its direction of
movement. The proposed algorithm is verified through exten-
sive simulations and experiments.

This paper is organized as follows. In Section II, we briefly
describe the proposed direction sensing RFID system and fun-
damentals of electromagnetic theory underlying the measure-
ment of the DOA. Section III analyzes the multipath propaga-
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Spiral antenna
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Fig. 1. Mobile robot equipped with direction sensing RFID reader.

tion to quantify the potential magnitude of errors in DOA esti-
mation. The proposed direction finding algorithm is described
in Section IV. Simulation and experimental results of mobile
robot navigation based on the proposed algorithm are discussed
in Section V. Finally, conclusions are drawn in Section VI.

II. DIRECTION SENSING RFID READER

Fig. 1 shows the target acquisition and docking system based
on RFID. The system is composed of two parts: 1) an RFID
reader interacting with active transponders and 2) a Pioneer
3-DX mobile robot onto which the reader is mounted. The RFID
reader is developed using commercial active sensor nodes of
Ymatic Limited [17] that operate on the 303.2 MHz frequency
using a 3 V battery supply. A set of two nodes are used to
develop the reader that reads the identification and strength of
signals from other transponders using an AVR microcontroller
through the RS-232C interface. The input signal within the
range of 25 dBuVEMEF to 80 dBiuVEMEF is converted linearly
to a DC voltage ranging from 0.5 to 1.7 V. The reader can
read multiple transponders at a time using the time-division
multiple-access (TDMA) technique. The antenna is mounted
on a rotating platform housed on top of the robot that is also
controlled by the same AVR microcontroller. The size of the
antenna is 20 mm X 20 mm that has a gain of —6.5 dBi with a
wide beam width of 90°.

We now review the fundamental principles of DOA estima-
tion from classical electromagnetic theory [18]. When an elec-
tromagnetic signal is transmitted to a directional antenna, as
shown in Fig. 2, the magnetic flux ® that passes through the
antenna with the angle between the antenna surface plane and
the signal wave plane can be represented as

@ZCSB

sin(f — ¢) (H

where C' accounts for environmental and operating conditions
such as temperature, humidity, dust, and so on. S is the sur-
face area of the antenna, B is the magnetic flux density of the
wave passing through the antenna, r is the distance from the
transponder, 6 is the difference between the robot’s heading and
the facing angle of Antenna 1, and ¢ is the difference between
the facing angle of Antenna 1 and the DOA of the signal, respec-
tively. Here, we assume that the reader identifies transponders
in the far-field region, i.e., r exceeds A/27w [19]-[21], thus the
RSS is inversely proportional to 7. The induced voltage at the

Z-axis Antennal =
Aqtenna 1 facing angle ©
N DOA,-
Antenna 2
N ,r"
A
FARS
~j
o
Antennal Transponder
facing angle )
V2—axis Vl—axi: E

Fig. 2. Azimuth angle of the signal DOA in the dual-directional antenna.

antenna is proportional to the absolute value of the magnetic
flux.

Note that the two spiral antennas in Fig. 2 have a phase dif-
ference of 90°, thus their induced voltage can be represented,
respectively, as

Vloc‘
VQO(‘

B
cS (2a)
T
cSB

sin(f — np)‘
( . (2b)

sin(f — ¢ + 90°)
,

Here, the angles are positive if they are measured in the counter-
clockwise direction around vertical axis of antenna plane. Now,
we can define a dimensionless parameter as the ratio of magni-
tudes of induced voltages or signal strengths given by

via = V1 /Va = [tan(f — ¢)| . 3)

Therefore, we can determine the DOA of signals ¢ from (3).

Fig. 3 shows an example of patterns and ratio of the RSS at
the dual-directional antenna. The antenna scanned a transponder
positioned 2 m away from —90° to 90° with respect to its facing
direction in our experiment room. Since the room was not elec-
tromagnetically shielded, unknown environmental effects were
included, thus we performed calibrations by adjusting the an-
tenna direction, allowing two RSS curves to meet at zero de-
grees. Note that actual measured voltages may include an offset
voltage, as shown in Fig. 3(a). Thus, according to the system’s
actual working and environmental conditions, the accuracy of
the DOA estimation based on the ratio will be somewhat limited.
This problem can be solved if we use the three points of interest
which are shown as the minimum, maximum, and crossover (or
inflection) points in Fig. 3(b). Despite the ratio pattern may vary
due to the environmental and system conditions, those points al-
ways remain on the curve. Therefore, the DOA estimation can
be achieved relying on the fact that, while the ratio increases,
the transponder can be located in the direction of the crossover
point within the range bounded by the minimum and maximum
points.

III. EFFECTS OF RF SIGNAL MULTIPATH PROPAGATION

It has been verified by our earlier experiments that the accu-
racy of the direction finding achieved with directional antennas
remained within £4° in an empty indoor environment [22].
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Fig. 3. An example of patterns and ratio of the RSS. (a) Pattern of signal
strengths. (b) Ratio of signal strengths.

However, RF signals are easily distorted by obstacles, there-
fore the error increases in obstacle-cluttered environments. By
the presence of the obstacles that reflect, refract, and scatter the
propagated RF signal, the antenna receives a large number of RF
signal with various amplitudes, phases, and directions, as shown
in Fig. 4 [23], [24]. Thus, the total magnetic flux is the sum of
the magnetic flux of the direct wave and that of the diffracted,
nondirect waves represented by

n
(I)total = (I)diroct + E (pilondiroct (4)
=1

where n is the total number of diffracted waves received at the
antenna. Note that the magnetic flux density B can be written as

B = Bysin(kr — wt) (5)

where By is the amplitude of the magnetic flux density, x is
the propagation vector, r is the traveling distance of the wave,
w is the frequency of the transmitted wave, and ¢ is the time,
respectively.

By substituting (5) into (1), the magnetic flux can be ex-
pressed as

_ CSRBysin(kr — wt)
T

o
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Fig. 4. An example of multipath propagation in indoor environments.

where R is the coefficient of the strength of the arrival signal
(e.g., R = 1 when the wave is a nondiffracted, direct wave),
and ¢ is the angle of incidence of each transmitted wave, re-
spectively. For nondirect waves, r is the sum of the distances
between the transponder and an obstacle, and between the ob-
stacle and the antenna. In (6), the first term of the sine reflects
the properties of the transmitted signal and the second term of
the sine accounts for the changes in the RSS according to the
antenna facing angles.

Assuming that direct and nondirect waves have differences
in the angle of incidence y;, and the traveling distance Ar;,
respectively, (4) can be expanded as

CS By sin(kre—wt) sin(fd — o)
To
CSRyBgsin (K}T‘o—wt—l- %) sin(f — o + 71)
ro + Arq
.. %)

Qtotal =

where )\ is the wave length of the transmitted signal. In the
equation, the phase difference between the direct and nondirect
waves becomes 27 Ar; /), since there exists a difference in Ar;.

If we denote the term CSR;Bgsin(krg — wt +
(2w Ar;/N)/(ro + Ar;) as a; and (6 — ¢g) as x, (7) can be
rewritten as

®iotal = agsin(x) + apsin(x +v1) +.... )
Using the sum formula for sine, (8) can be transformed into
Dy ota1 =ag sin(x)+azcos(y1) sin(x)+a1 sin(y1) cos(x)+- . -

=<{ap+ Z a; cos(7y;) psin(x)
i=1

+ Y aisin(y) p cos(x). ©)

=1

After some mathematical manipulation, we can get the fol-
lowing equation:

Piotal = Asin(x +n) (10)
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where

n 2
A= (ao + Z a; cos(m))

1=1
97 1/2
+ (Z a; sin(%)) (11a)
=1
n = tan~! { 2iz1 @510 (%) } . (11b)
ag + Y ;_q aicos(7y;)

In (11), a; varies according to Ar;. The values Ar; and y;
reflect the relative locations between the transponder, the an-
tenna, and the obstacles in the environment. Since the position
of antenna will likely change linearly, Ar; also changes linearly.
Therefore, a; periodically oscillates by the ratio between Ar;
and A, while ; changes linearly. If there exist a number of ob-
stacles, A and 7 are obtained by combining a variety of a; and
;. Therefore, it is almost impossible to find the exact direc-
tion of the transponder in obstacle-populated environments. The
worst case for the estimation error occurs when the denominator
of nin (11b), ap + > 1+, a; cos(7;) becomes zero. In this case,
7 increases or decreases to +90°. However, nondirect waves
travel a longer distance than direct waves and their strength will
be reduced by the obstruction. Thus, the magnitude of nondirect
waves is much smaller than that of direct waves, and the denom-
inator virtually does not become zero. Therefore, the estimation
errors will be less than the maximum error of +£90°.

Fig. 5 quantifies the possible magnitude of the DOA estima-
tion error 7) calculated by (11) at each grid segment of 10 cm x
10 cm under various environmental conditions. In the figure, the
black square shows the position of the transponder and the white
circles are the position of obstacles. The intensity of gray level
shows how much the propagated direction is distorted by the ob-
stacles and is indicated as bar graph in degree on the right side of
the figure. The strength of the signal reflected off the obstacle is
assumed to be reduced by 80% (i.e., R = 0.2) for the left graph
and 50% (i.e., R = 0.5) for the right graph, respectively.

Fig. 5(a) shows the error distribution of estimated directions
when only one obstacle is located at (—100, 0) cm. Note that er-
rors increase when the obstacle has a larger value of R. In partic-
ular, a considerable amount of error exists in the area behind the
obstacle. Fig. 5(b) shows the error distribution when the area is
surrounded by seven obstacles located at (—220, —220), (—220,
0), (=220, 220), (0, —220), (220, —220), (220, 0), (220, 220)
cm, respectively. Some areas that have a large error near 90° ap-
pear irregularly with R = 0.5. The error pattern is similar to the
interference fringe by the superposition of waves with various
amplitude and phase differences. We can observe that the mag-
nitude of the error irregularly oscillates in that area. Fig. 5(c)
shows the case when three more obstacles are added at (—100,
—20), (—100, 0), and (—100, 20) cm, respectively. Similar to
Case (a), the areas behind the obstacles display a large amount
of errors. Fig. 5(d) shows the case when nine obstacles are ran-
domly positioned in the area. We can find no regularity in the
error distribution that changes according to the position of ob-
stacles. When there exist many obstacles with a large R, the
error may increase.

Fig. 6 is the statistical representation of Fig. 5. The whiskers
range to the 90th percentile for tops and the 10th percentile for
bottoms. The magnitude of the error varies according to the ma-
terial properties and spatial distribution of the obstacles. Even
though the propagation path of the transmitted signal is affected
by the presence of obstacles, it is shown that the mean value of
the error does not exceed 30°.

Fig. 7 shows the amount of errors that exist along the lines (i),
(ii), and (iii) in Fig. 5(c) and (d). The dashed squares indicate the
area that has a significantly large amount of errors. Note that the
errors oscillate, but decrease in the area close to the transponder
where the obstacles are not densely spaced.

When the robot moves along its estimated DOA, the dis-
tance between the robot and the transponder will increase or de-
crease, or remain unchanged according to the amount of error
7. Table I shows the percentage of cases that the distance did
not decrease among the results of Fig. 5. The total number of
grid segments were counted that caused the robot to move away
from the transponder. Here, the robot movement interval was
set to the distance to the transponder divided by 5. It is shown
that when R increases, the robot could move in the wrong di-
rection. However, since the probability is quite small, the dis-
tance will decrease in most cases as the robot moves toward the
transponder. Thus, if we devise a method that will enable the
robot not to get stuck in the area where 7 can be very large, or
it is ensured that 7 decreases as the robot moves, the robot can
finally arrive at the target position. Therefore, in order to enable
the robot not to lose its direction toward a transponder, we need
to compensate for 7.

IV. ALGORITHM FOR ACCURATE DIRECTION FINDING

As the robot estimates the direction it needs to go at a regular
interval, the error will be propagated according to certain
geometric relations between estimated directions and robot
positions. In Fig. 8, let f; be the estimated direction with respect
to the current heading of the robot, ¢; the exact direction of
the target, and 7); the error between the estimated direction
and the exact direction. Also let r; be the distance between
the transponder and the robot at the sth position that can be
estimated from the RSS. When the robot moves in the direction
of ; with an error of 7;, the distance to the transponder and the
directions can be related by the following equation:

o i (12a)

sin ;

sinn; 1

It is known from the figure that ¢; = 6; + 7;, which can be
substituted into (12a) to yield

Tq - Ti—1
- sin(6; + ;) '

(12b)

sinn; 1

Then, we can calculate the error at the (¢ — 1)th position by
summing the DOA estimation and its error at the 4th position as

sin(6; + m)} .

ri

Ni—1 =sin~! [ (13a)

Ti—1
Similarly, the error at the (¢ — 2)th position can be given by

Ti—1

(13b)

sin(6;—1 + 77/5—1)} .
Ti 2

Ni—p = sin™" {
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Fig. 5. Error in estimated direction by neighboring obstacles: (a) single obstacle at (— 100, 0); (b) surrounded by obstacles; (c) add obstacles around (— 100, 0) to
the case of (b); and (d) randomly positioned obstacles.

Equations (13a) and (13b) give insight into how the error for  tions. It will be explained later in this section how to obtain at
the most recent measurement can be propagated back to adjust least semi-accurate estimation of distance.
the error for the two previous estimations, provided that distance Now, we explain how the estimated DOA can be corrected.
measurements are made at high accuracy. It is evident that dis- It is almost impossible, in practice, to quantify the estimation
tance measurement is critical to the accuracy of the above equa-  error 7);. If we arbitrarily assume 7; at the ¢th robot position
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by 50% (R = 0.5).

TABLE I
PERCENTAGE OF THE ESTIMATION THAT DOES NOT REDUCE THE
DISTANCE TO THE TRANSPONDER

Environmental Conditions P ¢ %
R | Conditions of Fig. 5 ercentage (%)
(a) 0
(b) 0
0.2 © 0
(d) 0
(a) 0
(b) 0.06
05 © 2.85
(d) 1.84

denoted as 7;, the estimation error at the (¢ — 1)th and (¢ — 2)th
robot positions, denoted as 7);_1 and 7;_o, respectively, will be
determined according to (13a) and (13b). Thus, the estimation
direction at each robot position will be continuously updated
as 7); changes, as shown in Fig. 9. It should be noted that those
three consecutive direction estimates may form a triangular area
if we properly assume 7);. Now, the most feasible direction of the
target transponder can be determined by choosing 7); that makes
as small a triangular area as possible, as shown in Fig. 9(iii).
n; at the «th robot position can, therefore, be quantified and the
robot’s heading can be controlled accordingly.

In order to implement the above scheme, as shown in Fig. 10,
we define a Cartesian coordinate system whose origin is at the
current position of the robot. Here, the y axis is assumed to be
the direction obtained by the sum of the estimated direction 6;
and an arbitrary error 7);. Then, the two previous positions of the
robot can be written as

(zic1,yi—1) = (—d; sin(; + 6;), —d; cos(; + 60;)) (14a)
(Ti—2,Yi—2) = (im1 — di—1sin(f; + 0; + 0i41),
Yi—1 — d; cos(n; + 6; + 6i41)) (14b)
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Fig. 7. Distortion errors of the propagated signal along the three lines in
Fig. 5(c) and (d). (a) The case of Fig. 5(c). (b) The case of Fig. 5(d).
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M1 _-="" i-th robot
position

_-"KC (i-1)-th robot
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Fig. 8. Geometric relations between the positions of robot and transponder.

Now, the lines (i-1) and (i-2) starting at the two previous robot
positions can be represented by

y=S8i—1(x —zi—1) + yiz1 (15a)
y=3Si—o(x —xi_2) + yi—2 (15b)
where
Si—1 = cot(7); + 6; — Ni—1) (16a)
Si—o = cot(n; + 0; + 0;—1 — Ni—2). (16b)
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Fig. 10. Three directions of DOA estimation triangulates the transponder loca-
tion.

Then, the lines (i-1) and (i-2) meet at a point whose x coordinate
is represented as
Si1xi1— Si2Ti 2 —Yi1+Yi o2

= . 17
v Si—1— Si—2 {17)

Since line (i) is the y-axis with which the two lines (i-1) and (i-2)
form a triangle, x gives the size of possible potential location of
the transponder.

If we go back to (13), the distance estimates r;, ;—1, and
r;—o are needed to find 7,1 and n;_o. Note that the distance
can be calculated from the RSS, but it is very difficult to obtain
an accurate value of the RSS for accurate distance estimation.
Since the accuracy of the DOA correction largely depends on
the distance estimates, the expected measurement uncertainty
will be resolved based on the following two factors.

1) The distance to the transponder mostly decreases as the

robot moves following the estimation direction, as shown

in Table I. This implies that ; will not exceed r;_1, which
will allow the following inequality constraint to be satis-
fied:

"<,

Ti—1

(18a)

2) The difference of the distance of the transponder between
two consecutive measurement points will not be greater
than the moving interval of the robot. This implies that r;_
will not exceed r; 4+ d;, often referred to as the triangle
inequality (see Fig. 8) given by

i1 —di i
izt < i (18b)

Ti—1

Ti—1

Now, the following inequality constraint can be imposed on
r;,_1 and 7; at each location when the robot moves a certain
distance d;:

7”1'—1—611'S i,
Tio1

(19)
Ti—1

Thus, the robot movement interval d; can have significant ef-
fects on the range of reliability of distance estimates. For ex-
ample, it has been reported that errors for RF signal strength
estimates will not exceed around 20% in the general office envi-
ronment [25]. Based on such information, r; to the transponder
5 m away will be estimated within a range from 4 to 6 m. If
d; is a constant, say 50 cm, and the true r;_; was 5.5 m at the
previous measurement, 7;_1 ranges from 4.4 to 6.6 m. There-
fore, the maximum potential difference between r; and r;_; is
2.6 m that exceeds d;, causing the apparent violation of (19). If
such violation exists, we ignore ;1 and obtain a new estimate
7;—1 by adding one-half of d; to r;. This empirical approxima-
tion simplifies the task of estimating the uncertainty in distance
measurements in (13).

In this work, 7; for the most recent measurement is assumed
to be within the range of n — 70° to 70°. To triangulate the lo-
cation of the transponder with three consecutive direction esti-
mates, 7; is determined by the algorithm given next.

Algorithm 1: DOA Estimate Correction

Input : DOA estimates 6;_», 6,1, 6;, distance estimates
Ti_9, T;_1, T;, and robot moving interval d; 1, d; at three
consecutive positions

Qutput: Error 7; included in 6;
1 for 7; changes from —70° to 70° at 5° intervals do
2 Re-estimate 7;,_o and 7;_1;
if r;,_1 — r; > d; then
Fic1 =1 + di/2;
else
Til = Ti-1}

if r,_o — 7;_1 > d;_1 then
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Fig. 11. Layout of the simulation program.

Ficg = Fi1 + di—1/2;

Ti—2 = Tj—-2;
3 Calculate 7;—1 and 7};_» using (13)
4 Calculate the potential location of transponder x using (17);
5 if; = —70° then

The smallest x is determined as z,,,;, = T;

~

i = s
else
if z < x,,;, then
Tmin = T
ni = s

6 Return 7, the error for the most recent measurement;

V. SIMULATION AND EXPERIMENTAL RESULTS
OF ROBOT NAVIGATION

A. Simulation Results

To verify the validity of the proposed direction correction al-
gorithm, we performed experiments on autonomous navigation
using the simulator developed in-house, as shown in Fig. 11.
Fig. 11(a) shows the simulation environment including a robot,
a transponder, walls, and obstacles. The number of obstacles and
the location of the robot can be modified by the control panel
in Fig. 11(b). The path of the robot is displayed in Fig. 11(a)
and the desired target direction, the estimated direction, and the
estimation error are displayed in Fig. 11(c). Since it is almost
impossible to include the whole scattering effect of signals in
the obstacle-cluttered environment, we implemented the basic
ray-tracing principle explained in the previous section.

The conditions used in the simulation are as follows.

* The size of the roomis 5 m X 5 m.

* A transponder is considered as a point charge.

* The scattering of the signal by an obstacle is assumed to be

occurring at the center of the obstacle, not the surface.

(a) (b) (©

N Target Robot
Target transponder {Estimated  girection  heading
N direction .
; C
- Goal 6S
boundary g
. ’
\\\ uy,
DOA ke
Obstacle
( Non-corrected t )
Corrected 4
direction !
1
PN &“ng N €
Robot ‘
DOA corrected S

Fig. 12. Automated sequence of robot docking in the simulation. (a) The robot
scans from —90° to 90° and estimates the target direction at its initial position
(b) the robot moves following the estimated direction, or changes its direction
employing the proposed algorithm (c) when the robot arrives within the range
of 50 cm from the target transponder, it stops moving.

» All obstacles scatter signals with randomly determined
rates.

The robot is considered to receive signals associated with
far-field regions.

* Intrinsic sensing error in the estimated direction is +4°
with the Gaussian distribution.

Under the above conditions, an automated docking sequence
of the robot is performed according to the following steps, as
shown in Fig. 12.

1) The robot scans the transmitted signal by rotating the an-
tenna from —90° to 90° at its initial position and estimates
the signal’s DOA by finding the crossover points from the
signal ratio curve [Fig. 12(a)].

2) The robot follows the estimated direction or changes its
direction employing the proposed algorithm [Fig. 12(b)].

3) If the robot arrives within a reasonable range of the target,
the robot stops moving [Fig. 12(c)]. We considered this
case a success.

4) If the robot fails to arrive in the target area within a certain
time limit, we consider that the robot failed to dock to the
target.

Simulations were conducted under various test conditions, as
shown in Fig. 13. In each condition, the left figure shows the
case to which no direction correction algorithm is applied, and
the right figure shows the case to which the direction correction
algorithm is applied. Fig. 13(a) shows the results in an empty
space. In this condition, there exists only an error of +4° re-
sulted from the intrinsic accuracy, thus the robot moves straight
irrespective of whether the robot uses the proposed algorithm.
Fig. 13(b) shows the condition that the area is surrounded by
walls and obstacles similar to Fig. 5(c). Since the signal is dis-
torted by the environmental effect, the robot navigates away
from the obstacles. In contrast, it is shown that the proposed
algorithm gives a straight path. In Fig. 13(c), where the robot
navigates through randomly positioned obstacles, the robot can
not reach the transponder position without using the proposed
algorithm. As observed in the figure, the accuracy and robust-
ness of DOA estimates is largely dependent on environmental
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(b)

Fig. 13. Simulation results of DOA-guided docking under various conditions:
(a) empty space; (b) space occupied by obstacles positioned at regular intervals
and walls; and (c) space occupied by randomly positioned obstacles and walls.

conditions, but this does not mean that randomly positioned ob-
stacles will cause a measurement error to be always too large.

Table II shows the results of docking to the target positioned 5
m away from the robot. Based on the DOA estimation, 50 trials
were tested for each of six different environment conditions that
differ in the number of obstacles. Therefore, a total of 300 trials
were tested. Obstacles were randomly placed. When the signal
was reflected off the obstacles, the strength was reduced by 50%.
The same number of trials were tested for the same conditions
employing the proposed algorithm. The success rate was higher
in every case when the correction algorithm was employed.

The mean error in DOA estimation averaged over all suc-
cessful trials and the 10th and 90th percentiles are compared
in Fig. 14. If there were no substantial errors in DOA estimates,
the error tended to increase by the correction algorithm, but re-
mained within a reasonable range. It is evident that when the
number of obstacles increased, larger errors occurred in DOA
estimates.

TABLE II
CHANGES IN THE SUCCESS RATE WITHOUT/WITH THE
CORRECTION ALGORITHM (SIMULATION)

No. of Without Algorithm With Algorithm
Obstacles | Success  Fail | Rates(%) | Success Fail | Rates (%)
0 50 0 100 50 0 100
1 50 0 100 50 0 100
3 50 0 100 49 1 98
5 40 10 80 46 4 92
7 28 22 56 42 8 84
9 19 31 38 37 13 74
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Fig. 14. Error in estimated direction according to the number of obstacles (sim-
ulation): (a) free space; (b) one obstacle; (c) three obstacles; (d) five obstacles;
(e) seven obstacles; and (f) nine obstacles.

transponder

i

Pioneer 3-DX with
the developed systems

Fig. 15. Snapshot of the experiment.

B. Experimental Results

To verify the validity of the proposed algorithm in a real
environment, we performed experiments with a Pioneer 3-DX
mobile robot equipped with the developed direction sensing
RFID system. Fig. 15 shows the snapshot of the test environ-
ment whose size is 6 m X 7 m. Experiments are performed
near the center of the room. The target transponder is located
at the position of (0, 3) m in a Cartesian coordinate system
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Fig. 16. Experimental results of DOA-guided docking under various condi-
tions. (a) No obstacle positioned near from the path of the signal. (b) Obstacles
positioned near the path of the signal.

whose origin is at the initial position of the robot. After the
robot finds the direction to the transponder, the robot moves to
the transponder guided by the RFID system. The robot stops
approaching the transponder when the transponder is around
the range of 50 cm from the robot. The distance is estimated
from the signal strength and sonar sensors.

Ten trials were tested in our empty experiment room, and the
same space with six metallic folding chairs, respectively. Fig. 16
shows the experimental results, where the black square indicates
the initial position of the robot and the gray square is the target
transponder position. The black arrows are the paths that the
robot navigated. The left figures show the results of the robot
docking guided by the noncorrected DOA estimation, and the
right figures are the paths obtained by the proposed direction
correction algorithm. To show the effect of the correction, the
original DOA estimation in each step is also shown in the right
figure by gray arrows. Fig. 16(a) shows the case that no obstacle
is positioned near from the path of the direct signal. Thus, the
robot can arrive at the transponder position in both cases. Note
that the error in the DOA estimation varies according to the
numbers, positions, and material properties of the obstacles. If
the obstacles are located at the position that affects the transmis-
sion of the signals, the error increases. Fig. 16(b) shows the case
where large DOA estimation errors occur when six chairs inter-
fere with the transmission of the signal. The robot failed to dock
to the transponder position by just following the original direc-
tion of DOA estimation. However, the robot using the proposed
direction correction algorithm could arrive at the transponder

TABLE III
CHANGES IN THE SUCCESS RATE WITHOUT/WITH THE
PROPOSED ALGORITHM (EXPERIMENT)

No. of Without Algorithm With Algorithm
Obstacles | Success  Fail | Rates (%) | Success Fail | Rates (%)
0 10 0 100 10 0 100
6 7 3 70 9 1 90

(@90 (b)
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o 60
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Fig. 17. Error in estimated direction without/with the correction algorithm (ex-
periment): (a) empty space and (b) space with six metallic chairs.

position. Even though the gray arrow pointed to the wrong di-
rection, the robot could find the right direction.

The success rates of target docking are summarized in
Table III that compares the results of the proposed algorithm
against those obtained without employing the algorithm. The
changes in estimation error are also shown in both cases in
Fig. 17. Since the environment was not electromagnetically
shield, for instance, the walls might affect the DOA estimate.
Thus, unknown errors occurred even when the space was
empty, as shown in Fig. 17(a). Similar to the simulation results,
errors increased when the environment was populated with
obstacles. However, the algorithm keeps the direction accuracy
within acceptable bounds, which indicates that the algorithm is
practical and effective to reduce and correct the error included
in DOA estimates.

In this work, we assume that a certain amount of estimation
errors will always be present. Thus, if the estimates are very
accurate (that do not necessarily need to be corrected) or the
uncertainty associated with the robot’s odometry and orienta-
tion increases, the accuracy of the proposed correction algo-
rithm might deteriorate. Another difficulty may come from the
relative magnitude of direct and nondirect waves. The received
signal is the superposition of direct and nondirect waves with
a different amplitude and phase, and the estimation error is the
difference in the angle of incidence between the direct wave and
the superposed waves. The amplitude (or intensity) of the direct
wave is assumed to be larger than that of the nondirect waves.
However, if the direct signal path between the transponder and
the antenna is completely blocked, it may be possible to re-
ceive nondirect waves whose amplitude is much larger than that
of the direct wave. This may cause a decrease in the accuracy
of the algorithm.
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VI. CONCLUSION

The dual-directional RFID antenna was proposed to enable
autonomous navigation and docking for mobile robots in indoor
environments. To cope with the uncertainties in the environment
that was populated with obstacles, we proposed a robust direc-
tion finding algorithm that gave a fairly easy, yet good adjust-
ment for DOA estimation. It only required the intervals of the
robot movement, the DOA estimations, and the received signal
strengths at the most recent three measurement points. The sim-
ulation and experimental results verified that the robot could ar-
rive at the target position even though the RF signal was inter-
fered with by obstacles. Our major contributions can be sum-
marized as: 1) The proposed algorithm gives the most feasible
direction to facilitate the finding of the transponder of interest
when the robot suffers from an unknown amount of errors in
DOA estimation. Therefore, 2) the proposed RFID reader im-
proves the capability over the current state-of-the-art in RFID
technology and can be applied to a variety of industrial appli-
cations. Our future effort includes the use of additional sensor
data to be fused for enhancing the navigation capability of the
robot in a more cluttered environment.
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