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Abstract Direction of arrival (DOA) guided automated target acquisition
and docking system is proposed for mobile robots employing the dual-directional
antenna system. The dual-directional antenna estimates the DOA of the sig-
nal of interest using the ratio of the signal strengths between two adjacent
antennas. In practice, DOA estimation poses a significant technical chal-
lenge, since the RF signal is easily distorted by the environmental conditions.
Therefore, the robot often loses its way in an electromagnetically disturbed
environment. To cope with this problem, a robust DOA estimation algorithm
is developed based on Kalman filtering. This algorithm allows the robot to
reduce the potential error in the estimated DOA, and adjust the robot’s
heading to the target transponder without needing to know the positions
of current and previous measurements in a global coordinate system. The
simulation and experiment results clearly demonstrate that the mobile robot
equipped with the developed system is able to dock to a target transponder
in an indoor environment partially occupied by obstacles.

Keywords RFID - DOA - dual-directional antenna - Kalman filtering -
docking

1 Introduction

When robots are deployed into a real environment to perform their mis-
sion, they need to accurately and efficiently identify the environment and
move toward a specific target. Numerous attempts have been made to solve
this fundamental issues of identification and localization [18]. Among them,
vision has been a well-tried method, but its accuracy is affected by the en-
vironmental conditions such as changes in illumination, occlusion, and line




of sight problems [19,20]. Recent advances in sensor and networking tech-
nologies provide new approaches aimed at structuring an easy to understand
environment with networked embedded devices such as wireless sensors and
RFID transponders [8,21]. Such an environment allows the robot to retrieve
complex information about a specific object most easily, but does not usu-
ally support localization unless a GPS receiver is included in sensors. The
problem of localization thus remains a significant technical challenge in this
approach.

Location estimation can be divided as range-based and bearing-based ap-
proaches. The range-based approaches trilaterate the transponder position
using the estimated distances from the reference points. The distance can
be estimated from received signal strength (RSS) measurements [10-12] or
time difference of arrival (TDOA) scheme [9,22]. RSS-based schemes are eas-
ily implementable, but the accuracy is highly dependent on the environment
and the distance. In contrast, TDOA based approaches using RF and ultra-
sonic signals offer fairly high accuracy, but the ultrasonic signals are subject
to multi-path propagation effects and the optical line of sight. To be more
specific, a major difficulty with range-based schemes for mobile robot appli-
cations lies in the uncertainty of the robot heading. The robot needs to keep
track of its orientation to a target. On the other hand, bearing-based schemes
use the direction of arrival (DOA) of a target signal using, for instance, ar-
rays of multiple ultrasonic sensors [13,14]. They have received more attention
recently and considered to be better suited for the mobile robot applications.

Therefore, in this work, we attempt to develop a new bearing-based ad
hoc target acquisition and docking system using RFID technology for mobile
robot applications. Bearing information can be achieved in RFID by replacing
the omni-directional antenna, generally used in the active RFID readers, with
the directional antenna. Specifically, a dual-directional antenna was designed
to estimate the DOA in real time and cover as large an area as possible at a
time, which was demonstrated in the authors’ earlier works [15,16]. We paid
attention to the capability of an off-the-shelf mobile robot equipped with the
dual-directional antenna that could estimate the DOA of the signal of inter-
est from the ratio of the RSS measurement between two adjacent antennas.
However, the RSS ratio of the dual-directional antenna will oscillate by the
effect of neighboring obstacles in a cluttered environment. This motivated
us to apply the Kalman filter based technique to the ratio data, helping the
robot find the direction of the signal more accurately under such conditions.
We demonstrate that the robot can navigate to a target by adjusting its
heading according to the filtered ratio without needing to know the positions
of current and previous measurements in a global coordinate system.

This paper is organized as follows. In Section II, the developed RFID
system is explained with the fundamentals of electromagnetic theory under-
lying the measurement of the DOA. In Section III, the problem of the DOA
estimation affected by the multi-path propagation is addressed and analyzed.
Section IV describes the proposed ratio filtering and robot navigation algo-
rithm. Simulation and experiment results are shown in Section V. Finally,
conclusions are drawn in Section VI.



2 DOA Estimation Using a Dual-directional Antenna

Our approach is based on the estimation of the DOA of signal sources.
For the purpose, a dual-directional antenna was developed that replaces
omni-directional antennas generally used in active RFID systems. The dual-
directional antenna was designed in such a way that two adjacent identical
loop antennas are positioned perpendicularly to each other as shown in Fig.
1. An efficient implementation of DOA estimation of RF signals is based on
classical electromagnetic theory detailed and explained below.

When an electromagnetic signal is transmitted to the dual-directional
antenna mounted on top a mobile robot as illustrated in Fig. 1, voltages are
induced from each antenna in proportion to the absolute of the magnetic flux
that passes through each antenna as

Vi o |CSBsin(0 — ¢)/r| (1a)
Vo o |CSBsin(0 — ¢ +90°)/r|, (1b)

where S is the surface area of the antenna, B is the magnetic flux density of
the wave passing through the antenna, 6 is the antenna rotation (or facing)
angle with respect to the robot’s heading, ¢ is the DOA of the received signal,
C accounts for the environmental conditions, and r is the traveling distance
of the signal from the transponder, respectively. Assuming that r will exceed
a one quarter wavelength, the voltage will be inversely proportional to r [1-
4]. Note that the antenna can rotate independently of the robot. In this work,
the angles are positive if they are measured in the counterclockwise direction.

Since the antennas are perpendicularly positioned to each other, the in-
duced voltage has a phase difference of 90°. Now a dimensionless parameter
can be defined as the ratio of the magnitudes of the induced voltages or signal
strengths given by
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Fig. 1 Azimuth angle of the direction of arrival of a signal
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Fig. 2 Mobile robot equipped with DOA sensing RFID system

vig = Vi/Va = [tan(0 — ¢)|. (2)

Then, the DOA of the received signal can be determined from Eq. 2.

Fig. 2 shows the developed DOA guided target acquisition and dock-
ing system employing the proposed dual-directional antenna. The system is
composed of the following two parts: 1) an RFID reader interacting with
RFID transponders, and 2) a Pioneer 3-DX mobile robot onto which the
reader is installed. The RF modules and antennas, manufactured by Ymat-
ics LTD. [24], operate on 303.2 M Hz frequency using a 3 V supply. The
reader contains a microprocessor ATmega2560 and a set of two RF mod-
ules. The modules read identifiers and the strength of the signal of interest
received from highly directional spiral loop antennas and transmit them to
the microprocessor through a standard RS-232 interface. The antennas are
perpendicularly positioned on the antenna base that is mounted on a step-
ping motor. The microprocessor estimates the DOA from the changes in the
received signal strength according to the antenna facing angle controlled by
the stepping motor.

Fig. 3 shows the RSS and the ratio curves according to the antenna angle
measured using the developed system. The left graph shows the RSS and the
right graph is the ratio curve. Under non-ideal measurement conditions, the
erroneous offset voltage caused by the white noise and the system conditions
will probably be included in the RSS as shown in the figure. The maximum
and minimum level of the ratio therefore will change according to the actual
working condition of the system. This makes it difficult to precisely estimate
the DOA directly from the ratio. However, even though the ratio changes
by the variation of the offset level, there always exists a stationary point on
the ratio curve. When a transponder is located on the center line between
both antennas, the ratio is 1.0 regardless of the offset voltage. And the ratio
increases and decreases as the transponder moves left or right, respectively.
Therefore, the robot can know the change of the direction then find the
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Fig. 3 RSS and ratio curves measured using the dual-directional antenna

direction to a transponder by adjusting its heading toward the direction in
which the ratio approaches 1.0.

3 RF Signal Distortion by Multi-path Propagation

This section will give some insight into how the RSS ratio changes in a real
environment. Fig. 4 shows the changes in the RSS ratio when the transpon-
der moves in our hallway condition. Two environmental conditions are tested
with no obstacles and a single obstacle, respectively. When the transponder
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Fig. 4 RSS ratio changes while transponder moves (left) vertically, (center) hori-
zontally, (right) diagonally



moves vertically, the bearing of the transponder will remain unchanged, so
does the ratio. In contrast, the ratio will decrease or increase as the bear-
ing of the transponder changes when the transponder moves horizontally or
diagonally. In the figure, the ratio does not show a clear pattern linearly

changing with the transponder bearing, and tends to oscillate. It is also evi-
dent that the distortion of the curve increases when the RF signal is affected

by a nearby obstacle. Note that our environment was not electromagneti-
cally shielded, thus the transmitted signal was distorted by the multi-path

propagation effects even though there was no obstacles [5,6,17]. Based on
the above results, we will only be able to approximately estimate the DOA

of the signal from the ratio. This potentially is a big problem in direction
finding under real-world environment conditions.
Fig. 5 briefly shows the multi-path propagation of RF signals due to the
presence of the obstacles that reflect, refract, and scatter the propagating
signals. The antenna, therefore, will receive a large number of waves with
various amplitudes, phases, and directions. Thus, a total of magnetic flux,
denoted hereafter by @, will be the sum of the magnetic flux of the direct wave
from the transponder and that of the diffracted, non-direct waves represented

by
(3)

n
7
d)tot = gzsdirect + E d)non—direct'

i=1
Note that, the magnetic flux can be expressed as (see Eq. 1)

b = CSRB sin(6 — ),
r

where R is the coefficient of the strength of the arrival signal (e.g., R = 1
when the wave is the non-diffracted, direct wave). Assuming that the direct

(4)
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Fig. 5 Multi-path propagation in real environment



and non-direct waves have the differences in the angle of incidence, v;, and
the traveling distance, Ar;, respectively, Eq. 3 can be expanded as

CSB, CSR\B
% sin(8—po) + et

dst t— AL
° To ro+ A’I’l

sin(@—po+y1)+- . .- (5)

Here, the magnetic flux density B; of the signals have phase differences ac-
cording to the ratio between the traveling wave distance difference Ar; and
the wave length A given by 2w Ar; /. The phase difference yields the changes

in the amplitude of the received signal. If we denote the term Sosfiff as a;
and (6 — o) as x, Eq. 5 can be rewritten as
Dyor = apsin(y) +arsin(x +v1) +... . (6)

After some mathematical manipulation, we can get the following equation.

Dot = Asin(x + 1), (7)
where

97 1/2

A= <a0+z a; cos(w)) + <Z a; sin(fyl-)> , (8a)

i=1

R { S1g aisin(y:) } (3b)

ao+ Y iy a; cos(y;)

Note that A and n are obtained by combining a variety of a; and ~y;. Therefore,
it is almost impossible to find the exact direction of the transponder directly
from the ratio pattern. This makes it difficult for a robot to find its way to the
transponder position in the cluttered environment. The worst case estimates
of the DOA will occur when the denominator of the arctangent function
argument becomes zero in Eq. (8b). In this case, the estimation error n will
increase or decreases to £90°. However, the non-direct wave travels a longer
distance than the direct wave and its strength is reduced by the obstruction.
Thus, the magnitude of the non-direct wave is much smaller than that of
the direct wave, and the denominator does not virtually become zero in
most cases. Therefore, a limited number of non-direct waves will affect the
DOA estimation. To the best of our knowledge based on the above-described
investigation, we can confidently say that the error will always be less than
+90°. Moreover, if a large magnitude of errors can be filtered and fall into
a reasonable range, then the robot can move close to the transponder. The
following section will discuss a simple, yet effective way of filtering DOA
estimation errors.

4 Robust DOA estimation and Navigation Algorithm

In this work, the robot is commanded to move and dock to the target
transponder by simply following the DOA of the transponder signal with-
out the need for any additional sensor. However, as shown in Fig. 4, the



RSS ratio under real-world conditions that contain obstacles shows irregular
fluctuations from which the robot needs to estimate the DOA of the target
signal. It is thus often the case that the robot’s path will be deflected in unex-
pected ways, making the robot move in a zigzag manner and sometimes lose
its target with a large amount of DOA estimation error. To enable the robot
to move reliably and efficiently toward the target position, it is required to
minimize the estimation errors and to smooth the fluctuations in the ratio.
To cope with this problem, the Kalman filtering based technique is applied
to an entire data set of the ratio.

Note that, it is almost impossible to quantify the error from the RSS
ratio, but there seems to be a tendency for this ratio to change in a regu-
lar pattern as the robot (or the transponder) moves uniformly. If the robot
(or the transponder) moves with a constant velocity as shown in Fig. 4, the
distance Ar; and the bearing v; also change in a linear fashion. Then the
ratio oscillates as shown in the figure, which can be conjectured from Eq. 5.
The ratio will be directly affected by the differences in the angle of incidence,
the phase, and the strength between the direct and non-direct waves. Since
the wave length of 315 MHz signals is about 1 m, the changes in Ar; may
not significantly affect the ratio until the robot movement interval exceeds
at least several tens of centimeters. Note here that any location-awareness
system can allow coarse-grained location information to be provided to the
robot. Then there can be practical reasons for designing an indoor mobile
robot that is able to dock to transponders located within 5 to 10 m away.
Under such circumstances, only a small number of data points will be avail-
able while the robot moves to the target transponder. Thus, we developed
a filtering algorithm based on the simple and fundamental form of Kalman
filter implementation [7].

Assuming that the ratio is measured at a uniform interval, the ratio at the
current measurement step, v,, is the summation of the ratio at the previous
measurement step, v,_1, and an unknown incremental amount of ratio, Av,
given by

Uy, = Up—1 + Av. 9)

Since an unknown amount of error, 7, is included in v, especially in obstacle
cluttered environments, v, can be corrected by multiplying Av by a gain
factor, g,, as

vr=v_ 1+ gn- Av, (10)

where v}, and v;;_; are the filtered ratios at the current and the previous
measurement step, respectively. It is straightforward to express Eq. 10 as

Upn=Vp 1+ gn-(Vn—vp_q). (11)

Here the gain is updated, reflecting the relation of the measured ratio at the
current step and the filtered ratio at the previous step using the variance of
their values as

gn = VAR _1)/VAR(v,). (12)
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Fig. 6 (upper) Change in the value of the gain, (lower) the filtered ratio according
to the initial value of the gain

Fig. 6 shows a typical example of how the filtered ratio changes accord-
ing to the initial value of the gain. The ratio pattern was obtained when
a transponder was moving 2 m backward, leaving the direction unchanged,
and moving subsequently 2 m to the right in our hallway environment. The
thick solid line in the lower graph shows the non-filtered data. The upper
graph shows the changes in the gain when different values of initial gain gg
were selected. If there are large fluctuations in the ratio, the variance in-
creases. Then the gain decreases accordingly, allowing the filtered values to
be smoothened. In contrast, if the gain increases with small fluctuations, the
filtered values becomes closer to the measured values. As shown in the upper
graph, when go is less than 0.5, g,, converges to zero. However, if gy exceeds
0.5, the gains would increase or decrease in a similar fashion. If the number
of measurement points are large enough, the gain becomes more suitable for
each measurement point. However, up to several dozen measurement points
in ordinary sized spaces, the proposed filtering depends heavily on the ini-
tial value go assumed. The lower graph shows an example about the relation
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between go and the filtered ratios. Note that the value of gy falls within the
range between 0 and 1. If gg is small, the measurement flattens out. On the
other hand, a large value of gg will cause the filtered ratio to more closely
follow the measurement data. Fig. 7 shows how the filtering improves the
direction finding accuracy. The mean and the standard deviation of the error
across the forty measurement points are also shown in the lower graph. As
shown in the figure, a low gain may worsen the accuracy of the measurement.
We empirically evaluate the accuracy of each gain and select the initial value
between 0.7 and 0.8.

Fig. 8 shows the filtered ratio when a neighboring obstacle is located
similar to the case of Fig. 4. Even though the distortions in the measured
ratio are significant by the effects of multi-path propagation, the proposed
algorithm can effectively flattens out the large variations. Note that, the ratio
level of 1.0 is the intersection point at which the signal strengths of Antenna
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g1 and Antenna #2 meet when the transponder is located in front of the two
antennas. The ratio increases or decreases as the DOA changes, and can not
give an exact direction to the transponder. But, the key idea is that the
expected position of the transponder can be located on the right or left side
with respect to the center line giving the ratio level of 1.0.

Based on the principle of finding directions, the robot can navigate to the
target transponder by adjusting its heading toward the ratio of 1.0. Thus, if
we control the wheel velocities of the robot according to the ratio, the robot
can follow the direction of the transponder. Fig. 9 shows the line that fits the
ratio data with respect to 6, the bearing between the antenna and the DOA
of the signal, given by

1
vr= 16 +10, (13)

where % is the slope of the fitted line. Then the heading 6 of the robot is
determined as follows:

0 = h(vx — 1.0), (14)
whereby the rate of the rotation of the wheel can then be controlled accord-
ingly.

5 Experiment Results of Robot Docking
5.1 Simulation Results
To verify the validity of the proposed DOA filtering and robot navigation

algorithm, we performed experiments on autonomous target docking using
the simulator developed in-house. Since it is almost impossible to include
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the whole scattering effect of signals in the obstacle cluttered environment,
we implemented the basic ray-tracing principle explained in Section 3. Fig.
10 shows the layout of the developed simulator. In Fig. 10, the environment
panel shows the simulation environment including a robot, a transponder,
and obstacles. The grid lines are drawn with segments of 50 ¢m x 50 cm.
The number and location of the object within the environment is modified by
the upper control panel, and the DOA estimation and the robot navigation
are controlled by the lower control panel. The ratio and directions are shown
in the graph panel while the robot moves. Also, the robot moving path is
shown in the environment panel.

The conditions assumed in the simulation are as follows.
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Fig. 10 Layout of the simulation environment
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— The transponder is stationary and considered as a point charge.

— Obstacles scatter signals with fixed rate R of either 0.2, 0.5, or 0.7

— Intrinsic sensing error of +4° with the Gaussian distribution is included
in estimating the DOA.

The suggested sensing error range is based on the fact that have been
obtained from the authors’ earlier experiments in an obstacle-free environ-
ment [23]. Under the above conditions, the robot navigates according to the
following steps.

1. The robot scans the transmitted signal from —90° to 90° and estimates
the DOA of the signal by finding the intersection point of the ratio with
the level of 1.0.

2. The robot moves to the estimated DOA and adjust its heading by con-
trolling the rotational velocity of wheels according to the ratio.

3. If the distance measured from the signal strength becomes less than 50
cm, then the robot stops moving.

Simulations were conducted under various test conditions as shown in
Fig. 11. In each condition, the left figure shows the case of the non-filtered
ratio, and the right figure shows the case of the filtered ratio. The transpon-
der was positioned at 4 m away from the robot. The dots show the path that
the robot traced. Fig. 11-(a) shows the results in an empty space. Under this
condition, there exists only an error of £4° resulted from the intrinsic accu-
racy, thus the robot moves straight irrespective of whether the robot uses the
proposed algorithm. Fig. 11-(b) shows the condition that an obstacle whose
scattering rate is 0.5 is positioned between the transponder and the robot.
Since the signal is distorted by the environmental effect, the robot navigates
away from the obstacle. It is notable that the proposed filtering algorithm
gives a smoother path. The accuracy and robustness of DOA estimates is
largely dependent on environmental conditions. Thus more abrupt turns can
be seen in robot paths under more cluttered environments. In Fig. 11-(c),
where the robot navigates through randomly positioned obstacles with the
same scattering rate of 0.5, the robot can not reach the transponder position
without the proposed filtering algorithm. In Fig. 11-(d), obstacles have a dif-
ferent scattering rate of either 0.2, 0.5, or 0.7. Also, one obstacle displayed
by the red square moves half the speed of the robot. The moving obstacle
can cause an abrupt change in the received RF signal, particularly when it is
moving toward the robot. However, the proposed algorithm gives an effective
and reliable path to the transponder by flattening out and correct the large
variation in the RSS ratio. This is because abrupt changes in the estima-
tion direction could effectively be absorbed through the proposed filtering
method.

Fig. 12 shows the estimated ratios and corresponding DOA errors as the
robot moves toward the target transponder in the case of Fig. 11-(c). The
left graphs show the ratios and the right graphs are the absolute values of
the errors in the DOA estimates. Following the estimated ratio as shown in
Fig. 12-(a) that fluctuates and oscillates, the robot can not find the correct
direction. In contrast, by filtering the ratio as shown in Fig. 12-(b), the ratio
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Table 1 Changes in the dock success rate using the filtering algorithm

No. of Without Algorithm With Algorithm
Obstacles Success Fail | Rates(%) | Success Fail | Rates(%)
0 50 0 100 50 0 100
1 49 1 98 50 0 100
7 39 11 78 44 6 88
7/1(moving) | 35 15 70 43 7 86

is smoothened out and the error decreases, which helps the robot dock to the
target position successfully.

Table 1 shows a statistical investigation of robot self-docking to the target
using the same simulation environment. The target was positioned 4 m away
from the robot in different environmental conditions. 50 trials were tested
based on the non-filtered ratio, and the same number of trials were performed
under the same conditions employing the proposed filtering algorithm. We
randomly set the number and position of obstacles for each trial. Note that
when signals interfered with by obstacles, the error increased. However, it is
evident that the dock success rate was higher when the filtering algorithm
was employed.

5.2 Experimental Results

To verify the validity of the proposed algorithm in a real environment, we
performed experiments with the mobile robot system shown in Fig. 2 in
our hallway environment. There were a metallic door and an elevator in the
hallway. The target transponder is located at the position of (0, 3) m in
a Cartesian coordinate system whose origin is at the initial position of the
robot. The robot moves to the acquired target guided by the ratio estimated
from the RFID system. The robot stops approaching the transponder, when
the transponder is within the range of 30 ¢m from the robot. This distance is
estimated from the signal strength and sonar sensors positioned around the
robot.

The experimental results are shown in Fig. 13. The robot starting from the
initial position marked with a black circle moves to the transponder marked
with a gray circle. The robot path is displayed by dots connected by lines.
The red dots are the path guided by the originally estimated ratio, and the
blue square dots are made by the filtered ratio. Fig. 13-(a) shows the case that
no neighboring obstacle is positioned in the environment. The robot could
arrive at the transponder position in both cases. Note that the error in the
estimated DOA is affected by the numbers, positions, and physical properties
of the obstacles. Fig. 13-(b) shows the case that a large DOA estimation error
occurs when the neighboring obstacles, four metallic chairs and one person,
interfere with the signal transmission. The ratio was distorted too much,
thus the robot could not arrive at the transponder position. However, when
the ratio was filtered by proposed algorithm, the robot could arrive at the
transponder position.
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The simulation and experiment results show the proposed filtering algo-
rithm is very useful to the robot docking in a cluttered environment. However,
the robot still may not arrive at the target in many cases as shown in Table
1. The robot moves to the transponder by controlling the wheel velocities
according to the ratio using Eq. 14. Here the gain & is set to a constant value
determined from the ratio curve as shown in Fig. 9. However, the relation-
ship between the ratio and the angle is not always obvious and changes by
surrounding and system conditions. Therefore, we need to modulate the gain
h depending on the changes in the ratio.

6 Conclusion

Autonomous mobile robot navigation and docking was demonstrated in an
indoor environment guided by the ratio of received signal strengths from the
dual-directional antenna. To cope with the effects of multi-path propagation,
a simple, yet effective correction algorithm was proposed for uncertain DOA
estimation. The proposed algorithm reduced potential errors in the estima-
tion at every step based on Kalman filtering, which helped a robot not to
lose the direction to the target. The simulation and experiment results ver-
ified that the robot could arrive at the target position even though the RF
signal was significantly interfered with by the obstacles. Our major contri-
butions can be summarized as: 1) the proposed algorithm gives the most
feasible direction to facilitate the finding of the transponder when the robot
suffers from an unknown amount of errors in DOA estimation. Therefore, 2)
the proposed RFID reader improves the capability over the current state-
of-the-art in RFID technology and can be applied to a variety of industrial
applications. 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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Fig. 11 Simulation results under various conditions (a) empty space (b) space
with one obstacle (c) space occupied by randomly positioned obstacles (d) space
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