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ABSTRACT

Existing radio positioning systems have a drawback that the attitude of user's tag is difficult to be determined. Although
forward link angle of arrival (FLAOA) technology that uses measurements of array antenna arranged in a tag among the angle
of arrival (AOA) technologies can estimate attitude and positioning of tags, it cannot extend the estimated results into three-
dimensional (3D) results due to complex non-linear model displayed because of the effects of 3D positioning and attitude in
tags. This paper proposed a radio navigation technique that determines 3D attitude and positioning via FLAOA / time of arrival
(TOA) integration. According to the order of determining attitude and positioning, two integration techniques were proposed.
To analyze the performance of the proposed technique, MATLAB-based simulations were used to verify the performance.
The simulation results showed that the first proposed method, TOA-FLAOA integrated technique, showed about 0.15 m of
positioning error, and 2-3° of attitude error performances regardless of the positioning space size whereas the second method,
differenced FLAOA-TOA integrated technique, revealed a problem that a positioning error became larger as the size of the

positioning space became larger.
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1. INTRODUCTION

In recent years, a variety of application systems based
on radio navigation that ensures high-level accuracy and
availability in the outdoor for users around the world have
been widely used due to the constant deployment of various
global navigation satellite systems (GNSS). However, GNSS-
based positioning systems have a drawback that they cannot
be used in the indoor and various radio navigation-based
positioning technologies such as Wi-Fi, bluetooth low energy
(BLE), and Impulse radio-ultra wide band (IR-UWB) have
been developed for indoor positioning (Hu 2013, Zhu et al.
2014). The positioning technologies based on Wi-Fi or BLE
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have several to tens of meters of positioning error in the
indoor due to the effect of poor indoor radio environment.
Thus, IR-UWB based radio positioning technology has been
widely used in the high precision positioning application area
(Sahinoglu 2008, Viot 2014).

The high precision positioning and attitude information of
vehicle is necessary to control unmanned vehicles precisely
in a large sized indoor environment such as smart factory,
logistic warehouse, and public facilities. The previous study
employed fusion of sensors such as Inertial Navigation
System and Compass to determine indoor attitude of tag
(Hu 2013), but the sensor-based positioning had a drawback
of accumulation of errors over time and it is affected by
the indoor environment significantly (Zhu et al. 2014). In
addition, existing radio navigation-based indoor positioning
systems can be employed in a wide positioning space and
determine a position of tag via inexpensive equipment but
they have a problem of providing only tag positioning without
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attitude information.

The radio navigation of angle of arrival (AOA) mode using
angle measurements can be divided into two: reverse link
AOA (RLAOA) and forward link AOA (FLAOA) according to
the installation location of array antennas. In RLAOA, array
antennas are arranged in the access point (AP) installed in
the fixed location, and positioning of the tag can be calculated
through distance and angle measurements acquired from
the array antennas. However, attitude of the moving signal
source cannot be determined in the case of RLAOA (Kim
et al. 2007). In contrast, array antennas are installed in the
moving tag in FLAOA and angle measurements acquired
here are determined according to the position and attitude of
the tag. Therefore, it is possible to estimate the position and
attitude of the tag by using the FLAOA measurement. (Kim
et al. 2007, Song et al. 2009). However, it is difficult to obtain
the analytical solution in the case of FLAOA measurements
due to the complex nonlinearity of the angle measurements.
Thus, previous studies on FLAOA have been focused on
two-dimensional (2D) positioning and attitude estimation
techniques (Song et al. 2009).

This paper proposed an FLAOA/TOA integrated technique
that determined 3D attitude and positioning by integrating
FLAOA and TOA measurements for 3D attitude and
positioning determination of tags. Two analytical solution
methods were induced to determine 3D positioning and
attitude thereby showing the possibility of determining
3D attitude and positioning of the tag via radio navigation.
Section 2 introduces AOA measurements and existing 2D
FLAOA-based positioning techniques. Section 3 explains the
proposed technique in this paper that determines 3D attitude
and positioning by integrating FLAOA and TOA. Section 4
compares and analyzes the performances of the proposed
two integration techniques, and finally, Section 5 presents the
conclusions.

2. 2D FLAOA—-BASED POSITIONING

2.1 AOA Measurement Model

In order to obtain AOA measurement, which is an angle
information in the direction where the signal source is
located, array antennas with more than 2 antenna elements
have to be used, and user's direction that generates signals
can be estimated using a difference in signal arrival times
obtained from each of the antenna elements. Assuming that
the AP and signal source are far enough away from each
other that the AP views the signals from the signal generation
source as parallel waves, the simplest structure that can
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Fig. 1. Two-dimensional AOA measurement model.
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Fig. 2. Structure of array antennas for three-dimensional estimation.

obtain AOA measurements of signal source from the AP is
shown in Fig. 1 in which two antennas are used.

As shown in Fig. 1, an angle (y) where the user is located
within the 2D half-plane can be estimated in the case of AOA
of the simplest structure using only two antennas. Here,
d refers to a gap between two antennas, and Ar refers to a
difference in distance between received signals arrived at two
antennas.

In the case of 3D AOA measurements, three or more
antenna elements are needed, and they should not be
located in the same line. The structure of array antennas in
which three antenna elements are mutually orthogonal is
shown in Fig. 2. The signal source may not exist in the plane
made by two baseline vectors between antenna elements in
3D antenna. Azimuth «; and elevation S, which is a 3D solid
angle with regard to the signal source, can be calculated via
Eq. (1) using an incident angle v';, measured from Antennas
1 and 2 and an incident angle y',, measured from Antennas 1
and 3 (Mardiana & Kawasaki 2000).

cosy , =cos S, cosa,

cosy ,, =cos B sina, )

The AOA (mode) can be divided into RLAOA and FLAOA
(modes) depending on the main actor that measures the
arrival angle of the received signal. In RLAOA, array antennas
are installed in AP and a location of the tag can be acquired
using distance and angle measurements of the array antenna.
The 2D RLAOA measures an angle of arrival (y,) at the i-th
AP where the array antenna is installed when a user receives
a signal as shown in Fig. 3, and from this y; and the i-th AP
location (x, y;), location (x,, y,) of the user can be estimated
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(Song et al. 2009).

The 2D RLAOA measurement model is presented in Eq. (2).
In the case of RLAOA, the attitude of the signal source is not
included in the angle measurement so that the attitude of the
user cannot be calculated (Kim et al. 2007).

v, = tan-t Fu "2 @
l (xu - )

In FLAOA, an array antenna is installed in the moving
tag, and angle measurements (¢ acquired here includes the
attitude measurement (y,) of the tag as shown in Fig. 4. Thus,
the position and attitude of the tag can be estimated using
FLAOA measurements.

The 2D FLAOA measurement model is presented in Eq. (3)
(Kim et al. 2007, Lim 2017).

(. =2)-(x,—x)tany,
(xu _xi)+(yu _yi)tany/u

tan (&) =tan(y, —y, )= 3)

2.2 Two-dimensional Attitude and Positioning
Measurement Technique Based on FLAOA Measurements

The previous studies on 2D FLAOA reported that
2D attitude (y,) and positioning (x,, y,) of the tag can
be estimated analytically through the measurement
transformation using the relationship equation between
positioning and attitude of the tag and FLAOA measurements
(Kim et al. 2007, Song et al. 2009). Eq. (3), which is a 2D
FLAOA measurement of the i-th AP is summarized as Eq. (4).
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(xu _'xi)tangi +(yu _yi)tan‘//u tané‘ = (yu _yi)_(xu _xi)tan'//u (4)
By defining r = tany,, p = x,+y,7, and q = x,r-y,, and using

the measurements from N APs, it is expressed as a matrix as
presented in Eq. (5).

—(xl + ), tan §1) tané, 1
—(x2 +y, tan 52) tang, 1

- X tané -y,

x,tang, —
pl=dz=| TEET | (5
‘ :

—(xy+yytané,) tané, 1 xytané&, -y,

By applying the least square to Eq. (5), r, p, and g, which
are unknown parameters, can be estimated as presented in
Eq. (6).

r
z=|p|=(474) 4'b ©)
q

From the estimated r, p, and g, positioning (x,, y,) and
attitude (y,) of the tag are calculated via Eq. (7).

X _ptrqg

u

m—q _
71+r2,yuzm,l//u=tanlr @)

3. TECHNIQUE TO DETERMINE 3D
ATTITUDE AND POSITIONING BASED ON
FLAOA/TOA

3.1 Three-dimensional FLAOA/TOA Measurement Model

Since 3D FLAOA measurement is affected not only by
tag location but also by 3D attitude between reference and
tag coordinates as shown in Fig. 5, it is determined by six
variables. That is, it is expressed as a complex non-linear
measurement model where roll angle (¢,), pitch angle (6,),
and yaw angle (y,), which are 3D attitude measurements of
the tag that needs estimation, are multiplied one another,
and the 3D FLAOA/TOA measurements are presented in Eq.
(8) (Lim 2017).
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Pi cos f3, cos ¢,
M =T(v,)T(6,)T(4,)| cos B sing, (8)
i sin 3
L A ]

Here, [cos 3, cos a, cos f3; sin &, sin )" refers to 3D FLAOA
measurement measured at the tag, and (¢,, 6,, v,) refers to
roll angle, pitch angle, and yaw angle that represent a rotation
between the reference and tag coordinates. In addition,
(x, v, z;) refers to a position of the i-th AP in the reference
coordinate, (x,, y,, z,) refers to a position of the tag in the

reference coordinate, p, = \(x,x)+(y,-y) "+ (z,-z)* and T(y,),
T(6,), T(¢,) is calculated via Eq. (9) (Van Graas & Braasch
1991, Titterton & Weston 2004).

10 0
T(4,)=|0 cosg, -—sing, |,
|0 sing, cosg, |
[ cos@, 0 sin,]
T(6,)=| O 10 |
|—sing, 0 cos6,

[cosy, —siny, 0
T(y,)=|siny, cosy, 0 9
0 0 1

The 3D FLAOA problem is to estimate unknown numbers
(%40 Y Zw ¢ 0, v,) from the measurements («, f;) from
multiple APs. Since not only the position (x,, y,, z,) of the tag
from the 3D FLAOA measurement but also attitude (¢,, 0,,
v,) should be estimated, and the position and attitude are
coupled complexly, it is difficult to calculate an analytical
solution using FLAOA measurement only. To solve this
problem, this paper proposes a technique to determine 3D
position and attitude via two methods by integrating FLAOA
measurement with TOA measurement.

3.2 Position and Attitude Determination Technique Based
on TOA and FLAOA Measurements

The first technique proposed in this paper is a TOA-
FLAOA integrated technique, in which the position of the
tag is calculated first using TOA measurements, and then
the attitude of the tag is calculated using the estimated tag
position and FLAOA measurement. In order to calculate the
position of the tag first based on TOA measurements, TOA
measurement between the tag and the i-th AP is presented in
Eq. (10).
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pi:\/(xu_xi)2+(yu_yi)2+(zu_zi)2 (10)

The position (x,, y,, z,) of the tag can be estimated by
applying least squares etc. to TOA measurement from N APs
(Bensky 2008).

To calculate the attitude of the tag using the position of the
tag estimated from TOA measurement, Eq. (8) is rewritten to
become Eq. (11).

(xi 7xu)
(v,=».,)|=T| p,cos B sina, (11)
p,sin g,

P, cos fBcosa,

Here, it satisfies

T=1(y.)7(6)7(4.)
cosy, cos@, —siny, cosg, +cosy, sinf, sing, siny, sing, +cosy, sing, cosg, }

siny, cos@,  cosy, cosg, +siny, sind, sing, —cosy, sing, +siny, sing, cosg,

—sing, cos @, sing, cos 6, cos ¢,

(Van Graas & Braasch 1991). Assuming that the measurements
are acquired from N APs, Eq. (11) is expressed as presented in
Eq. (12) as a determinant.

(x=x,) (e =x,) = (xy-x,)
=2) (2=2) (7w =2)

(z-2,) (z-2,) -+ (2x-2,)

P, cos B cosa, p,cos fB,cosa, -+ p, cos B cosa,
=T| p,cos Bsina, p,cosf,sina, - p, cos By sina, (12)
psinf psinf, o pysinf,

The rotation matrix T, which contains unknown numbers
in Eq. (12) can be calculated using Eq. (13) (Van Graas &
Braasch 1991, Titterton & Weston 2004).

T=R Ry (R R ) (13)

ned body ™ “body

Here, it satisfies

_(xl _xu) (xZ—xu) (XN_xu)
oty = | (=) (7 =2.) = (v =) |

(Zlizu) (ZZ*Zu) (ZNfzu)

p, €08 B, cosa, p,cos ff,cosa, -+ P, oS B, cosay

R, =| pcos B sina, p,cospf,sina, --- p,cosf, sina,

pysinf p,sin f, pysin S

From T calculated via Eq. (13), the attitude (¢,, 6,, v,) of the
tag can be calculated as presented in Eq. (14) (Van Graas &
Braasch 1991).

0, =sin” (-T;,).¢, =sin”" (TJW =Sinl[ . J (14)
cos 6,

cos 6,

Here, T} refers to the i-th row and j-th column element of the
rotation matrix T.



3.3 Differential Attitude and Positioning Determination
Technique Based on FLAOA and TOA Measurements

The second technique proposed in this paper is a
differenced FLAOA-TOA integrated technique, in which
the attitude of the tag is calculated first using differenced
FLAOA measurements, and then the position of the tag is
calculated. To estimate the attitude of the tag first, FLAOA/
TOA measurement of the i-th AP is differentiated based on
FLAOA/TOA measurement of the first AP to have Eq. (15).

(=) | [ (x=x)=(x—x,

)
yo=y) =1 (i=v)-(n =)
: )

—_

(z-2.)-(2-2,
cos 3, cos ¢, cos 3, cos
=T| p,| cosf.sine, |—p,| cos B sine, || (15)

sin g, sin f,

Here, p; employs TOA measurement. Assuming that the
measurements are acquired from N APs, Eq. (15) is used to
have Eq. (16) which is a determinant.

Xy —%)
(r=2) Gr=0) = (e =n )}
(22-2) (z=2) -+ (2=2)
(9. c0s B, cosa, — p, cos f cos @, ) ( p, cos B, cos , — p, cos B, cos @, ) -+~ ( p cos By cosa, — p, cos B cosa, )
:Tﬂ(pzcosﬁzsmlzxfp‘ cosfsina,) (p,cos Bsina, — p,cos fsina,) -+ (py cos B sina, —p, cos f, sina,)ﬂ (16)

(p.5in B, ~psin )

|:(“'1 —n) (=) - (x
Ry, =

(psin - pysin ) (pysin iy~ pysin )

_R?
= Rwrl

Here, Rfﬂdy and R%, refer to the differentiated measurement
and state in the body and reference coordinates, respectively.
The unknown parameter is a rotation matrix T determined
through the tag attitude, and T can be calculated using the
same method presented in Eq. (13). After calculating T, the
tag attitude (¢,, 6,, v,) is calculated using the same method
presented in Eq. (14). Using T calculated from Eq. (16),
pre-determined position of i-th AP (x, y, z;), and FLAOA
measurement, the position (x,, y,, z,) of the tag can be
calculated from Eq. (11).

The differenced FLAOA-TOA integrated technique
requires the pseudo inverse operation only for attitude
estimation, which is in contrast with TOA-FLAOA integrated
technique. Thus, it has an advantage of fewer computations
than that of TOA-FLAOA integrated technique.

4. SIMULATION RESULT

This section compared the performances of proposed
two FLAOA/TOA integrated positioning systems through
simulations. The position was calculated first through
MATLAB based simulations, and the attitude was then
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Table 1. Placement of APs in each experiment.

AP xm] ylm] z[m]

Experiment 1 API -25 -25 1
AP2  -25 25 1
AP3 25 -2.5 1
AP4 25 25 1
Experiment 2 API -2.5 -25 -1
AP2 25 -2.5 1
AP3 25 2.5 -1
AP4 25 2.5 1
AP5 25 -2.5 -1
AP6 2.5 -2.5 1
AP7 25 25 -1
AP8 2.5 2.5 1
Experiment 3 API1 -5 -2.5 1
AP2 -5 25 1
AP3 5 -2.5 1
AP4 5 25 1

calculated using TOA-FLAOA integrated technique for
attitude calculation. Then, the positioning errors of the
differential FLAOA-TOA integrated technique that calculated
positioning were compared. To make the simulation have
a similar significance with the actual IR-UWB positioning
test, the TOA measurement deviation was set to 0.1 m (Viot
2014), and FLAOA angle measurement deviation was set
to 1.5° (Swedberg 2016). For the error model, the Gaussian
error model, which has been widely used in measurement
error models, was applied. Since IR-UWB positioning test
was assumed, Non Line of Sight (NLOS) environment and
multi-path errors were ignored (Sahinoglu 2008). The test
was divided into three cases according to the number of
APs and arrays. The error according to the expansion of
the positioning space was compared in each test case.
The environment of Experiment 1 was a square type AP
arrangement as a basic positioning space. Experiment 2
was the same environment but the number of APs was
increased. Experiment 3 employs a rectangular type AP
array to analyze the positioning performance according to
dilution of precision (DOP). The coordinate of the AP in each
experiment is presented in Table 1, and the layout of the APs
is shown in Fig. 6. For the positioning algorithm, the Gauss-
Newton (GN) technique, which is one of the most widely used
methods, was applied (Bensky 2008). Since the measurement
contained a bias error, Root Mean Square (RMS) errors of 3D
positioning and attitude and mean errors at the center of the
positioning space were analyzed for accurate comparison.
The results of Experiments 1 and 2 were compared to
analyze the positioning performance according to the
number of APs. Figs. 7a-d show the 3D positioning and
attitude errors in TOA-FLAOA and differenced FLAOA-TOA
integrated techniques in Experiment 1, and Figs. 8a-d show
the results of Experiment 2. The TOA-FLAOA integrated
technique had about 0.15 m positioning error and 1.5° (in the
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Fig. 6. Placement of APs in each experiment (left: experiment 1, middle : experiment 2, right : experiment 3).
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Fig. 7. The positioning error in FLAOA/TOA integrated system with 4 APs. (a) is result of positioning error using TOA-FLAOA integrated technique in
experiment 1, (b) is result of attitude error using TOA-FLAOA integrated technique in experiment 1, () is result of positioning error using differenced FLAOA-
TOA integrated technique in experiment 1, (d) is result of attitude error using differenced FLAOA-TOA integrated technique in experiment 1.

center part) to 3.0° (in the outer part) attitude error when the
number of APs was four, and about 0.15 m positioning error
and 0.5° (in the center part) to 2.0° (in the outer part) attitude
error when the number of APs was eight. Thus, relatively
uniform performances of positioning and attitude errors were
revealed regardless of the tag position inside the positioning
space, and no significant effect of the change in the number of
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APs was exhibited. In contrast, the differenced FLAOA-TOA
integrated technique had about 0.1 m (in the center part)
to 0.5 m (in the outer part) positioning error and 5.0° (in the
outer part) to 7.0° (in the center part) attitude error when the
number of APs was four, and about 0.13 m positioning error
and 0.5° (in the outer part) to 1.0° (in the center part) attitude
error when the number of APs was eight. This technique
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Fig. 8. The positioning error in FLAOA/TOA integrated system with 8 APs. (a) is result of positioning error using TOA-FLAOA integrated technique in
experiment 2, (b) is result of attitude error using TOA-FLAOA integrated technique in experiment 2, (c) is result of positioning error using differenced FLAOA-
TOA integrated technique in experiment 2, (d) is result of attitude error using differenced FLAOA-TOA integrated technique in experiment 2.

showed equivalent or superior positioning performance
than TOA-FLAOA integrated technique when the number of
APs was sufficient. In contrast, when the number of APs was
insufficient, the positioning errors became about three times
larger and attitude errors became about seven to ten times
larger than those when the number of APs was sufficient,
indicating rapid performance degradation. Thus, changes
in positioning error were significantly large according to the
position of the tag.

Next, the results of Experiments 1 and 3 were compared
to analyze the positioning performance according to the
arrangement of the positioning network. Figs. 9a-d show
the experiment results of the two techniques in Experiment
3. Since the positioning space was a rectangular shape
in Experiment 3, the area where the DOP was bad in the
positioning space was large. Thus, positioning errors in both
of the techniques were larger than those of Experiment 1
but the overall pattern was similar to that of Experiment

1. In TOA-FLAOA integrated technique, positioning error
was relatively uniform inside the positioning space. The
positioning and attitude errors of Experiment 3 were
increased by about 1.1 times and 1.2 times respectively,
compared to that of Experiment 1. In contrast, in the
differenced FLAOA-TOA integrated technique, positioning
and attitude errors of Experiment 3 were increased by about
1.5 to 3 times and 1.6 times respectively, compared to that of
Experiment 1 as a measurement place became farther from
the center of the positioning space.

The mean values of positioning and attitude errors were
compared to analyze the errors quantitatively. Tables 2 and
3 present the mean values of positioning and attitude errors
at positions (0, 0, 0) and (2.5, 2.5, 0) of the tag in Experiments
1 to 3. Both of the techniques showed a similar performance
in the center of the positioning space whereas positioning
errors were diverged as a measurement place became farther
away from the center of the space in the case of differenced

http://www.ipnt.or.kr
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Fig. 9. The positioning error in FLAOA/TOA integrated system for bad DOP. (a) is result of positioning error using TOA-FLAOA integrated technique in
experiment 3, (b) is result of attitude error using TOA-FLAOA integrated technique in experiment 3, (c) is result of positioning error using differenced FLAOA-
TOA integrated technique in experiment 3, (d) is result of attitude error using differenced FLAOA-TOA integrated technique in experiment 3.

Table 2. The average of the position and attitude errors at the tag position (0, 0, 0).

TOA-FLAOA integrated technique

differenced FLAOA-TOA integrated technique

Position error [m]

Attitude error [deg]

Position error [m] Attitude error [deg]

Experiment I x -0.001 0.0488 0.0002 0

y 0.0037 0.1339 -0.0027 0

z 0.0017 -0.0555 0.0006 -0.1989
Experiment 2 x 0.001 0.0071 0.0011 0

y 0.0036 0.0055 -0.0004 0

z 0.0024 0.0233 0.0042 0.0313
Experiment3 x 0.0016 0.129 0.0043 0

y 0.0005 0.1624 0.0022 0

z -0.0019 0.0357 0.0017 -0.1335

FLAOA-TOA integrated technique.

Finally, a size of the positioning space in Experiments

1 to 3 was expanded by one to ten times to analyze the
positioning performance of the two techniques according
to a size of positioning space, and positioning and attitude
errors at tag position (0,0,0) were compared. Figs. 10a-d show
the 3D positioning and attitude errors of the two techniques
according to the expansion of the workspace size. The
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attitude error in TOA-FLAOA integrated technique had a
range of 0.5° to 2.5° due to the DOP or the number of APs, and
the positioning error had no significant change around 0.15 m
and no significant effect of the expansion of positioning space
was revealed. In contrast, the positioning error in the case of
differenced FLAOA-TOA integrated technique was affected
by DOP or the number of APs significantly. In particular, the
attitude error was increased by seven to ten times compared
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Table 3. The average of the position and attitude errors at the tag position (2.5, 2.5, 0).

TOA-FLAOA integrated technique

differenced FLAOA-TOA integrated technique

Position error [m] Attitude error [deg] Position error [m] Attitude error [deg]
Experiment I x 0.0017 -0.5543 -0.0099 0
y -0.0003 0.4772 -0.0161 0
z -0.0019 -0.0067 -0.0017 -0.1091
Experiment 2 x -0.0029 -0.05 -0.004 0
y -0.0021 0.0724 -0.0037 0
z 0.008 -0.0436 0.0018 0.0085
Experiment 3 x 0.0014 0.1528 -0.0371 0
y -0.0012 0.1286 -0.0502 0
z -0.0011 0.0125 -0.0053 -0.2121
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Fig. 10. The positioning error according to size of work space (tag position is (0,0,0)). (a) is positioning error result of experiment 1~3 using TOA-
FLAOA integrated technique, (b) is attitude error result of experiment 1~3 using TOA-FLAOA integrated technique, (c) is positioning error result of
experiment 1~3 using differenced FLAOA-TOA integrated technique, (d) is attitude error result of experiment 1~3 using differenced FLAOA-TOA

integrated technique.

to good positioning environement. In addition, the figures
verified that the attitude error was not affected significantly
when the size of positioning space became larger but the
positioning error was increased rapidly by 3.5 to 5.5 times
when the size of positioning space became ten times larger.
In the differenced FLAOA-TOA integrated technique,
positioning errors were not uniform when the number of APs

was insufficient or DOP was bad, and positioning errors were
rapidly increased as the positioning space became larger.
The reason for those phenomena is as follows: since the
differenced FLAOA-TOA integrated technique differentiates
FLAOA measurement, increase rates of positioning and
attitude errors are high when the number of APs is small
or DOP is poor. In addition, since the position is calculated
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after estimating the attitude first using the differential
measurement, the attitude estimation error will have an effect
on amplifying the positioning error significantly as DOP is
poor or a distance between tag and AP become farther. Thus,
a positioning error increases rapidly as a positioning space
size becomes larger. In contrast, TOA-FLAOA integrated
technique showed consistent and excellent positioning
performance in all workspaces regardless of the number of
APs, DOP, and the size of positioning space.

5. CONCLUSIONS

This paper proposed a radio navigation system to
determine 3D position and attitude of moving vehicles by
integrating FLAOA and TOA measurements. The TOA-
FLAOA integrated technique that calculated attitude from
FLAOA measurements after calculating a position from TOA
measurements, and the differenced FLAOA-TOA integrated
technique that calculated a position after calculating attitude
from the differenced FLAOA measurement were proposed.
The simulation results showed that the differenced FLAOA-
TOA integrated technique was sensitive to the number of APs
or DOP and positioning error was rapidly increased according
to the size of positioning space whereas TOA-FLAOA
integrated technique revealed consistent and excellent
positioning and attitude determination performances in
all positioning spaces regardless of the number of APs,
DOP, and positioning space size. Thus, when TOA-FLAOA
integrated technique proposed in IR-UWB radio positioning
system is applied, it can calculate high precision positioning
and attitude of indoor moving vehicles at the same time and
it can be applied to various indoor navigation applications.
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