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Abstract: Accurate relative location estimation is a key requirement in indoor localization systems based on wireless sensor
networks (WSNs). However, although these systems have applied not only various optimization algorithms but also fusion with
sensors to achieve high accuracy in position determination, they are difficult to provide accurate relative azimuth and locations to
users because of cumulative errors in inertial sensors with time and the influence of external magnetic fields. This paper based on
ultra-wideband positioning system, which is relatively suitable for indoor localization compared to other wireless communications,
presents an indoor localization system for estimating relative azimuth and location of location-unaware nodes, referred to as target
nodes without applying any algorithms with complex variable and constraints to achieve high accuracy. In the proposed method, the
target nodes comprising three mobile nodes estimate the relative distance and azimuth from two reference nodes that can be installed
by users. In addition, in the process of estimating the relative localization information acquired from the reference nodes, positioning
errors are minimized through a novel modified rounding estimation technique in which Kalman filter is applied without any time
consumption algorithms. Experimental results show the feasibility and validity of the proposed system.
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1. Introduction received signal strength indicator (RSSI), or angle of arrival

In recent years, various indoor localization systems based on (AoA) for range-based localization [17]-{26]. One of these

WSNs have received a great deal of attention in many aspects wireless communications, UWB technology, can be used to

such as personnel tracking and monitoring in office track a moving target within cm level accuracy since the

environments, machine-to-machine (M2M), and indoor robot transmitted signal has an extremely short duration, compared to

navigation [1]-[4]. Also, indoor navigation has been applied in other ones.

large convention centers, which provide not only a user’s path Generally, range- based localization can estimate positioning

to be traveled but also orientation and shopping information to by taking advantage of difference of received signal strength

increase user convenience [S][6]. However, because the error and trilateration-based positioning method. This method does

s . . . S not accumulate error over time; however, it can suffer errors
range of positioning in such systems is quite significant ’ ’

compared to the interior space, the resulting unreliable direction when there are radio interference factors. Also, in the process of

information is not satisfying the customers. Many of these the development of accurate relative location estimation, these

systems use Wi-Fi [7], Zigbee [8], radio frequency identifica- methods are integrated with several localization schemes such

tion (RFID) [9], chirp spread spectrum (CSS) [10], and ultra- as convex positioning, maximum-likelihood (ML) estimation,

wideband (UWB) [11]-[16] for wireless communications plus or robust min-max optimization methods [27]-[31]. However,

time of arrival (ToA), time difference of arrival (TDoA), although theoretical and experimental results have demonstrated
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that these schemes are suitable for high accuracy applications,
many of these iterative search techniques often require takes a
great deal of time and thus are difficult to implement real time
location systems (RTLSs).

More recently, to reduce iterative computation time, system
architectures with micro electro mechanical systems (MEMS)
sensors such as accelerometer, gyroscope, and geomagnetic
sensors plus a filter for additional error compensation owing to
sensor drift have been proposed [32]-[36]. Although the
performance of these architectures for location estimation is
suitable for RTLSs if the corresponding problem can be solved,
for example, the sensitivities to electromagnetic noise attributed
to a variety of electronic devices, power lines, etc. that can
deteriorate its accuracy, and the position errors accumulated
over time because they are calculated recursively. To solve
these problems, the acquisition of azimuth and location
information that is robust and stable against electromagnetic
interference is required for the indoor navigation system.

Therefore, this paper based on UWB localization proposes an
indoor positioning system that can resolve the cumbersome
node deployment problem in WSNs and provide azimuth and
positioning information to users without any MEMS sensors in
which electromagnetic noises can be occurred. In the proposed
method, a user with target nodes which consist of three mobile
nodes can deploy two reference nodes arbitrarily in places
where position recognition is required without pre-deployment
of reference nodes used in trilateration, and wherein the user’s
distance and azimuth can be estimated on the basis of the two
reference nodes. In addition, the positioning errors are
minimized by using a novel modified RE technique in which
iterative

Kalman filter is applied without applying an

computation algorithm with complex variable and constraints.

2. Related Theories

The two-way ranging (TWR) scheme measures distance
using the round-trip time of a signal, which does not require
clock synchronization between the two devices. First, Device A
records the starting time when a packet is transmitted, while
Device B records the arrival time of the packet. Device B waits
for t,.¢p,, followed by sending a ranging message to Device A.
Here, tyepy is set to be longer than t,,. Finally, Device B
transmits all the measured times to Device A. Here, the times

are calculated using Equation (1), and the distance between
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two devices can then be obtained by multiplying the acquired

time t,, by the speed of light ¢ = 2.99792458 x 108 m/s.

(Trounda = treply)
tpA — Uroun - reply. (1)

SDS-TWR distance measurement technology is a
technological extension of TOA-based TWR technology as
shown in Figure 1, whose accuracy of distance measurement
can be increased by performing TWR twice. First, Device A
records the packet transmission starting time while Device B
stores the packet arrival time. Device B waits for tyepiyp
followed by transmitting the ranging message to Device A.
Here, t,¢piyp is set longer than t, . Finally, Device B transmits
all the measured times to Device A. Here, the time can be

calculated by Equation (2).

(TraundA - treply) + (TroundB_ treplyB)
tpa = ' @

The trilateration method measures sensor node position via
angulation technique that uses the angle with the reference node

or lateration one that uses distance from the reference nodes.

I Device A Device B
J e TTT— o
Trounfia treply

Troundﬁ'

Figure 1: Method of distance estimation between two
devices with an asynchronous system clock using symmetric

double-sided two-way ranging(SDS-TWR)
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The lateration technique has been used widely because it can
measure distance using the time of flight (TOF) of signals or
signal strength without additional hardware support.

As shown in Figure 2, the coordinates of each intersection
point can be determined by solving the simultaneous equations
in Equation (3) if the coordinates of each reference node and

distances between the mobile and reference nodes are known.

X - x1)2 + (Y - 3’1)2 = d,azp
X —x)%+ (Y —y3)* = dj, 3)
X —x3)* + (Y —y3)* = dZ.

Figure 2: Schematic diagram of trilateration

As shown in Figure 3, the rounding estimation (RE)
technique [37] that we previously proposed is a method of
estimating a distance based on the received distance values,
similar to the trilateration method. Note that if a system using
the trilateration method where three or more reference nodes are
used to estimate the positions of mobile nodes is applied,
position error can be generated as shown in Figure 3 (a). Thus,
the RE technique is a method of estimating the position of the
reference node using the intersection of a straight line through
the center of the mobile node and the circle whose radius is
based on the received distance value between the reference and
mobile nodes as shown in Figure 3 (b). Figure 4 shows the
transformation of the rotation of coordinates. When P;(1,0,0) is
rotated by an angle 8 around the z axis, it is transformed into
x =cosf,y =sinf,z = 0 while P,(0,1,0) is rotated by an
angle 6 , it is transformed into x = cos(f + m/2),y =
sin(@ +m/2),z=0 that is x = —sinf,y=cosf,z=0
according to the basic equation of trigonometric functions. For

P;(0,0,1) which is a rotating axis, x =0,y =0,z=1 is
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maintained as the same. The points are represented as a column-

based matrix as follows:

cosf —sinf 0
Zg =|sinf cosf@ O “4)
0 0 1

which is a z-axis-based matrix value among the Euler angle

transformations.

(a)

d{.’?'?‘()?"

B Real fixed node position & Mobile node

@ Estimated fixed node position

Figure 3: Schematic of (a) estimation error of trilateration

and (b) RE technique.

T'(cosB,sin 6,0)

-

7(1,0,0)

/

3. Produced Method Using a Modified Re
Technique

Figure 4: Rotation of coordinates.

Here we discuss the theoretical background of the proposed
method. The proposed system consists of two reference nodes
and target nodes comprising three mobile nodes which are held
in the user’s hand as shown in Figure 5. Let the target nodes be
deployed at intervals of 120° at a constant radius to estimate
azimuth and the reference nodes be deployed in a straight line at
an appropriate distance. Assuming that z,,, z,,,’, and z., are all
the same value, the three mobile nodes can be deployed

according to Equation (5).

X cos@ —sinf O] *xp
Yk|=|sin@ cos® O0||yep+R| k=123 (5)
Zy 0 0 1 Zcp
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{x?'!f"}‘?’!ﬂ'z?’!ﬂj ':xr'p ", ¥rp " Zrp r:]

Figure 5: Deployment scheme for the mobile node and

reference node.

where R refers to the distance to each node from the center of
the mobile nodes deployed in a triangular arrangement, and
6 = 2m(k — 1)/3 refers to the angle of the angle of the k" node
deployed. Figure 6 shows a block diagram of the proposed
localization method using a modified RE technique in which
Kalman filter is applied, not the trilateration technique to take
advantage of the existing Monge’s theorem. This method is
divided largely into estimation of the reference node and
estimation of the relative coordinate. In the first step of
reference node estimation, the coordinates of the reference
nodes are estimated on the basis of the mobile nodes in the
order of (a), (b), and (c) in Figure 7. First, acquire the
coordinates of the intersection points between each circle
formed using received distance values between the mobile and
reference nodes dq,d,;,and d,; and a straight line with a
slope calculated by Equation (6) passing through the central
point of the mobile nodes, which are deployed around a
constant radius in a triangular arrangement, as shown in Figure

7 (a).

0, = tan”! (M) (6)
Sln( 180 )
where (6,,) is a slope of a straight lineand n=0, 1, 2, ..., 179.

Next, calculate distances between the intersections of the
straight line and the circles determined for each slope using

Equation (7) as shown in Figure 7 (a).

dei = \/(Xci - xcj)z - (Ya' - ycj)z ,

i=123j;=231, @)
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L. Get the intersection points of each circle using
lines passing through the central point of mobile

Raw node.

data

!

2. Calculate distances between points :
do.dp dedy.dpd."

!

3. Search for minimum distance among

them : f; = arg min d,

where. @; is arelative coordinates (x,y)and d,
is a sum which is distances of the step 2

v

4. REeturn minimuum  point
¥z ¥e ¥z e

X

3. Coordinates transition and rotation

!

Apply to Kalman filter:
= &g + Ky(zy — HEg)
Ve + Ky (2 — H¥g)

4

6.
L
P =

K

!

7. Estimated location
£ Y

Figure 6: Block diagram of proposed localization system.

e
T\ {x“ Yeu)

2: ¥e2

Figure 7: Estimating stage of the reference node: (a) get the
intersection point of circle and line, (b) get the first node
coordinates, and (c) get the second node coordinates by

repeating previous two processes.
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where, d.; is distance of each intersection point, and
(Xcir Yei)s (xc i Ve ]-) are intersection points. As shown in Figure
7 (b), find the minimum sum of distances (d.q, d.,,and d.3)
between the intersections of the acquired circles and the straight
line. Here, if more than two places with the minimum distance
can be acquired, the final position of the reference node can be
estimated via the average of the coordinates according to
probability. In Figure 7 (¢), a coordinate of (xg',y5") which is
kept at a constant distance, is estimated using the same
estimation method used for a coordinate of (xg,yg). The
second step of relative coordinate estimation follows the order
of (a), (b), (c), and (d) in Figure 8. The coordinate of the
reference node estimated via the coordinate transformation and
that of the actual reference node are kept the same to acquire the
final relative coordinate of the mobile node. As shown in
Figure 8 (a), the longer the distance to the reference node is,
the higher the error is, which decreases the reliability of the
reference point of the coordinate transformation. Therefore, the
reference point for the coordinate transformation is selected as
the smaller value of dy and d,. As shown in Figure 8 (b),
(xg, yg) is transformed by as much as Ax and Ay obtained by
Equation (8) to keep them the same with the reference point
(xg,Vg) for coordinate transformation of the mobile node.

®)

{Ax = X5 — Xg,
Ay =Yg =Yg

In Figure 8 (c), (xz', yg') and (xz',yg") are kept the same to
acquire the final azimuth 6, of the mobile node for rotational
transformation of the mobile node. In Figure 8 (d), based on
the acquired azimuth, the mobile node is rotated for
transformation using Equation (9) and Equation (10) to obtain
the coordinate of the mobile node determined based on the

reference node.

[Xkr cosf —sinf 0] [Xke

Yir|=|sin® cos@® O||Vke|, k= 1,23, Q)
L Zkr 0 0 11 L2kt

[Xf 22:1 xkr/3

Yr| = |Zk=1vkr /3], (10)
L2 2?{:1 Zkr/3

where Xy, Vie, and zg, refer to the coordinates of the mobile

node prior to the rotation transformation, while x,, y,¢, and z,,
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refer to the coordinates of the mobile node after rotation
transformation. In addition, xf, Yy, and z; refer to the finally

determined coordinates of the mobile node.

CD: “‘, d;

y (*g.¥z) \d““ \“g(mylr} y #Xlrr)’lr}
1
00 o0
(3 Y2t ) (g, Yar) (*ar.Yar ) (Xgp. Y2 )
© @ lE Ty +4y) @
Gae) Lo o (%) x (%=:Y) (xa'¥")
(3¢ + 4, Y1, 7AY) :':'5:. *
(270 + A, Y ray) -!le:: |
e'0 P )
(25 + A, ya+hy) (FarYar )y | (*1r.y1r)
¥y ¥ b(x:rr)’:r}

Figure 8: Estimating stage of relative coordinates: (a) compare
with the distance from the mobile node to reference nodes 1 and
2, (b) transform the coordinates based on estimated reference
node, (c) get the azimuth of the mobile node, and (d) get the

final coordinates of mobile node.

4. Experiment and Analysis

Experiments are performed by a prototype made from the
proposed system consisting of the 3 mobile nodes and the 2
reference nodes. The radius (R) for node deployment of the
mobile nodes was determined by computer simulation. Before
that, in order to validate the measurement distance error of the
P410RCM module, measurement results obtained by keeping a
distance between the reference and mobile nodes of 1-31 m at
1-m intervals are shown in Figure 9. The experiment result
showed that the standard deviation of the distances was 7 cm,
and average distance error was 4.6 cm. Here, we found that
errors abruptly increased at 12 m and 13 m, which was due to
an obstacle in the experimental environment that blocked the
line of sight (LOS). Other than those areas, no unexpected result
was found. Currently, various studies for improving accuracy
under the NLOS condition have been conducted; however, in
the present study, we considered only the LOS condition.

Figure 10 shows a graph of the computer simulation result. The
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x axis represents the radius (R) of the node deployment gap
between the mobile nodes, while the y axis represents the
distance error of the reference nodes for each node. The
simulation was conducted while increasing the radius from 6
cm to 38 cm. For each radius, an average value of the results
obtained by rotating the mobile nodes from 0° to 360° was used.
The simulation result revealed that when the radius for the
initial deployment was 6 cm, the estimated distance error of the
reference node was about 36.7 cm, which was higher relative to
the intrinsic error of the UWB module. Furthermore, as the
radius of the mobile node increased, the distance error of the
reference node decreased continuously to converge to about 5.4

cm at a radius of 35 cm.
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Figure 9: Distance error from a mobile node to a reference
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Figure 10: Distance error of the reference node according to the

deployment radius of the mobile node.

5. Conclusions and Future Research

Directions

This paper describes a novel modified RE technique that the
positioning errors can be minimized and an indoor localization
system for acquiring a user’s azimuth and location information

based on two reference nodes and target nodes, which are
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robust against position errors due to the effects of external
magnetic fields and cumulative errors caused by using MEMS
sensor fusion systems. In addition, the proposed system in an
indoor environment can estimate its own relative azimuth and
position without pre-deployment of the reference nodes which
are used in conventional tri- or multilateration and be
minimized the positioning errors by using a novel modified RE
technique in which Kalman filter is applied without applying an
iterative search techniques that require computation time by
using complex variable and constraints. To verify the validity of
our proposed scheme, the robustness against cumulative errors
over time and magnetic field was numerically analyzed through
the actual prototype experiments. In our future research, we will
extend the localization of LOS environment to that of NLOS
environment. The performance of a fast-moving sensor network

and three-dimensional nodes will be studied theoretically and

experimentally.
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