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Abstract

Over a wireless sensor network (WSN), accurate localization of sensor nodes is an important factor in enhancing the
association between location information and sensory data. There are many research works on the development of a
localization algorithm over three-dimensional (3D) space. Recently, the complexity-reduced 3D trilateration localization
approach (COLA), simplifying the 3D computational overhead to 2D trilateration, was proposed. The method provides proper
accuracy of location, but it has a high computational cost. Considering practical applications over resource constrained
devices, it is necessary to strike a balance between accuracy and computational cost. In this paper, we present a novel 3D
localization method based on the received signal strength indicator (RSSI) values of four anchor nodes, which are deployed in
the initial setup process. This method provides accurate location estimation results with a reduced computational cost and a

smaller number of anchor nodes.

Index Terms: Localization, Received signal strength indicator, Three-dimensional space, Wireless sensor network

I. INTRODUCTION

Sensor networks are an emerging field for ubiquitous
environments such as surveillance, environmental monitor-
ring, home automation, and health care systems. These
applications utilize sensory data together with knowledge of
location information for location-based services or authen-
tication algorithms [1, 2]. Moreover, the location informa-
tion determines the deployment strategies in mobile sensor
networks [3, 4]. When mobile sensors are densely or
spatially deployed in a field, to enlarge the coverage of the
sensing area and efficiency of communication, the initially
deployed nodes should be replaced.

To provide accurate location information, many loca-
lization algorithms have been proposed over two-dimen-
siona (2D) space, but in reality, sensor nodes are deployed

in the 3D space. For this reason, our research has focused on
3D space and has aso considered the light-computational
cost algorithm. A previous method, the complexity-reduced
3D trilateration localization approach (COLA), [5] computes
the localization using six anchor sensor nodes and simplifies
the 3D computational overhead to 2D trilateration.

However, the COLA method has made little progress in
reducing computational cost and can even increase the num-
ber of anchor nodes. For this reason, we need to adapt a
more efficient and lightweight method for wireless sensor
network (WSN) environments.

In this paper, we propose a localization agorithm based
on four anchor nodes using the received signal strength
indicator (RSSI). Among the four anchor nodes, three nodes
are placed at equal height and the other node is deployed on
the ground. This method reduces the complexity over 3D
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localization to 2D localization and enhances the accuracy of
the information.

This paper is organized as follows: In Section Il, we
introduce the formulas for distance estimation using RSSI
and overview the related research on node localization in
WSNs. In Section 111, we introduce the complexity of 2D
and 3D trilateration techniques and COLA. The details of
our FAST approach are described in Section 1V, and we
evaluate the performance of the proposal compared with
others in Section V. Findly, the conclusion is drawn in
Section V1.

II. RELATED WORK

A. Localization Algorithms

Localization agorithms are classified into range-free and
range-based methods. Range-free schemes do not utilize the
any range measurements.

A range-free localization scheme for 3D WSNs is pro-
posed by Yadav et a. [6]. This scheme is utilized with
mobile and static sensor nodes. Mobile sensors equipped
with global positioning system (GPS) periodically broadcast
beacon messages about their location. When static sensor
nodes enter the communication range of any mobile node,
the static nodes calculate their individual position based on
the equation of a sphere.

Another range-free localization scheme for 3D WSNs is
proposed by Mishra and Gore [7]. The procedure not only
helps sensor nodes to self-localize, but it is also able to
verify the estimated location and re-estimate it, if it is
needed. The sensor nodes calculate their positions based on
GPS location information from anchor nodes.

In contrast to range-free schemes, range-based techniques
use information on the absolute range and angle estimates.
For this reason, range-based schemes are more accurate than
range-free schemes. Location estimation is computed using
the following methods: received signal strength (RSS) is
measured in each received packet, which can be quantized
into the RSSI. The information presents the distance bet-
ween the source and destination nodes because RSS is
reduced as the distance increases. The drawback of RSS is
irregular signa propagation and multipath fading causing
inaccuracy in range estimation [8].

Time of arrival (TOA) exploits the signal propagation
time between the source and destination nodes. The draw-
back of TOA is the necessity of high clock resolution. The
transmitter and recipient are required to synchronize the
clock, which caused much more overhead than the other
methods [9].

The time difference of arrival (TDOA) approach uses the
arrival time of a signal obtained from at least three nodes.

http://dx.doi.org/10.6109/jicce.2012.10.4.349

The difference in the signal arrival information determines
the source location [10].

Angle of arrival (AoA) measurement is a method for
determining the direction of propagation of a radio-fre-
guency wave incident on an antenna array [11].

Landscape-3D is proposed in [12], introducing the con-
cept of mobile location assistants that are aware of their
moving positions through GPS information. A location-
unaware node can estimate its own location based on RSSI.

COLA is proposed in [7] to lower the complexity by
reducing 3D trilateration to 2D trilateration through the use
of super anchor nodes—ones with pairwise positions whose
coordinates only differ in the z-axis. This technique
attempted to reduce the computational cost by using a
typical 2D trilateration for 3D trilateration.

B. Distance Estimation Using RSSI

Most of the currently available transceivers use RSS| to
estimate the signal power at the receiving antenna [13].
From RSSI, we can aso estimate the distance among
transceivers because it regularly decreases as the distance
widens.

Thefollowingistheformulafor findingthe RSSI value[14].

RSSI = —(10nlogd + A) (]

where nisasignal propagation constant or exponent, d is
adistance from sender, and A is areceived signal strength at
1 mdistance.

The information about a distance can be determined with
aformula. Using Formula 2, the distance between each node
is accurately estimated.

[ll. RSSI-BASED 3D TRILATERATION VERSUS
COLA

A. 2D and 3D Trilateration

In this section, we explore the existing localization al-
gorithm by analyzing the fundamental concept of the tri-
lateration techniques in 2D and 3D spaces. The position of
the sensor node in 2D space can be obtained by solving the
following equations:

(x=x)2 +(y-y)? =ds?
(X—%2)2 + (Y- ¥)? = d? (2)
(x=%5)2 + (Y- y5)? = dg?

The equations are converted to linear equations by
subtraction and substitution.
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2:(Xp=%) X+2:-(Yo—-W1) Y=

2:(X3—%) - X+2:(y3—y) y=p
where

o =(di® - dp?) — (%° — %°) — (%1 - ¥2°)
B= (0" —dg?) - 0 = %7) — (¥i* - ¥3) |

In 2D space the position of (x, y) is obtained by solving
the following matrix operations:

a 2Y?
B 2
2X2 2Y,?
2% 2%

x=f(dg,dp,d3) =

2X12 o
2%,° B
2X,2 2v,2
2x3 2v3

y=9(dy,dp,d3) = 3)

where X; and V" are referred to (x; — x;) and (yi —
Vi) respectively. In 3D space, through the common

procedure of 2D trilateration (2DT), the following equations
are obtained

2:-(Xg=X%) X+2-(Yo-W)-Yy+2:(-27) 2=
2:(X3—%) - X+2:(Yy3= V1) y+2-(z3-27) 2=
2-(Xg=X%) X+2:(Ya—Y1) - Y+2:(z4—27)-2=7

where

& = (dh? ~ dp?) — (4% — %2~ (? - ¥22) ~ (7% - 2,°)
B =(dy? —ds?) — (3® —xa%) — (1° - v — (2% — z°)
¥ = (0%~ dg?) — 00— %42 — (W2~ ¥42) — (2% — 24%)

In 3D space, the position of (X, y, z) can be calculated by
solving the following matrix equations.

a 2Y7 277
B2y 2z}
y o2y 2zt
2x}? 2v? 2z}
2x.? 2v® 2z}?
2xt 2yt 2zt

X= f(dl’d2’d3’d4):
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2X12 o 2212
2x3 B 273

o 2xt v 2zt
y=0(dy,dp,d3,dy) =

2.2 2v? 272
2x3 2v2 2z
2x* vt 2z

2% 22 o
2 2%° B

2X 14 2Y14 Y

2= h(dy,dp,d3,dg) = )

2% 22 27,2
2% 2y 278
2x4 2yt 2zt

B. Complexity-Reduced 3D Trilateration
Localization Approach (COLA)

In the COLA approach, a set of super anchor (SA) nodes
are utilized for range estimation. Each SA is equipped with

N\

@

(b)

Fig. 1. (a) Two-dimensional trilateration and (b) three-dimensional trilateration.
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Fig. 2. The complexity-reduced three-dimensional trilateration localization
approach.

with two positions that are only different in height. The SA
can be constructed by equipping it with two transceivers and
two antennas of different heights.

The first step of the COLA approach is to estimate the
distance between the SAs and the target. The next step is to
identify the height of the target’'s position h in 3D space
using the SAS two different heights h;, h, with the
Pythagorean theorem and trigonometry functions in the
following equations:

cosez%b:azdzcose—b
2

d,? =d?+(a+b)?

:d12 ~a’® +(a+ b)2
=dy?+2b-d, - cosf—b?
=d12+2-Ah-d2-cos¢9—Ah2
d,? —di? + Ah?
2-Ah-d,

Where d = r is the distance between the target and the
virtua reference node A, = ((x,), (y1),(z;)). The height
and distance are calculated using following equations:

cos@ =

2 2
h=h2—d2 _dl +Ah
2-Ah
. 2 o 2 D  Ah?
d=d,-sing=4/d 2-(1—00328): -——
2 2 4.2 4
where
Ah=hy, —hy,

D =—dy* —dy* +2-Ah?.d,2 + 2- Ah? - d;? + 2- d;°d,?
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Fig. 3. The four anchor sensor nodes based localization algorithm over
three-dimensional space (FAST) approach.

After estimating the distance of all SAs, the targets
position of (x, y) are determined by calculating the
following equations, the regular 2DT.

(x=x)2+(y-y)? =12
(X=%)2 + (Y- ¥2)? =1,° (5)

(x=%g)2 + (Y- ya)? = 13

IV. THE FAST APPROACH

In this paper, we propose a novel approach of localization
over 3D space. The four anchor sensor node-based
localization algorithm over 3D space (FAST) is efficient in
terms of the number of anchor nodes and computation
complexity and also presents sufficient accuracy. The FAST
approach in Fig. 3 uses four anchor nodes composed of two
groups. The first group consists of three anchor nodes,
(A1, 4,, A3), equipped with different (x, y) positions and
equal heights. The second group consists of the other node,
A,;.Thenodeisinstaled at the bottom of the space.

The first step of our approach is to estimate the distance
between the target and anchor nodes. The next step is
identifying the target's position of (X, y) based on the
estimated distance. To reduce the 3D complexity to 2D
space, we first simplify the problem using the Pythagorean
theorem. In Fig. 4, the relationship of the estimated distance
and location areillustrated.

Therefore, we can estimate the (x, y) position with a
simple calculation. The estimation is caculated by
performing regular 2DT, with the following system of
equations.
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(x=x)2 +(y-y)? =12
(x=%2)2 +(y—¥2)% =1p°

(x=%g)2 + (Y~ y3)? = 132

(6)

Where
dlz = r12 + h2 rlz = d12 - h2
d22 = r22 + h2 r22 = d22 - h2
d32 = r32 + h2 r32 = d32 - h2

The equations are converted to linear equations with sub-
traction and substitution.

2:(Xp=%) X+2:-(Yo—-W) Y=
2:(X3—%) X+2:(y3—y1) y=p8
where
a = (0% - do?) - (%% — %%) — (V12— ¥22)
B = (dh? —dg?) - (%% — x5%) — (y1° — ¥5°)

The position of (x, y) is obtained by solving the following
matrix equations.

@
A (xy,y1,z1)
rn
s
i .
~
" h
d\l' ~.
- .
N
S (xy.2)
(b)

Fig. 4. (a) Relationship between height and distance and (b) conversion
of three-dimensional to two-dimensional.
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o 2Y12
B 2%
2% 2v?
2x3 2v3

x=f(dy,d,d3) =

2% o
2%, B
2X,2 2,2
2% 2y

y=9(dy,dp,d3) =

After the position of (x, y) is estimated, the fina step of
FAST is to estimate the height of the target. The target’s
position is calculated using the distance of the ground
anchor node d, and the other node d; and the quadratic
equation. In Fig. 5, the height estimation isillustrated.

The height of the sensor node can be obtained by solving
the following equations:

d =XV +(y =y f +(z-2)

=dXx =X, +(y -y, P +(z-2,)

dg?(a+(z-7)?) = di*(B+(z-24)?)

()

where

a=(x-x)2+(y-y)? B= (X—Xg)2 +(y—yg)2

The equations are converted to a quadratic equation by
subtraction and substitution. The height is obtained by
solving the following quadratic equation.

e~22—2~,u~z+0'=0

AA1 (X1,y1,21)
.
dl\ '~
. S (xy:2)
.\‘

\dg
\
Ag(Xa,YaZg) A

Fig. 5. Height estimation using the ground anchor node and another
node.
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where
e=dy®—dy®

2 2
u=-dg"-z1+d;"- 24

oc=dy® (a+7°)-d? (B+24%) (®)

V. EVALUATION
A. Accuracy

In this section, we analyze the accuracy of estimation
depending on the measurement error; RSSI-based range
estimation shows inaccurate estimation, so it should be able
to tolerate the measurement error. The accuracy of the
localization algorithm is expressed as follows:

J(Ax)2 + (Ay)? in 2D and /(Ax)Z + (Ay)? + (Az)?
in 3D show the error expression and Ax, Ay, Az denote the
estimated errors on the target’s coordinates at the X, y, and z
axes, respectively. Fig. 6 shows the RSSI and standard
deviation depending on the distance. As the distance
increases between the recipient and sender, the RSS|
decreases because signa interruption and signal attenuation
increase. The standard deviation fluctuates from three to six.
Therefore, the localization agorithm should be tolerant to
the standard deviation.

1) 3DT
Ax, Ay, Az are estimated using error Ad; on estimated

distance d; between the target and anchor node. Following
are the mathematically estimated error expressions:

AR = Af (dy,dy, d3,dy,Ady, Ady, Adg, Ady)

4
8- 3.(Cd; - Ady)?
i=1

| [petm)? ®)

RSSI(dBm)

o a VB
| ee&aﬁ\eﬂ(}gﬂ LN
ah-¥ ea\

Fig. 6. The received signal strength indicator and standard deviation
depending on distance.
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where

DetM) = 8- (XPYEzt + VP23 x" + 2P x
_223x 4t _x 2o _y2x 324

3 4 2 4 1 3
O =v2Z4" + v320" + v4Z3°.00" = 125" + v3Z4 +vaZy.C5"

2 4 1 3 1 2
=0Z4" + 022+ ¥4Zs ChF = 1iZs" + voZs + yaZ,

Ay =Ag(d,d;,d3,dg,Ady, Ady, Ad3, Ady)

4
8-3(CVd;-Ady)?
_|_i=1
[Det(M)P? a0

where

2
o = X2Z43 +X3224 + X4 757,00 = X1234 + )(3241 +X4Zws,CSX

2 4 1 3 1 2
:X1Z4 +XQZ1 +X4ZQ,C4X:X1ZZ +X223 +X3Z1 .

A% = AN(dy,d5,ds,d4,Ady, Ady, Ad3, Ady)

4
8-3(Ci%d; - Ad;)?
=1
[Det(M)]2 an

where

3 4 2 4 1 3
CWX :X2Y4 +X3)/2 +X4)/3 ,02)( :X]YS +X3)/4 +X4)/1 ,CaX

2 4 1 3 1 2
=X1)/4 +X2)/1 +X4)/2 ,04)( =X1y2 +X2y3 +X3y1 .

2) COLA

The COLA approach has a different level of accuracy
compared to the previous 3DT, because the location
estimation procedure is different. The COLA approach first
estimates the z-axis and then using the z-axis location, the x-
and y-axis are determined. The error in the distance es
timation of coordination of the z-axis is determined by the
error in the distance of the two anchor nodes with a common
SA. Coordination of the x- and y-axis are determined by all
of the anchor nodes’ distance estimation because to convert
the 3D space to 2D space, COLA uses the anchor and
reference nodes' estimation and then on 2D space COLA
uses the x, y location of SAs. The estimate errors are
mathematically expressed as follows:
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-~ 2
A2=Ah(d1,d2,Ad1,Ad2) = Z(ﬂ Ad )
{21 0d;
2 4. 2
) J(dl ady)” + (-dy 5y a2
Ah
of =
AX = Af (rl,rz r3,Arl,Ar2 Ar3) —(Z(a— An) )2
i=1
(2% Arp) % + (Y5t Arp)? + (13, - Arg)?

(XY =YX %)
Ay = Ag(ry, o, r3 Arq,Ary, Arg)

|

J [ X3 A2 + (1 Xt - Arp)2 + (ra Xq2 - Arg)2
—(Z( g A)2 )2 (rX2™-Ar)“ +(rp X3 Arp) + (3 X, - Arz)

AX:Af(dpdz,ds,AO/pAdg,AdS — Ad

/

i
/=1

+(dpYs - Ady)? +(dgYf
(X 2r —v2x )

- AdR)?

- ‘/(d1)/23 -Ad))?

Ay = AQ(d1,d2,d3,Ad1,Ad2,Ad3) =

+(O’2YS1 'Adg)z +
(XEV]S _ ),12)(13)2

_ \j(dﬁ’f -Ady)?

Az=\/(Dg Adg P +(Dy- Ady (15)

where

i=1 Of (X2 -7 %52
_ 2 2 —(x— 2 _ 2
(13) =(x=x)%+(y-w)* F=(X=Xg)"+(y-Y¥q)
h I _ / /
where o =2X=%) X +2y-y1)-y"
’ ,B/—Z(x—x )-x/+2( ~¥Yq)- /
3 2 = g y=Yg)Y
1 —4-00 +4- AR A+ 4y - g - ad,
AR2 l‘d14-d24+2’M/272'd22+2’412'0’22 _AR? X/ _ oX _ dlY]_g—dlle ! _ aY _ d1X13—d1X12
A = =55 "3 5|1 = —
Ar = 99 ag)? 23 2 23 2
= ,jZ / . ady | X2v2 - X3V ady | X2YE - X2
NiE 4. 4 AP dy+4-dP dp ady
N I- o' - o' +2'N722' @’ +2-d’ @’ AR oug — 4202012, — dbal +d202p + 20205 + 202028 + dPd2a! + 2010% — 40P f - ol B! + 22820,
V Ay ‘" 2 ‘/22‘d2d‘zq—d4a+d2d‘2ﬁ+d2d‘ +dfdia-of p+ zfdlaf
2 o= ddf a2 - df
1 AR TN A ad, 2(zld ~dfzg - \/ 270207z, — dgor+ d2d2 3+ d2d z + dfd2er - dif p + Zd2d? )d
4 4 4 2 2 2 2 +
. Ahz-vlfds —d, +2-Ah2‘d4 +2-d3" -dy A2 (dz—dlz)z
JYRE ) JIECAPNA A ¢
= ; g, A9 = )
— . 3 . 2. . 2
e Lo A G G g, 1 ~47dgd?zy ~AdSa + 204024 + 204072} + 20%dgar + 220>
AR ]—d3 a2 AR a2 as g 2dzg -
| ar? oo 2J 2202022, - d. a+d2d1ﬂ+d2dlzg+d1d o d1ﬂ+zld2d1
2 97 adg d2-d?
1 ] 4.0 +4 a1 054 0 ds r {zldg—dfzg—\/—Zzldgdlzzg—dga+d§dfﬂ+d2dlzg+dldga df B+ 22d2a? Jd
o |-t —dt r2ap? g2 af g, +
5 o . A \ AR A (dgz_dlz)z
Ar = ;(Td/»m) = )
) 16
Al 4. d 4 AN dg 4 ds - dg - ads (16)
4 e ]—d54—d54+2.A/72‘d52+2.d52~d62 AR
AR?
14 .
14 B. Experimental Results
3) FAST

The error in the distance for the FAST method is
estimated using the opposite procedure from that of COLA.
In FAST, the distances on the x- and y-axis are estimated
and then using this information, the z-axis is determined.
Accuracy in the x- and y-axis is determined by the three
nodes with their height in common and that for the z-axisis
determined by two nodes, one for ground node and one for
the other. The estimate errors are mathematically expressed
asfollows.

In this section, we compare the methods for distance
estimation accuracy. In Fig. 6, it is shown that the RSS|
value contains errors that ranged from 3 to 6, so localization
agorithm needs to have resilience against RSSI errors.

Fig. 7a shows results for the accuracy in 3DT. In this case,
the three axes have a similar distance estimation error,
because their positions are obtained by solving the matrix
using the three axes values together.

Fig. 7b contains the results of the COLA method. The
method calculates the x- and y-axis with same parameter, so

355 http://jicce.org
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their error graphs have similar shapes. The z-axisis obtained
by two nodes in the SA using the x, y position and it in-
creases the distance error arithmetically as the RSSI error
increases. Fig. 8 illustrates the result of the FAST method
depending on each node.

In case of the ground node, the x and y positions are not
changed by the RSSI error, but the z position fluctuates with
a wide gap as the RSSI error increases (the z-axis and
average distance error are the same value so their plots
overlaps in Fig. 8a). In the case of the sensor node in the
first group, the x and y positions maintain a sufficient ac-
curacy rate, but the z position has a wide error gap because
the distance estimation error of the sensor’'s x and y
positions affects the z-axis in accuracy. Even though the
error rates are larger than with other methods, the FAST
method is the proper localization because the standard
deviation of the RSSI presents between three and six value,
that is, within the range, and our method also presents a
sufficiently small error rate.

4
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—— y-axis
35 —+— z-axis
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~ 3F
£
]
o 25F
o
c
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8
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Fig. 7. Distance error of three-dimensional (3D) trilateration method (a)
and complexity-reduced 3D trilateration localization approach method (b).
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Fig. 8. Distance error of the FAST method for the ground node (a) and
sensor node in the first group (b).

C. Computational Cost

1) 2DT versus 3DT

We show the computational cost that is required by 2DT
and 3DT. To solve the 3x3 matrix, we use Cramer’s rule
with the following expressions:

dpy  asq

a dop  dp3
A=\ajp & agp|=a-
d32 433
d13  dog 433 17)
a,1 a a>1 a
ary - 21 423 fagg- o1 do2
d31 da3 a31  dap
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We found that solving the 2x2 matrix takes 20m + 2d +
18a, where m, d, and a are the computational cost for multi-
plication, division, and addition. We aso assume that an
addition operation equals a subtraction operation in terms of
computation time. When solving the 3x3 matrix, it takes
49m + 3d + 45a. Comparing both methods, 3DT has more
overhead than 2DT.

2) COLA

The COLA method proposes a lightweight localization
algorithm whose calculation process comprises three
sections. One is solving the height of the destination.
Another is estimation of the distance between the anchor
nodes and the destination node. The other is calculating the
x- and y-axis positions based on the height and distance
estimation. However, it computes the x- and y-axis positions
with a computational cost in 2DT. It consumes many
computational resources and is even required to compute the
squaring operation when estimating the z-axis position. As a
result, its computation time takes 53m + 9d + 39a + 3q and
has no advantage for localizing the node over 3D space
compared to 3DT, where q is the squaring operation.

3) Our Proposed Approach

Our proposal decreases the computational cost and has
the same number of anchor nodes as 3DT. In
implementation of 3DT, it is required to deploy the 4 anchor
nodes. In the case of the COLA method, dispatching the 6
anchor nodes is needed. Our proposal utilizes the 4 anchor
nodes and costs to compute the localization of 3D space
with 34m + 3d + 32a + ¢ (the sguaring and division
operation have the same complexity as multiplication using
Newton's method). The proposal implies the nature of 2DT
when caculating the x- and y-axis positions, whose
computation costs is equal to that of 2DT. To estimate the z-
axis, a simple eguation is calculated using information on
the distance between two anchor nodes and the destination
node.

VI. CONCLUSIONS

This paper presented a 3D localization agorithm for a
resource constrained device. We adapted existing locali-
zation techniques together with pre-deployed four anchor
nodes comprising three nodes that have equal height and the
other on the ground, which can measure the location in-
formation based on RSSI. The approach has lower com-
putation costs and uses a small number of anchor nodes
compared to a previous method (COLA). It also produces
accurate localization results over3D space.
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